
    

[image: Biofuel Extraction Techniques Edited by Lalit Prasad, Subhalaxmi Pradhan and S.N. Naik]





  
    

Table of Contents




	Cover


	Series Page


	Title Page


	Copyright Page


	Preface


	1 Plant Seed Oils and Their Potential for Biofuel Production in India



	1.1 Introduction


	1.2 Background


	1.3 Non-Edible Oil as Feedstock for Biodiesel


	1.4 Fuel Qualities


	1.5 Conclusion


	Author Contributions


	References




	2 Processing of Feedstock in Context of Biodiesel Production

	2.1 Introduction


	2.2 Feedstock in Context of Biodiesel


	2.3 Processing of Oilseeds


	2.4 Oil Extraction Methods


	2.5 Catalyst


	2.6 Production Process of Biodiesel


	2.7 Techniques for Biodiesel Production


	2.8 Advantages & Disadvantages of Using Biodiesel


	2.9 Current Challenges and Future Perspectives of Biodiesel


	2.10 Summary


	References




	3 Extraction Techniques for Biodiesel Production



	3.1 Introduction


	3.2 Direct Use and Blending


	3.3 Microemulsion


	3.4 Pyrolysis


	3.5 Transesterification


	3.6 Intensification Methods for Biodiesel Production


	3.7 Conclusions


	References




	4 Role of Additives on Anaerobic Digestion, Biomethane Generation, and Stabilization of Process Parameters



	4.1 Introduction


	4.2 Anaerobic Digestion Process


	4.3 Metallic Additives


	4.4 Alkali Additives


	4.5 Biological Additives


	4.6 Carbon-Based Additives


	4.7 Nanoparticles


	4.8 Other Natural Additives


	4.9 Conclusions


	Acknowledgment


	References




	5 An Overview on Established and Emerging Biogas Upgradation Systems for Improving Biomethane Quality



	5.1 Introduction


	5.2 Available Biogas Upgradation Techniques


	5.3 Microbial Methane Enrichment


	5.4 Bioelectrochemical System


	5.5 Photosynthetic Biogas Upgradation


	5.6 Techno-Economics of Biological Biogas Upgradation Technologies


	5.7 Conclusion


	Acknowledgement


	References




	6 Renewable Feedstocks for Biofuels



	6.1 Introduction


	6.2 Sugar Containing Plant Crops


	6.3 Crops


	6.4 Oilseed


	6.5 Lignocellulosic Waste


	6.6 Sea Waste


	6.7 Liquid Waste


	6.8 Conclusion


	References




	7 Extraction Techniques of Gas to Liquids (GtL) Fuels



	7.1 Introduction


	7.2 History and Origin of Gas to Liquid Technology


	7.3 What is Gas to Liquids (GtL) Fuel?


	7.4 Need and Benefits from Gas to Liquid Technology


	7.5 Extraction or Conversion Techniques of Gas to Liquid Fuels


	7.6 Advancements in Gas to Liquid Technology


	7.7 Conclusions


	References




	8 Second Generation Biofuels and Extraction Techniques



	List of Abbreviations


	8.1 Introduction


	8.2 Pre-Treatment of Lignocellulosic Biomasses


	8.3 Extraction of Biofuel from Lignocellulosic Biomass


	8.4 Bioethanol


	8.5 Biodiesel Production from Fatty Acids


	8.6 Levulinic Acid (LA)


	8.7 Conclusions


	References




	9 Bio Alcohol: Production, Purification, and Analysis Using Analytical Techniques



	9.1 Introduction


	9.2 Biomethanol Extraction


	9.3 Bioethanol Extraction


	9.4 Biopropanol Extraction


	9.5 Bioglycerol Extraction


	9.6 Bioethylene Glycol Extraction


	9.7 Branched-Chain Bioalcohols Extraction


	9.8 Purification of Bioalcohol


	9.9 Quantification of Bioalcohols


	9.10 Recent Perspective of Bioalcohol Production


	9.11 Conclusion and Future Trends of Bioalcohol


	References




	10 Studies on Extraction Techniques of Bio Hydrogen



	10.1 Introduction


	10.2 Bio-Hydrogen Production Process


	10.3 Bio-Photolysis


	10.4 Microbial Electrolysis Cell


	10.5 Conclusion


	References




	11 Valorization of By Products Produced During the Extraction and Purification of Biofuels



	11.1 Introduction


	11.2 Biodiesel Production Process and Its Byproducts


	11.3 Biorefinery Concept Based on Utilization of Whole Oilseed Plant


	11.4 Valorization of Byproducts Obtained in the Bioethanol Fermentation Process


	11.5 Valorization of Byproducts Obtained in Anaerobic Digestion Process


	11.6 Conclusion


	Acknowledgment


	References




	12 Valorization of Byproducts Produced During Extraction and Purification of Biodiesel: A Promising Biofuel



	List of Abbreviations


	12.1 Introduction


	12.2 Glycerol


	12.3 Glycerol Carbonate


	12.4 Conclusions


	References




	13 Biofuel Applications: Quality Control and Assurance, Techno Economics and Environmental Sustainability



	13.1 Introduction


	13.2 Solid Fuel


	13.3 Liquid and Gaseous Biofuel


	13.4 Conclusion


	Acknowledgment


	References




	14 Role of CO2 Triggered Switchable Polarity Solvents and Supercritical Solvents During Biofuel Extraction



	14.1 Introduction


	14.2 Role of Solvent during Bio-Fuel Extraction


	14.3 CO2 Triggered SPS for Extraction of Bio-Fuels


	14.4 Supercritical Solvents and Bio-Fuel Extraction


	14.5 Challenges and Future Considerations


	14.6 Conclusion


	References




	15 Efficiency of Catalysts During Biofuel Extraction



	15.1 Introduction


	15.2 Biofuels


	15.3 Biodiesel


	15.4 Transesterification Reaction


	15.5 Catalyst Used for Biodiesel Extraction


	15.6 Catalyst Used for Bioalcohol Extraction


	15.7 Conclusion


	References




	16 Microorganisms as Effective CO2 Assimilator for Biofuel Production



	16.1 Introduction


	16.2 Microorganisms as Carbon Dioxide Assimilators


	16.3 Biofuel Production by Microorganisms Using Carbon Capture


	16.4 Recent Advancements in Biofuel Production


	16.5 Conclusion


	References




	17 Global Aspects of Biofuel Extraction



	17.1 Introduction


	17.2 Biodiesel


	17.3 Biogas


	17.4 Bioethanol


	17.5 Bio-Oil from Biomass


	17.6 Conclusion


	References




	18 New Advancements of Biofuel Extractions and Future Trends



	18.1 Introduction


	18.2 Extraction and Purification of Biofuels


	18.3 Application of Biofuels


	18.4 Advantages Associated with Biofuels


	18.5 Disadvantages Associated with Biofuels


	18.6 Future Trends


	18.7 Conclusion


	References




	About the Editors


	Index


	End User License Agreement









List of Illustrations




	Chapter 1



	Figure 1.1 (a) Jatropha flowers. (b) Jatropha fruits. (c) Jatropha seeds.


	Figure 1.2 (a) Pongamia flower. (b) Pongamia pods. (c) Pongamia kernels.


	Figure 1.3 Effect of FFA during acid catalyzed esterification of high FFA karanja oil.


	Figure 1.4 (a) Mahua flowers. (b) Mahua fruits. (c) Mahua seeds.


	Figure 1.5 Butyl esterification of mahua oil, effect of FFA on percent of acid catalyst.


	Figure 1.6 (a) Nahor flower. (b) Nahor seed. (c) Nahor kernel.


	Figure 1.7 Effect of antioxidant concentration on oxidative stability of karanja oil methyl esters.








	Chapter 2



	Figure 2.1 Oilseed processing.


	Figure 2.2 Manual decorticator.


	Figure 2.3 Manual decorticator.


	Figure 2.4 Improved hand operated decorticator.


	Figure 2.5 Hydraulic press [10].


	Figure 2.6 Traditional ghani [10].


	Figure 2.7 Soxhlet unit [10].


	Figure 2.8 Modern screw press [10].


	Figure 2.9 Types of catalyst.


	Figure 2.10 Techniques used for biodiesel.


	Figure 2.11 Transesterification process.








	Chapter 3



	Figure 3.1 Transesterification TG to biodiesel and glycerol.


	Figure 3.2 Biodiesel production by transesterification and reactive extraction.


	Figure 3.3 Schematic representation of alkali catalyzed transesterification.






	Chapter 4



	Figure 4.1 Four stages of anaerobic digestion process [96].








	Chapter 5



	Figure 5.1 Available biogas upgradation techniques (taken from Khan et al. [7]).


	Figure 5.2 Microbial methane enrichment methods (Red Dotted Line: In-situ Method; Green Dotted Line: Ex-situ Method; Blue Dotted Line: Hybrid Method).


	Figure 5.3 Concept of bioelectrochemical systems for biogas upgradation.


	Figure 5.4 Photosynthetic biogas upgradation system concept in anaerobic based wastewater treatment plant.








	Chapter 6



	Figure 6.1 Classification of renewable feedstocks.


	Figure 6.2 Industrial effect of sugar crops.


	Figure 6.3 Industrial effect of sugar crops.


	Figure 6.4 Bioethanol production from corn.


	Figure 6.5 Cassava as feedstock for ethanol production.


	Figure 6.6 Schematic diagram of biodiesel production from oil seed.


	Figure 6.7 Production of biodiesel from soyabean oil.


	Figure 6.8 Biofuel production as renewable energy from palm oil.


	Figure 6.9 Production of biofuel from canola seed.


	Figure 6.10 Bioethanol production from sunflower oil.


	Figure 6.11 Bioethanol production from castor oil.


	Figure 6.12 Production of biodiesel from cotton seed oil.


	Figure 6.13 Biodiesel extraction from Jatropha.


	Figure 6.14 Production of biofuel from jojoba oil.


	Figure 6.15 Production of biodiesel from neem oil.


	Figure 6.16 Production of biohydrogen from lignocellulosic feedstock.


	Figure 6.17 Biofuel production from rice husk.


	Figure 6.18 Corn stover as sustainable feedstock.


	Figure 6.19 Bioethanol production from wheat straw.


	Figure 6.20 Conversion processes of algal biomass for biofuel production.


	Figure 6.21 Production of biofuel from glycerol.


	Figure 6.22 Production of biofuel as renewable energy from palm oil.






	Chapter 7



	Figure 7.1 Flow chart of conversion of syngas to gasoline plus (STG+) [77].






	Chapter 8



	Figure 8.1 Different pre-treatment processes.


	Figure 8.2 Different thermochemical processes for production of biofuel and other products.


	Figure 8.3 Complete process for the production of bioethanol from different biomasses.


	Figure 8.4 Mechanism for base catalysed transesterification process.


	Figure 8.5 Mechanism for acid catalyzed transesterification process.


	Figure 8.6 Reaction scheme of Levulinic acid production.






	Chapter 9



	Figure 9.1 Biomethanol extraction from biomass through thermochemical conversion process.


	Figure 9.2 (a & c) Crystal structure of membrane-bound particulate MMO having active site residues as Cu, HIS, VAL, PHE, GLU, LEU, and GLN; (b & d) crystal structure of soluble cytoplasmic MMO having active site residues as Fe, GLU, ASP, HIS, and VAL.


	Figure 9.3 Classification of methanotrophs based on monooxygenase enzyme exhibit.


	Figure 9.4 Analytical tests used for bioethanol identification, exhibit, and its concentration.


	Figure 9.5 Synthesis of biopropanol in one-step hydrogenolysis from biomass using catalyst.






	Chapter 10



	Figure 10.1 Bio-hydrogen production methods.


	Figure 10.2 Photo fermentation.


	Figure 10.3 Sequential dark and photo fermentation. This is a two-step reaction which is given as:


	Figure 10.4 Direct bio-photolysis.


	Figure 10.5 Indirect bio-photolysis.


	Figure 10.6 Microbial electrolysis of cell.






	Chapter 11



	Figure 11.1 Parallel waste management in biodiesel production process.


	Figure 11.2 Synthesis of useful products from crude glycerol via biological conversion pathway (reconceptualized and redrawn from [52]).


	Figure 11.3 Synthesis of useful products from crude glycerol via chemical conversion pathway (reconceptualized and redrawn from [52]).


	Figure 11.4 Synthesis of useful products from crude glycerol via catalytic conversion pathway (reconceptualized and redrawn from [52]).


	Figure 11.5 Thermochemical conversion of crude glycerol into value-added products.


	Figure 11.6 Biorefinery development based on whole non-edible oilseed plants (reconceptualized and redrawn from [70, 73]).


	Figure 11.7 Parallel waste management in bioethanol production process.


	Figure 11.8 Parallel waste management in anaerobic digestion process.






	Chapter 12



	Figure 12.1 Convenient flowchart of biodiesel production [6].


	Figure 12.2 Triglyceride and methanol reaction in presence of catalyst [9].


	Figure 12.3 Methods for glycerol conversion into value added product [56].


	Figure 12.4 Glycerol carbonates synthesis by various techniques using glycerol [122].






	Chapter 13



	Figure 13.1 Biofuel categorization based on physical state.


	Figure 13.2 Biofuel generation categorization based on raw materials [29].


	Figure 13.3 Chromatogram sample [44].






	Chapter 14



	Figure 14.1 Illustration of change in polarity of solvent on addition and removal of CO2.


	Figure 14.2 Scheme of bio-oil extraction from algal bio-mass using SPS.


	Figure 14.3 Composition profile of syngas (H2 + CO) obtained at different current densities.


	Figure 14.4 Scheme of concept of direct trans-esterification for production of bio-diesel.


	Figure 14.5 Scheme of extraction of krill oil from Antarctic krill.


	Figure 14.6 Schematic of extraction of algal bio-oil using SC-CO2 and 1:1 mixture of n-hexane and ethanol.


	Figure 14.7 Effect of initial H2 pressure on bio-oil production, (gas + water) yields.






	Chapter 15



	Scheme 15.1 Steps involved in transesterification reaction [39].


	Scheme 15.2 Hydrolysis of triglycerides [8, 44].


	Scheme 15.3 Saponification reaction in homogeneous alkali catalyze transesterification [8, 44].


	Scheme 15.4 Mechanism of alkali catalyze transesterification reaction [8, 30, 46].


	Scheme 15.5 Mechanism of acid catalyzed transesterification reaction [9, 30, 46].


	Scheme 15.6 General mechanism of heterogeneous base catalysed transesterification [10].


	Scheme 15.7 Acid catalysed transesterification mechanism [10].


	Scheme 15.8 Mechanism of bifunctional heterogeneous catalyst [75].


	Figure 15.1 Flowchart of different catalysts used in transesterification reactions [3, 15, 16].








	Chapter 16



	Figure 16.1 Calvin cycle for sugar synthesis from captured carbon dioxide.


	Figure 16.2 Biofuel production from microorganisms through carbon capture.


	Figure 16.3 Biofuel classification.






	Chapter 17



	Figure 17.1 Mechanism of biogas production.













List of Tables




	Chapter 1



	Table 1.1 Import of major edible oil by India (in Lakh Tons) [s].


	Table 1.2 Physico-chemical characterisation of potential non-edible oils for biodiesel feedstock.


	Table 1.3 Fatty acid composition of potential non-edible oils for biodiesel feedstock.








	Chapter 2



	Table 2.1 Quality parameters of oilseeds.


	Table 2.2 Quality parameters of oilseeds.








	Chapter 3



	Table 3.1 Homogeneous alkali catalysts used for transesterification.


	Table 3.2 Homogeneous acid catalysts used for transesterification.


	Table 3.3 Summary of two-step transesterification of some feedstocks.


	Table 3.4 Heterogeneous catalysts used for FAAE production.


	Table 3.5 Optimized conditions of biodiesel production in ultrasonic method.


	Table 3.6 Optimized conditions of biodiesel production under microwave assisted method.






	Chapter 4



	Table 4.1 Major functions of few metals in enhancing biogas production.


	Table 4.2 Biochar used for enhancement of methane production in anaerobic digestion systems.








	Chapter 5



	Table 5.1 Comparison of different available biogas upgradation techniques based on performance, energy, and cost requirement (taken from Sahota et al. [12]).


	Table 5.2 Results of in-situ and ex-situ biogas upgradation systems from previous studies.


	Table 5.3 Likely reactions occurring in bioelectrochemical systems (taken from [6]).








	Chapter 8



	Table 8.1 Fatty acids transesterification using heterogeneous catalysts and wastes derived catalyst for biodiesel production.


	Table 8.2 Steps involved during catalytic cycle of enzymes (Christopher et al., 2021 [187]).






	Chapter 9



	Table 9.1 Classification of pretreatment technologies and processes exploited for bioethanol extraction from sugarcane.


	Table 9.2 Biopropanol generation from various microorganisms, substrate, and different pathways and their yield.






	Chapter 11



	Table 11.1 Whole oilseed plant-based biofuel production.






	Chapter 12



	Table 12.1 Physical and chemical properties of glycerol [17].


	Table 12.2 Quality parameters of different categories of glycerol [17].


	Table 12.3 Global glycerol production and biofuel fraction [21].


	Table 12.4 Applications of glycerol as per natural properties [31].


	Table 12.5 Physical and chemical properties of glycerol carbonate [63].


	Table 12.6 List of glycerol carbonate applications and their utilization [67].








	Chapter 13



	Table 13.1 Briquette applications [7].


	Table 13.2 Specifications for woody and non-woody briquettes according to ISO17225 [9].


	Table 13.3 Briquette quality parameters [7].


	Table 13.4 Briquetting capital cost for various raw materials [15].


	Table 13.5 Cost of briquettes for different raw materials [15].


	Table 13.6 Charcoal briquette specification [18, 19].


	Table 13.7 Techno-economics of biochar briquettes.


	Table 13.8 Specification for anhydrous ethanol for automotive fuel.


	Table 13.9 Standard for fuel ethanol as specified for Ed75-Ed85 in the Standard ASTM D5798.


	Table 13.10 Evaluation of vehicular emission for different fuels.


	Table 13.11 Requirements for biodiesel.


	Table 13.12 Biogas specification in various countries.


	Table 13.13 Biogas standard according to IS:16087 (2013).








	Chapter 14



	Table 14.1 Various switchable materials used for extraction of biofuels.


	Table 14.2 Applications of various super-critical solvents with involved techniques.






	Chapter 15



	Table 15.1 Physical characteristics of biodiesel over conventional diesel [8, 16, 31, 32].


	Table 15.2 Benefits and limitations of homogeneous catalyst.


	Table 15.3 Merits and demerits of homogeneous base catalyst.


	Table 15.4 Merits and demerits of homogeneous acid catalyst.


	Table 15.5 Effect of process variables in different homogeneous catalyst.


	Table 15.6 Characteristics and constraints of using heterogeneous catalyst.


	Table 15.7 Significance and shortcomings of heterogeneous catalyst [45, 60].


	Table 15.8 Effect of operating parameters on different heterogeneous catalysts for FAME production.


	Table 15.9 Characteristics and constraints of biological catalyst.


	Table 15.10 Different biological catalysts used in biodiesel synthesis from different sources.


	Table 15.11 Significance and shortcomings of nano-catalysts.


	Table 15.12 Effect of various parameters and reaction conditions on FAME yield using nanocatalysts.


	Table 15.13 Effect of reaction parameters on different catalysts [54].






	Chapter 16



	Table 16.1 Carbon sequestration methods by algae.


	Table 16.2 Fatty acid [F. A.] concentrations in microalgal species [30].






	Chapter 17



	Table 17.1 Overview of biosurfactants.













Guide




	Cover


	Table of Contents


	Title Page


	Copyright


	Introduction


	Begin Reading


	Index


	End User License Agreement









Pages




	v


	ii


	iii


	iv


	xix


	xx


	1


	2


	3


	4


	5


	6


	7


	8


	9


	10


	11


	12


	13


	14


	15


	16


	17


	18


	19


	20


	21


	22


	23


	24


	25


	26


	27


	28


	29


	30


	31


	32


	33


	34


	35


	36


	37


	38


	39


	40


	41


	42


	43


	44


	45


	46


	47


	48


	49


	50


	51


	52


	53


	54


	55


	56


	57


	58


	59


	60


	61


	62


	63


	64


	65


	66


	67


	68


	69


	70


	71


	72


	73


	74


	75


	76


	77


	78


	79


	80


	81


	82


	83


	84


	85


	86


	87


	88


	89


	90


	91


	92


	93


	94


	95


	96


	97


	98


	99


	100


	101


	102


	103


	104


	105


	106


	107


	108


	109


	110


	111


	112


	113


	114


	115


	116


	117


	118


	119


	120


	121


	122


	123


	124


	125


	126


	127


	128


	129


	130


	131


	132


	133


	134


	135


	136


	137


	138


	139


	140


	141


	142


	143


	144


	145


	146


	147


	148


	149


	151


	152


	153


	154


	155


	156


	157


	158


	159


	160


	161


	162


	163


	164


	165


	166


	167


	168


	169


	170


	171


	172


	173


	174


	175


	176


	177


	178


	179


	180


	181


	182


	183


	184


	185


	186


	187


	188


	189


	190


	191


	192


	193


	194


	195


	196


	197


	198


	199


	200


	201


	202


	203


	204


	205


	206


	207


	208


	209


	210


	211


	212


	213


	214


	215


	216


	217


	218


	219


	220


	221


	222


	223


	224


	225


	226


	227


	228


	229


	230


	231


	232


	233


	234


	235


	236


	237


	238


	239


	240


	241


	242


	243


	244


	245


	246


	247


	248


	249


	250


	251


	252


	253


	254


	255


	257


	258


	259


	260


	261


	262


	263


	264


	265


	266


	267


	268


	269


	270


	271


	272


	273


	274


	275


	276


	277


	278


	279


	280


	281


	282


	283


	284


	285


	286


	287


	288


	289


	290


	291


	292


	293


	294


	295


	296


	297


	298


	299


	300


	301


	302


	303


	304


	305


	306


	307


	308


	309


	310


	311


	312


	313


	314


	315


	316


	317


	318


	319


	320


	321


	322


	323


	324


	325


	326


	327


	328


	329


	330


	331


	332


	333


	334


	335


	336


	337


	338


	339


	340


	341


	342


	343


	344


	345


	346


	347


	348


	349


	350


	351


	352


	353


	354


	355


	356


	357


	358


	359


	360


	361


	362


	363


	364


	365


	366


	367


	368


	369


	370


	371


	372


	373


	374


	375


	376


	377


	378


	379


	380


	381


	382


	383


	384


	385


	386


	387


	388


	389


	390


	391


	392


	393


	394


	395


	396


	397


	398


	399


	400


	401


	402


	403


	404


	405


	406


	407


	408


	409


	410


	411


	412


	413


	414


	415


	416


	417


	418


	419


	420


	421


	422


	423


	424


	425


	426


	427


	428


	429


	430


	431


	432


	433


	434


	435


	436


	437


	438


	439


	440


	441


	442


	443


	444


	445


	446


	447


	448


	449


	450


	451


	452


	453


	454


	455


	456


	457


	458


	459


	460


	461


	462


	463


	464


	465


	466


	467


	468


	469


	470


	471


	472


	473


	474


	475


	476


	477


	478


	479


	480


	481


	482


	483


	484


	485


	486


	487


	488


	489


	490


	491


	492


	493


	494


	495


	496


	497


	498


	499


	500


	501


	502


	503


	504


	505


	506


	507


	508


	509


	510


	511


	512


	513


	514


	515


	516


	517


	518


	519


	520


	521


	522


	523


	524


	525


	526


	527


	528


	529


	530


	531


	532


	533


	534


	535


	536


	537


	538


	539


	540


	541


	542


	543


	544


	545


	546


	547


	548


	549


	550


	551


	552


	553


	554


	555


	556


	557


	558


	559


	560


	561


	562


	563


	564


	565


	566


	567


	568


	569


	570


	571


	572


	573


	574


	575


	576


	577


	578


	579


	580


	581


	582


	583


	584


	585


	586


	587


	588


	589


	590


	591


	592


	593


	594


	595


	596


	597


	598


	599


	600


	601


	602


	603


	604


	605


	606


	607









  
    



Scrivener Publishing


100 Cummings Center, Suite 541J
Beverly, MA 01915-6106


Publishers at Scrivener


Martin Scrivener (martin@scrivenerpublishing.com)
Phillip Carmical (pcarmical@scrivenerpublishing.com)






  
    





Biofuel Extraction Techniques




Edited by






Lalit Prasad







Subhalaxmi Pradhan







and






S.N. Naik









[image: images]







  
    



This edition first published 2023 by John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA and Scrivener Publishing LLC, 100 Cummings Center, Suite 541J, Beverly, MA 01915, USA
© 2023 Scrivener Publishing LLC
For more information about Scrivener publications please visit www.scrivenerpublishing.com.


All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, recording, or otherwise, except as permitted by law. Advice on how to obtain permission to reuse material from this title is available at http://www.wiley.com/go/permissions.


Wiley Global Headquarters
111 River Street, Hoboken, NJ 07030, USA


For details of our global editorial offices, customer services, and more information about Wiley products visit us at www.wiley.com.


Limit of Liability/Disclaimer of Warranty
While the publisher and authors have used their best efforts in preparing this work, they make no representations or warranties with respect to the accuracy or completeness of the contents of this work and specifically disclaim all warranties, including without limitation any implied warranties of merchant-ability or fitness for a particular purpose. No warranty may be created or extended by sales representatives, written sales materials, or promotional statements for this work. The fact that an organization, website, or product is referred to in this work as a citation and/or potential source of further information does not mean that the publisher and authors endorse the information or services the organization, website, or product may provide or recommendations it may make. This work is sold with the understanding that the publisher is not engaged in rendering professional services. The advice and strategies contained herein may not be suitable for your situation. You should consult with a specialist where appropriate. Neither the publisher nor authors shall be liable for any loss of profit or any other commercial damages, including but not limited to special, incidental, consequential, or other damages. Further, readers should be aware that websites listed in this work may have changed or disappeared between when this work was written and when it is read.


Library of Congress Cataloging-in-Publication Data


ISBN 97811199829324


Background image: Green Algae; Somprasong Wittayanuakorn | Dreamstime.com
Biofuel Plant Storage: Patchamon Thainmanee | Dreamstime.com
Research Scientist: One Photo | Dreamstime.com
Biodiesel Production: Piyapong Thongdumhyu | Dreamstime.com
Cover design by Kris Hackerott


Set in size of 11pt and Minion Pro by Manila Typesetting Company, Makati, Philippines


Printed in the USA


10 9 8 7 6 5 4 3 2 1






  
    





Preface




Biofuels are viable alternatives to petroleum-based fuel because they are produced from organic materials such as plants and their wastes, agricultural crops, and their by-products. The development of cutting-edge technology has increased the need for energy significantly, which has resulted in an overreliance on fossil fuels. Renewable fuels are the subject of research because of their biodegradability, eco-friendliness, decrease in greenhouse gas (GHG) emissions, and favorable socioeconomic consequences to counteract imitations of fossil fuels.


Depending upon their physical state, biofuels can be classified into solid, liquid, or gas. Examples of solid biofuels are briquettes of biomass and briquetted biochar. Liquid biofuels include bioethanol and biodiesel, and gaseous biofuels include biogas and biomethane, among others. These are only a few examples.


Different extraction techniques are used for the production of biofuels from renewable feedstocks. Biodiesel is a promising biofuel which is produced by the transesterification of plant-based oils. Extraction of oil includes older traditional methods, solvent extraction, mechanical extraction, microwave-assisted, and ultrasonic-assisted methods. The solvent extraction method is more efficient and produces good quality oil. The limitation of this method is time-consuming and very tedious. Many innovative techniques are also used to overcome the limitations of conventional methods. Microwave-assisted and ultrasonic-assisted are some of the new techniques which include the pre-treatment of the raw material using either ultrasonic waves or radio waves which helps in increasing the efficiency of the extraction of oil and improves the final quality of the oil.


This new book covers the prospects and processing of feedstocks for biofuels, extraction techniques, catalysts and solvents used during production of biofuel, optimization of reaction techniques, carbon capturing during biofuel extraction, value addition to biofuel wastes, and their techno-economic and environmental acceptability. A total of 18 chapters are included in this book.


Chapter 1 is an introductory part which covers different plant seeds and their potential for biofuel production.


Chapters 2 and 3 cover the processing of feedstock in context of biodiesel production and extraction techniques for biodiesel production.


Chapters 4 and 5 include biomethane generation, stabilization of process parameters, upgradation systems for biogas and improving biomethane quality.


Chapters 6 and 7 cover renewable feedstocks for biofuels production and extraction techniques of gas to liquids (GtL) fuels respectively.


Chapters 8–10 incorporate bio-alcohol, bio-hydrogen extraction, purification, and analysis.


Chapters 11–13 include valorization of by-products produced during the extraction of biofuels, their purification, quality control, assurance, techno-economics and environmental sustainability.


Chapters 14 and 15 include the role of supercritical solvents and catalysts used during biofuel extraction and their efficiency.


Chapters 16 covers carbon capturing by microorganisms during the biofuel extraction process.


Chapters 17 and 18 include global aspects, new advancements of biofuel extractions and future trends.


It is expected that this book will spark the interest of numerous investigators in the academic universe towards biofuel research. It will provide new information about the recent advancements in the extraction techniques of biofuels, value addition to biofuel wastes and economic and environmental acceptability, sustainability and viability.
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Abstract


Many tree-borne oilseed plants are grown in India which produce non-food grade oil. Some of these have the potential to produce feedstock for biodiesel. Plants such as Pongamia and Jatropha are found throughout the country, whereas Mahua, Rubber, and Nahor are found in specific regions. The oilseeds are collected to a lesser extent by the local population for traditional uses as medicine, to fuel lamps, etc. and for the preparation of soap in industries. The National Mission on Biofuel has focused to grow Jatropha, whereas the existing tree born oilseeds are also potential sources for biodiesel feedstock. Non-edible oils with their potential as biodiesel feedstock in the country is discussed in this chapter. The oilseed plants less explored for biodiesel have also been discussed.
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1.1 Introduction


Presently, petroleum fractions are the preferred fuels for internal composition engines used for transport, as well as in the industrial and agricultural sectors. The global consumption of fossil based liquid fuels was above 100 million barrels per day during 2019 and forecasted to continue at the same rate during 2021 [1]. The contribution of CO2 to the atmosphere is about 3.1-3.2 times the consumption of fossil fuel. The exhaust emissions as a result of widespread use of fossil fuel are a global concern for the present time. The level of unburnt hydrocarbon and oxides of nitrogen, along with CO2, are gradually increasing in the atmosphere. The research and development activities have been focused for the last few decades in search of alternative fuel from renewable sources for the nations to be self-reliant for energy sources and much effort is being done by countries with no oil reserves.


Biodiesel is the fatty acid methyl esters derived from renewable lipid feedstocks, such as vegetable oils, as an alternative to diesel fuel. The invention of diesel engines and compression ignition engines dates back to the 19th century and the vegetable oils were used as fuel. The high viscosity and poor volatilities of vegetable oils, as well as the availability of middle distillate, i.e., diesel fuel, did not attract much interest for vegetable oil based fuel during those days.


The research and development activities on vegetable oil based biodiesel were initiated at the beginning of this century. The transesterification of vegetable oil reduces the viscosity by one-tenth, lower molecular weight of the triglyceride molecule by one-third, and improves the volatility along with the physical properties of the biodiesel. Worldwide biodiesel industries are set up and biodiesel blended diesel fuel is technically suitable for use in existing diesel engines with slight or no engine modifications. There is a scarcity of biodiesel feedstock for countries like India where the domestic demand of edible oil is met by import. The present article describes the potential non-food grade vegetable oil sources as feedstock for biodiesel in Indian context.






1.2 Background


India ranks third in terms of consumption of fossil fuels after China and the USA. Consumption grew by 2.3% in 2019 with a global share of 5.8%. Petroleum based fuel is the second largest energy source (239.1 million tons oil equivalent) after coal (452.2 million tons oil equivalent). The transportation fuel in India is mainly petroleum based diesel and the consumption is recorded at 83.5 million tons during 2018-19 [2].


The recent BS-VI in India, effective from 2020, is a stringent emission norm for diesel engines. The new pollution norm involves the reduction of NOx by 68% and particulate matter by 82-93% [3]. The fuel for diesel engines should burn clearly, which can be achieved by the inclusion of oxygenated fuel, i.e., biodiesel in petroleum based diesel fuel.


In the global context, the surplus of edible oils such as Rapeseed in Europe, Canola in Canada, Soybean in the USA, and Palm oil in Malaysia and Indonesia are the available feedstocks for biodiesel. In the Indian scenario, the requirement of edible oil is met by import. India imports Palm oil from Malaysia and Indonesia, and Soybean from Argentina and Brazil, and Sunflower from Ukraine and Russia. The import of vegetable oil was 150.02 lakh tons during 2017-18, which increased to 155.49 lakh tons during 2018-19 [4]. The import of edible oils for the last five years is shown in Table 1.1 [5]. The non-food vegetable oils may be a potential source of biodiesel feedstock.


There are over 300 different species of oilseed plants grown in India. Various tree borne oilseed derived oils are not suitable for human consumption due to the presence of toxic components, for example karanjin and pongamol in Pongamia oil, azadirachtin in neem oil, ricin in Castor oil, and phorbol esters in Jatropha oil. These tree-borne oilseeds require agricultural inputs in the initial period and rarely require any expense associated with its maintenance once fully grown. It can also be a cost-effective way to produce oilseed. The production for tree borne oilseed is about 3.0-3.5 million metric tons whereas 0.5-0.6 million tons of seed are collected [6]. The potential non-edible oilseed plants are Jatropha (Jatropha curcas), Karanja (Pongamia pinnata), Mahua (Madhuca indica), Nahor (Mesua ferrea), Rubber (Hevea brasiliensis), Castor (Castor communis), Neem (Azadirachta indica), Sal (Shorea robusta), Undi (Calophyllum inophyllum), Simarouba (Simarouba glauca), etc. Oil derived from tree born oilseed plants such as Neem, Castor, and Sal find specific applications. Neem oil containing azadirachtin is a natural pesticide and emulsifier in the agricultural sectors. The Castor oil with ricinoleic acid in the triglyceride has high viscosity and finds commercial application as a precursor for polyurethane, lubricant, binder, etc. Fat derived from the Sal tree is used as cocoa butter substitute for manufacturing of chocolates. With these exceptions, the rest of the oilseeds may be feedstock for biodiesel.




Table 1.1 Import of major edible oil by India (in Lakh Tons) [s].






	Year

	Palm oil

	Soybean

	Sunflower






	Crude

	Refined

	Crude

	Refined

	Crude

	Refined






	2015-16

	71.1

	25.7

	39.6

	0.0

	14.9

	0.0






	2016-17

	53.6

	29.4

	34.6

	0.0

	17.3

	0.0






	2017-18

	67.5

	27.7

	31.5

	0.0

	22.5

	0.0






	2018-19

	64.2

	25.2

	31.7

	0.3

	25.8

	2.0






	2019-2020 (April-Sept)

	30.2

	19.0

	16.8

	0.2

	10.8

	0.0









Various missions at national and state levels were made to promote the cultivation of oilseed crops. Pongamia and Jatropha were selected as suitable oilseed plants for plantation in the waste and degraded lands, avenue plantations, and perimeter fencing. Massive plantation of Jatropha has been carried out in the Chhattisgarh state and similarly, Pongamia in the Karnataka state of India. These are in addition to the existing potential of oilseed in the country.






1.3 Non-Edible Oil as Feedstock for Biodiesel


The biodiesel derived from vegetable oil should have properties as per EN 14214:2012 A1:2014 or IS 15607:2016 specifications. Properties such as iodine value, linolenic acid methyl ester, and oxidation stability are dependent upon the qualities of the feedstock. The physico-chemical properties of oils are listed in Table 1.2 [7, 8] and their fatty acid compositions in Table 1.3 [7, 9–12]. The saponification value (SV) and the iodine value (IV) are indicative of structures such as chain length of fatty acid and degree of unsaturation of fatty acids in the triglyceride. The cetane index (CI) is related to the saponification value and iodine value as per Equation (1.1) and the cetane number (CN) is related to the cetane index as per Equation (1.2) [9]. The MWoil (weight average molecular weight of the oil) is calculated from the saponification value as per Equation (1.3) and the requirement of methanol for transesterification is calculated based on the MW oil.


(1.1) [image: Image]


(1.2) [image: Image]


(1.3) [image: Image]






Table 1.2 Physico-chemical characterisation of potential non-edible oils for biodiesel feedstock.






	Sl. no.

	Oil

	Physical appearance at room temperature

	Acid value

	Iodine value

	Saponification value

	Unsaponifiable matter (%)






	1.

	Jatropha

	Yellowish clear liquid

	5-8

	93-107

	188-196

	0.4-1.1






	2.

	Pongamia

	Dark yellow to orange clear liquid

	1-11

	85-90

	185-195

	3.0






	3.

	Mahua

	Pale yellow with semi solid fat

	Up to 20

	58-70

	187-196

	1-3






	4.

	Nahor

	Dark brown or red viscous liquid

	100

	87

	193-209

	2.9






	5.

	Rubber

	Dark brown liquid

	84

	131-148

	190-195

	1.83











Table 1.3 Fatty acid composition of potential non-edible oils for biodiesel feedstock.






	Fatty acids

	Percent fatty acid composition of oils






	Jatropha

	Pongamia

	Mahua

	Nahor

	Rubber seed






	Myristic acid (C14:0)

	-

	-

	0.13

	2.72

	-




	Palmitic acid (C16:0)

	13.4

	11.65

	19.6

	9.76

	9.3






	Palmitoleic acid (C16:1)

	0.3

	-

	-

	-

	-






	Stearic acid (C18:0)

	5.8

	7.50

	25.9

	13.45

	8.4






	Oleic acid (C18:1)

	40.9

	51.59

	37.3

	58.12

	25.4




	Linoleic acid (C18:2)

	39.6

	16.64

	15.8

	12.64

	41.1






	Linolenic acid (C18:3)

	-

	-

	-

	-

	15.3






	Arachidic acid (C20:0)

	-

	1.35

	0.21

	3.14

	-






	Eicosenoic acid (C20:1)

	-

	-

	0.15

	-

	-




	Behenic acid (C22:0)

	-

	4.45

	-

	-

	-






	Lignoceric acid (C24:0)

	-

	1.09

	-

	-

	-









The non-edible oils have been reported to have unsaponifiable matters and the lipid associates, as shown in Table 1.2, are required to remove these either by pretreatment or post-transesterification process.


The industrial scale of biodiesel production units set up worldwide employs homogeneous catalysts (methoxides or hydroxides of sodium or potassium) for transesterification, which is an efficient and cost-effective method for production of biodiesel in order to meet the fuel qualities as per biodiesel specifications. Among the homogeneous alkali catalytic process, sodium methoxide and potassium methoxide result in higher selectivity of the product with rare formation of byproducts [13]. The methoxide catalyzed transesterification of vegetable oils requires a low reaction temperature, about 60–65oC at atmospheric pressure, and the reaction is completed in a short reaction time. The methoxide catalyzed process results in complete conversion of the triglyceride oil in order to ascertain that produced biodiesel attains methyl ester content > 96.5% and the free glycerol and total glycerol within the limits specified by EN 14214 and IS 15607 biodiesel specifications. The catalytically active species is the methoxide ion, which is generated by dissolution of hydroxides in methanol [9]. The biodiesel feedstock, i.e., vegetable oil for the methoxide catalyzed transesterification mush, have free fatty acid less than 0.1%, moisture less than 0.1%, and phosphorus content less than 10 ppm as per the requirements specified by biodiesel manufacturers such as Lurgi and Desmet Ballestra [9]. The phosphorus content in biodiesel is permissible up to 4 ppm, as per revised specifications, and the pretreated oil should have the phosphorous content accordingly. The required specification of feedstocks may be achieved by pretreatment of the crude vegetable oil. The feedstock of the above mentioned specification, methanol, and catalyst sodium methoxide solution are allowed to act as the reaction vessel for transesterification. The required molar ration of methanol to triglyceride is 3:1, whereas 100% excess methanol is used during the process in order to ascertain the completion of reaction and the excess alcohol is recovered for further use. The completion of reaction is necessary to have methyl ester content above 96.5% and the triglycerides and partial glycerides within the maximum specified limit. The transesterification vessels are designed so that the reaction is accomplished in two or three steps. The glycerol formed in between the steps is removed and as a result, the reaction proceeds towards completion in a short time. The transesterification products are allowed to stand so that glycerol is separated due to high polarity and density and the biodiesel layer containing excel methanol and the residual catalyst is further washed and dried. The B-20 blend of biodiesel and diesel with a volume ratio of 20:80 is being used in the unmodified diesel engines and the targets are made to use B20 fuel as per the National Mission of Biofuels.




1.3.1 Jatropha


Jatropha (Jatropha curcas) is a shrub native to the tropical areas of Mexico and Central America and is presently being naturalized in the different parts of the globe as a potential plant to produce biodiesel feedstock. Jatropha is a small tree that starts flowering after one year and the economic yield starts after the third year of plantation. The plant starts flowering (Figure 1.1a) during summer and monsoon and male and female flowers are produced on the same inflorescence. The green fruits ripen, changing to yellow and are dried to black, contain three seeds, and its shape resembles castor seeds (Figures 1.1b and 1.1c). As an initiative for biodiesel in India, Jatropha plantation was carried out in an area of about 0.5 million hectares of low-quality wasteland [14]. Commercial scale plantations of Jatropha were carried out in low-quality and degraded land in the state of Chhattisgarh and the produced oil is being utilized as feedstock for biodiesel. The oil content in the Jatropha seed varies from 24 to 40%. The major fatty acids are palmitic acid, stearic acid, oleic acid, and linolenic acid, with the last two accounting for more than 80% w/w. The physico-chemical qualities of Jatropha oil are listed in Table 1.2 and the fatty acid composition is shown in Table 1.3. The Jatropha oil contains phorbol esters generally known for tumor promoting activities, making the oil toxic.


The preparation of biodiesel involves pretreatment to remove the fatty acids. The homogeneous alkali-transesterification of pretreated Jatropha oil is conducted where the hydroxide or methoxide of sodium or potassium is used as catalyst. The post transesterification process involves the separation of excess methanol, catalyst, glycerol, and moisture to get the biodiesel. The fuel qualities of Jatropha based biodiesel have been reported to be as per IS 15607 specifications. The high cetane number, favorable fatty acid composition, and fuel qualities as per specifications make the Jatropha a potential candidate for biodiesel feedstock and therefore, massive cultivation has been initiated in the country. The vulnerable qualities of biodiesel are the oxidative stability and the acid value. Processes have been developed to prepare biodiesel with low acid value [15] and enhanced oxidative stability by suitable additives.


In India, the government initiated the National Mission on Biofuels in 2003 and selected Jatropha as a potential biofuel crop since the plant has a low gestation period, hardy nature, is resistant to draught and flood, is not browsed by cattle, and requires a small plant to collect seeds. It has been observed that Jatropha cultivation lead to improved soil fertility, contributed to the reduction of soil erosion, helped in the rehabilitation of lands through greening, and created jobs for the local population in the rural areas.






[image: Schematic illustration of (a) Jatropha flowers. (b) Jatropha fruits. (c) Jatropha seeds.]

Figure 1.1 (a) Jatropha flowers. (b) Jatropha fruits. (c) Jatropha seeds.








1.3.2 Pongamia


Pongamia (Pongamia pinnata) or Karanja is a fast-growing medium size evergreen oilseed plant (shrub or tree) found throughout India as well as in the sub-Indian continent. The plant is found in tropical and temperate Asia, including Malaysia, Indonesia, Thailand, Japan, Australia, and the Pacific Islands. The plant is quite hardy and adaptable to dry climates and is used for afforestation in the dry and wastelands in Karnataka state. The plant bears beautiful flowers (Figure 1.2a) and thus is preferred for avenue plantation. The fruiting occurs during April-June (Figure 1.2b). The mature fruits or pods fall on the ground and are also collected from the tree. The ripe pods are elliptic and flat and contain one to two kidney shaped brown kernels (Figure 1.2c). The estimated potential of Pongamia oil has been reported to be 135,000 tons per year [8], whereas large scale afforestation and avenue plantations have not been taken into account. The kernel contains 27-39% oil, the yield is 24-27% in the mechanical oil expeller. The major fatty acids are palmitic acid, stearic acid, oleic acid, and linolenic acid, with the last two accounting for about 70% w/w.


The Karanja oil contains lipid associates, i.e., karanjin and pongamol, and a few more flavonoids which make the oil un-suitable for human consumption. The oil has been reported to treat various skin diseases, to fuel lamps, and for manufacture of soap and fatty acids. The preparation of Karanja based biodiesel has been reported since 1999 [10, 16–19]. The biodiesel preparation from Karanja oil using heterogeneous catalyst was also studied [20–22]. The biodiesel synthesis in pilot scale, fuel characterization, and cross-country trials of Karanja based biodiesel was initiated by IIT Delhi. The free fatty acid FFA present in the Indian non-traditional oilseeds and oils make the oil quality poor for industrial applications. The FFA content depends upon the collection of the condition of seed collection, storage of oilseed, oil extraction process, etc. Karanja oil with high FFA was made by the addition of oleic acid and acid catalyzed esterification was studied. The lowering of FFA during the esterification is shown in Figure 1.3. Further alkali-transesterification produces Karanja oil methyl esters [19].


The National Mission of Biodiesel initiated by the Government of India emphasized this as a potential plant for biodiesel along with Jatropha. The large-scale plantation is carried out in the southern Indian states, i.e., Karnataka, for the purpose of biodiesel. The biodiesel had been used by the state transport corporation with 26 B100 and 1500 B20 buses [23].






[image: Schematic illustration of (a) Pongamia flower. (b) Pongamia pods. (c) Pongamia kernels.]

Figure 1.2 (a) Pongamia flower. (b) Pongamia pods. (c) Pongamia kernels.






[image: Schematic illustration of effect of FFA during acid catalyzed esterification of high FFA karanja oil.]

Figure 1.3 Effect of FFA during acid catalyzed esterification of high FFA karanja oil.






1.3.3 Mahua


The Mahua (Madhuca indica) trees are found in the central part of India. The matured plant with an age of about 8-10 years bears the flowers (Figure 1.4a) and the fruits (Figure 1.4b) and continue fruiting up to 60 years. The mature fruits fall on the ground during May-July in northern Indian and August-September in the south. Annual seer yield is 20-40 kg per plant [24]. The ripe fruit contains a fleshy outer coat and 3-5 cm long elliptical seed that is flattened on one side, as shown in Figure 1.3c, that contains 34-37% oil [8]. The estimated potential of Mahua oil is four lakh tons per annum and finds use as an ointment and in rheumatism to prevent and treat cracking skin during cold, for the production of lubricating grease, fatty alcohols, and stearic acid [25]. The fatty acid composition reveals that the oil contains more than 45% saturated fatty acid, i.e., palmitic acid and stearic acid, and the rest is mainly oleic acid and linoleic acid. The saponins present in the oil are the toxic factor that make the oil unsuitable for human consumption. The oil contains up to 20% free fatty acid [26–30] and requires a two-step process where the free fatty acids are esterified to methyl ester using acid catalysts such as H2SO4 followed by alkali transesterification. The Mahua oil methyl esters have high cetane number, 61.5, on the other hand, the pour point is 21oC [27].






[image: Schematic illustration of (a) Mahua flowers. (b) Mahua fruits. (c) Mahua seeds.]

Figure 1.4 (a) Mahua flowers. (b) Mahua fruits. (c) Mahua seeds.






[image: Schematic illustration of butyl esterification of mahua oil, effect of FFA on percent of acid catalyst.]

Figure 1.5 Butyl esterification of mahua oil, effect of FFA on percent of acid catalyst.


Kumar and Prasad [31] reported a two-step process to prepare Mahua oil butyl ester. The first step involved the acid catalyzed esterification and the free fatty acid FFA value reduced from 19.8% to 1.1%. The variation of FFA with catalyst concentration during the first step is shown in Figure 1.5. It was followed by alkali-transesterification with butanol (alcohol to oil molar ratio 6:1), 1.5% (w/w) KOH as catalyst, reaction temperature 80°C, stirring rate of 500 rpm, and reaction time 90 min as optimized conditions resulting in a 94.8% yield of butyl esters of Mahua oil.


The performance and emission studies on mahua oil methyl ester have been reported with slight modification in the diesel engine. The B20 blend of Mahua based biodiesel with diesel fuel is efficient for the engine [27]. The biodiesel derived from Mahua oil has oxidative stability [31] as per EN14214 and IS 15607 specifications for biodiesel, whereas the biodiesel derived from other non-edible oils require additive, i.e., synthetic antioxidant, in order to attain the oxidation stability in terms of induction period.






1.3.4 Nahor


Nahor (Mesua ferrea) is a beautiful evergreen tree with conical crown found in the forests of north-east India, Karnataka, and Kerala [8]. The fruit contains round or conical brown seeds (Figures 1.6a, b, c). The oil content in the kernel is about 70% and on the base of the seed it is 45%. The estimated annual potential of Nahor oil is 6,200 tons in Assam and 680 tons in Kerala.






[image: Schematic illustration of (a) Nahor flower. (b) Nahor seed. (c) Nahor kernel.]

Figure 1.6 (a) Nahor flower. (b) Nahor seed. (c) Nahor kernel.


Nahor oil has been used as feedstock for the preparation of biodiesel by alkali-transesterification [16]. The methyl esters from Nahor oil were further subjected to distillation under a vacuum in order to get the methyl esters fraction leaving the triglyceride and other partial glycerides. The transesterification of Nahor oil with short chain alcohol such as methanol and ethanol has been reported in the literature [32, 33]. Lipase-catalyzed transesterification of Nahor oil with methanol has been reported in the literature where the removal of free fatty acid is not required during its conversion to biodiesel since the immobilized lipases are employed for converting free fatty acid as well as triglyceride to methyl esters [34]. The engine performance and emission characteristics from Nahor based biodiesel blended with diesel were studied. The B20 blend (20% Nahor methyl ester with 80% diesel) produced identical results with that of diesel. The B30, B40, and B50 are suitable blends to lower the emission of NOx, CO, and unburnt hydrocarbons.






1.3.5 Rubber


Rubber (Hevea brasiliensis) is native to the Amazon and is being cultivated in the state of Kerala with a potential of 4500 tons per year. The seed resembles Castor in shape and is slightly larger in size. The seed deteriorates quickly and the lipase present in the seed contributes to a sharp rise in the free fatty acid and the acid value [35]. The oil contains lipid associates up to 1.83% [36]. It contains nearly one-fifth saturated fatty acid of C16 and C18, more than 80% unsaturated C18-fatty acids, linolenic acid about 15%, and varies up to 26%. The rubber seed oil contains lipase that causes gradual hydrolysis of the oil during storage resulting in high acidic value of the oil. The oil contains linamarin as a lipid associate, which on decomposition by hydrolysis forms hydrogen cyanide and acetone and the oil is toxic [35].


The two-step process from preparation of biodiesel (methyl esters) from high free fatty acid content rubber seed oil involving acid catalyzed esterification followed by alkaline-transesterification has been reported in the literature [37, 38]. The in situ method for synthesis of biodiesel from rubber seed has been reported to improve the yield of biodiesel up to 91% by acidic catalyst [39] and up to 96% using alkali catalyst [40]. The oil containing 39% free fatty acid has been converted to biodiesel by the use of lipase as a biocatalyst with a yield above 99% at optimized conditions [41]. Studies have been conducted for conversion of rubber seed oil to methyl esters by the use of heterogeneous catalysts [42, 43] in order to reduce the losses due to unwanted reactions. The neat B100 biodiesel has been used as fuel and the emission profiles of CO and CO2 were better compared to diesel fuel. The specific fuel consumption in the case of B100 fuel was 10% higher than diesel fuel and at low engine speed, the break thermal efficiency of B100 was higher compared to that of diesel [44]. The rubber seed oil is a potential feedstock for biodiesel.






1.3.6 Lesser Explored Non-Edible Oils for Biodiesel Feedstock in India


In addition to the above discussed oilseed plants, there are many known oilseed plants like Simarouba, Undi, Kukum, etc. Simarouba (Simarouba glauca) originated from Central and South America and has been introduced in India by the National Bureau of Plant Genetic Resources in 1960, as the oil content in the seed is 60 to 75%. Flowering has been observed 4-6 years after plantation. The tree has the potential to produce 20002500 kg oil per hectare per year. Calophyllum inophyllum (Undi) is an evergreen plant of the tropics and grown in southern coastal India. The five year old plant produces about 11-12 kg seed per year and gradually increases to about 100 kg once the plant is 20 years old. The oil content in the kernel is about 70%. Salvadora (Pilu) is a shrub that is grown in the tropics of Asia and Africa. It matures in 8-12 years and produces 47,000 tons of seed per year. The kernel of Salvadora contains 35-50% oil and is rich in saturated fatty acid, revealed from iodine value ~10 g iodine per 100g. Kokum (Garcinia indica) is a small evergreen oilseed plant found in the forests of Western Ghats from Konkan to Mysore. A matured plant produces 60-80 kg seed per tree per year and the seed contains about 44% oil. Kusum (Schleichera trijuga) is another oilseed plant that grows to a medium to large sized tree. The estimated annual potential of Kusum is 66,000 tons and the oil content is 51-62% in the seed. Similarly, many less explored oilseed plants are in India which may collectively be a potential source for biodiesel feedstock.








1.4 Fuel Qualities


The qualities of biodiesel listed in the specifications include the physical characteristics as well as a few properties specific to vegetable oils. These properties and their limits in the latest specification IS 15607:2016 is discussed under this section. The specifications for vegetable oil-based properties specified in IS15607:2016 are similar to those of EN14214:2012 + A1:2014.






1.4.1 Cetane Number


The cetane number of biodiesel should be at least 51. As discussed above, the cetane number is dependent upon the structure of fatty acid methyl esters derived from the oil, i.e., saponification value and iodine value of the oil. The cetane number of Jatropha based biodiesel is above 57 and expected to be higher in the case of Pongamia, Mahua, and Nahor oil-based biodiesel. The biodiesel from rubber seed oil may not satisfy the cetane number and the oil blended with an oil with low iodine value may serve as a biodiesel feedstock.






1.4.2 Acid Value


The acid value is a parameter that is liable to increase and even exceed its specified limit upon storage for long times. The acid value of the biodiesel should be less than 0.50 mg KOH/g, whereas the value is kept between 0.30-0.35 mg KOH/g at the site of production. The acid value of biodiesel is dependent upon the acid value of the feedstock before transesterification. The pre-treatment of the oil should be done in order to lower the acid value of the oil below 0.2 mg KOH/g to get biodiesel with the same or slightly higher acid value. The acid value has been lowered up to 0.1 mg KOH/g in case of Jatropha based biodiesel [45] and is possible with the rest of the feedstocks.






1.4.3 Ester Content, Glycerides, and Glycerol


The methyl ester content of the biodiesel should be at least 96.5% and the same is being achieved in the industrial scale biodiesel manufacturing units. It ascertains the formation of methyl esters, as well as the conversion of triglycerides. The maximum permissible level of triglyceride, diglyceride, and monoglycerides in the biodiesel are specified to be 0.7, 0.2, and 0.2% respectively. The maximum limits of free glycerol and the total glycerol are specified to be 0.02 and 0.25%, respectively. All these parameters are achieved during the transesterification and post-transesterification processes.






1.4.4 Phosphorus Content


The phosphorus content of biodiesel is specified to be less than 4 ppm. The phosphorus content in the feedstock oil can be reduced by the process of refining, involving degumming. The industrial process, i.e., degumming using phosphoric acid is practised to efficiently reduce the phosphorus content.








1.4.5 Iodine Value


Iodine value of biodiesel is an important parameter and should be less than 120g iodine/100g. The iodine value of the oil remains unchanged during the conversion to biodiesel. The iodine value is an important parameter related with the cetane number and oxidative stability. The iodine value of rubber seed oil is higher than the required level and the oil needs to be blended with low iodine value oil to make the feedstock suitable for production of quality biodiesel. The other oils discussed have iodine value in accordance with the requirement.






1.4.6 Oxidation Stability


The induction period should be more than or equal to 8 hours when the biodiesel is subjected to 110oC at an air flow of 10 litre per hour. The stability is dependent upon unsaturation in the methyl ester since the allylic hydrogen are reactive and initiate free radical reactions. Suitable synthetic antioxidants such as pyrogallol, propyl gallate, tert-butylhydroxyquinone, 3-tert-butyl-4-hydroxyanisole, and 2,6-di-tert-butyl-4-methyl-phenol are required to achieve the required oxidative stability.




[image: Schematic illustration of effect of antioxidant concentration on oxidative stability of karanja oil methyl esters.]

Figure 1.7 Effect of antioxidant concentration on oxidative stability of karanja oil methyl esters.


The effect of synthetic antioxidants on the oxidative stability of Karanja oil has been reported by Meher et al. [46]. The biodiesel was prepared at the optimized reaction conditions of catalyst 1% KOH, methanol/oil molar ratio 6:1, reaction temperature 65°C, and rate of stirring 600 rpm, which yielded 97 to 98% of methyl esters. The oxidative stability has been improved significantly in the case of pyrogallol as the additive and 50 ppm of pyrogallol is sufficient to attain required stability, as depicted in Figure 1.7.






1.4.7 Linolenic Acid Methyl Esters


The linolenic acid methyl esters should be less than 12% in biodiesel and this is related to the stability of the product. The same is nil in the case of Jatropha, Pongamia, Mahua, and Nahor oil, whereas rubber seed oil contains up to 15.3%.






1.4.8 Polyunsaturated (≥ 4 Double Bonds) Methyl Esters


The polyunsaturated fatty acids having double bonds more than or equal to four are nil in the case of the non-edible oils discussed in this article and all these oils satisfy the maximum permissible limit. The parameter is specified as it is related with ensuring the oxidative stability.








1.5 Conclusion


The Indian non-edible oils discussed here are suitable feedstocks for biodiesel. The oils from Jatropha, Pongamia, Mahua, and Nahor are suitable feedstock for biodiesel, whereas the feedstock with iodine value >120 g iodine/100g and linolenic acid content >15% needs to be blended with low iodine value feedstock such as Palm stearin (Iodine value 35 g iodine/100g) or Mahua oil to make a feedstock technically suitable to prepare biodiesel in order to achieve qualities as per the specifications. In terms of large-scale use, the non-edible oils are supposed to have less importance and should be collected in order to be used as biodiesel feedstock. The activities of collection of these oilseeds are labour intensive. Most of these tree borne oilseeds mature during or before monsoon, resulting in the wastage of these oilseeds. The further plantation of these oilseed plants should be done in the low-quality wastelands. The activities starting from plantation to maintenance and harvesting requires manpower at the local rural level and it will improve the socio-economic status of the rural populace.
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Abstract


A feedstock is a type of raw material that is used in the production of biodiesel. It is an alternative to fuel in today’s market (petroleum and diesel). Two types of feedstocks are used in biodiesel production: edible and non-edible. Examples of edible feedstock are coconut oil, palm oil, and soyabean oil and non-edible feedstock are neem, mahua, etc. Extraction of biodiesel from oil is practiced in many countries by using different processing methods.


Different extraction methods are used for the extraction of oil from the feedstock. They include old traditional methods, solvent extraction, mechanical extraction, microwave-assisted, and ultrasonic-assisted methods. Old traditional methods consist of a simple process but are regarded as inefficient due to the lesser oil yield and recovery. Conventional methods are the most widely used methods. The solvent extraction method is more efficient and produces good quality oil. The most common solvent used is hexane because it is highly reactive, has a low cost, and is easily available. The limitation of this method is time-consuming and very tedious. Many innovative techniques are also used to overcome the limitations of conventional methods. Microwave-assisted and ultrasonic-assisted are some of the new techniques which include the pretreatment of raw material using either ultrasonic waves or radio waves, which helps in increasing the efficiency of the extraction of oil and improves the final quality of the oil.


Transesterification is the most commonly used process for the commercial production of biodiesel. In this technique, the oil is heated at the desired temperature in the presence of alcohol and catalyst. It is a reversible reaction, where a catalyst is used for obtaining a conversion rate. Based on the rate of reaction, different catalysts (acid or alkali) are used.


Nowadays, researchers are focusing on assisted transesterification as it speeds up the reaction process and increases product yield. Commonly used assisted transesterification methods are microwave-assisted (microwave irradiation is used for activating the reacting molecules) and ultrasound-assisted (sound energy is used for rarefaction and compression of reacting molecules). Numerous benefits stem from biodiesel like it helps in reducing air pollution, improves the rural economy, is readily available, and reduces dependence on fossil fuels. Many technical challenges are being faced in biodiesel production like the presence of a higher amount of water and free fatty acids in feedstock, which leads to problems in the processing of biodiesel as cheaper energy source, etc.


Keywords: Transesterification, catalyst, assisted extraction method, feedstock






2.1 Introduction


Oilseeds are leading the way in providing high-quality and specialized vegetable oils to nutritious goods, natural foods, and premium snack foods. Corn, oat, cotton, soybean, mustard, camelina, safflower, sunflower, peanut, rapeseed, coconut, oil palm, and olives are some of the important oil-producing crops. Edible and industrial oils are the two types of oils; edible is used as a food-grade ingredient in many food products and industrial oils are non-edible but contain a good level of valuable compounds [1]. Chemical, physical, and nutritional properties of oil vary based on the type of fatty acids present. The parameters for ensuring the quality of oil include peroxide value, iodine value, saponification value, acid value, free fatty acid content, etc. (Table 2.1).


A feedstock is a type of raw material that is used in the production of biodiesel. Biodiesel is considered a green fuel because of its ecofriendly nature. Cooking oil, animal fats, and grease oil are used as raw materials which produce diesel by using different processing methods. Petroleum diesel has already covered the wider market and is difficult to replace as it is a major contribution to our economy. Biodiesel is a good alternative with lots of benefits including a reduction in air pollution, improvements in the rural economy, being readily available, and reduced dependence on fossil fuels [2]. Since renewable biological sources are used for biodiesel production, it is a sustainable fuel. High prices of fuel and their adverse effects on the environment lead to an increase in focus on the production of biodiesel from cheap renewable raw materials.




Table 2.1 Quality parameters of oilseeds.






	Oilseeds

	Peroxide value (m eq/kg)

	Saponification value (mg/g)

	Iodine value






	Palm Oil [3]

	2.80

	-

	45.95






	Soyabean Oil [4]

	21.38 ± 1.61

	199.63 ± 1.81

	119.21 ± 0.4






	Neem [5]

	6

	7.93

	75.93






	Seinat Oil [6]

	2.50 ± 0.20

	186.20

	110.99






	Peanut [6]

	2.09

	190.33

	118.20






	Sunflower Oil [7]

	9.99

	177.06

	94.35






	Corn Oil [7]

	22.49

	206.49

	97.35






	Rapeseed Oil [7]

	9.99

	172.29

	95.12







Several experiments are being done by researchers using different techniques and on numerous feedstocks for the development of biodiesel. Biodiesel has a good impact on the economy, environment, and energy security. The benefits in economic impact include improvement in a rural economy, international competitiveness, increased income tax, and trade business [2]. It helps in reducing air pollution, lowers aromatic and sulfur content, is easy in handling and storage, etc. Biodiesel will be readily available, has renewability properties, and also helps in reducing the dependence on fossil fuels. Cooking oil and animal fats (both consist of triglycerides) are used as feedstock for biodiesel production. Cooking oil includes soybean, palm, rapeseed, canola, vegetable oils, etc. Sometimes, a filtration process is required while using cooking oil and animal fats to remove the contaminants like meat and water from it to use in the production of biodiesel.






2.2 Feedstock in Context of Biodiesel


The majority of oilseeds grown in most countries are used to extract oil. Small grains, such as wheat, have a low oil content of 1 to 2%, but oilseeds have a higher oil content, ranging from approximately 20% for soybean to over 40% for sunflower and rapeseeds like canola [1]. Soybean, sunflower, rapeseed, cotton, and peanut are the main sources of edible seed oils across the globe. Flax (linseed) and castor bean seed oils are utilized in the industry. They do not have many carbohydrates, but they are rich in B vitamins [8]. Thiamine and nicotinic acid are highly abundant in ground-nuts. Oilseeds contribute significant nutritional value to the diet by providing high-quality protein and vegetable oil and even some oil-soluble vitamins like Vitamin A. Because of their high protein content, oilseeds are frequently utilized in animal feed.


The important properties of biodiesel are that it should have a minor adverse impact on the environment and engines, the combustion efficiency needs to be good, the pureness of fatty acid which includes the quantity free glycerol and ester contents. The physiochemical properties include viscosity, flash point, total sulfur content, acid number, etc. These properties are the indication of whether biodiesel is suitable for the performance of engines. The quality of biodiesel also depends on the composition of feedstock like the number of unsaturated bonds present, the oxidation stability, iodine index, boiling point, phosphorus content, and solidification point [9].


It has been found that diesel or petrol-driven automobiles are major sources of greenhouse emissions. Greenhouse gas is hazardous for the environment, being the leading cause of respiratory diseases and also the reason for climate changes. Biodiesel is a good alternative for these fuels and it is observed that it is environmentally friendly. The use of biodiesel leads to a reduction in the emission of CO2 in the environment during conversion. Also, sulfur content in biodiesel is zero, hence emission of the sulfur compound in the environment is almost zero.


Combustion is a chemical process that releases energy from fuel in the presence of heat and oxygen. Biodiesel has more combustion efficiency in comparison to petroleum because of the difference in the oxygen content of their feedstock. Biodiesel feedstock has approx. 10 – 40% oxygen whereas petroleum shows none [2]. Combustion efficiency relates the complete fuel combustion which is based on factors like the chemical composition of the fuel, the net temperature of the gas, and the percentage of oxygen after the combustion.




Table 2.2 Non-edible oilseed plants [10].






	No.

	Common name

	Oil (%)

	Use




	1

	Neem

	35 – 40

	Medicinal, biopesticides






	2

	Karanja

	27 – 39

	Soaps, lubricants, illumination






	3

	Sal

	13

	Cocoa butter, substitute, soap, vanaspati






	4

	Mahua

	35

	Cocoa butter, substitute, soap, vanaspati






	5

	Kusum

	34

	Soaps, medicinal, illumination






	6

	Undi

	50 – 73

	Illumination, soap






	7

	Jatropha

	30 – 40

	Industrial, medicinal soap









An increase in free fatty acid is not suitable for biodiesel production as it reacts with the catalyst in the chemical process. It should be noted that an increase in free fatty acid leads to a decrease in final yield and quality of the fuel. The major challenge is to reduce the FFA content of the feedstock. The non-edible oilseed plant with its oil percentage and uses are mentioned in Table 2.2.






2.3 Processing of Oilseeds


The composition of oilseeds mainly consists of oil, carbohydrate, protein, fiber, and water. During oil extraction processing, the oil is removed in a bulk form and the other macromolecules remain in the oil-cake. Extraction efficiency means the amount of oil extracted to the total oil present in the seed. A greater extraction efficiency signifies more oil is being extracted from the seed. Oils and fats are a mixture of triglycerides (a combination of fatty acids and glycerol). Fatty acids are the linear chain of carbon, linked to a group of acidic properties like lauric acid, palmitic acid, butyric acid, etc. These are known as saturated fatty acids. Some of the fatty acids contain two or more double bonds in a chain-like linoleic acid, oleic acid, etc. These fatty acids are called unsaturated fatty acids.


Oxidation and hydrolysis are the two negative effects seen in oil when it is stored in poor conditions. Oxidation occurs when the fat comes in contact with the oxygen available in the air. A fatty acid with double bonds is more prone to this. Hence, fatty acid with lesser double bonds is more stable than the fats with more double bonds. Hydrolysis occurs when fat comes in contact with water in the presence of enzymes, leading to the separation of fatty acid from the structure of triglycerides. This deterioration can be seen in oilseed as well as in the extracted oil. The enzymes can be present naturally in oilseeds or from molds. So, storage of fats at the required moisture content is important to avoid the growth of molds. The amount of free fatty acids present in the oil indicates the quality of the oil. The smaller the quantity of free fatty acid, the better the quality of the oil. Figure 2.1 is about the processing steps involved in oil extraction, i.e., oilseeds processing.




[image: Schematic illustration of oilseed processing.]

Figure 2.1 Oilseed processing.




2.3.1 Pretreatment


Before the oil extraction process, the oilseeds had to go through several steps for effective extraction. The steps are selected based on the raw material that needs to be processed and its composition. The common steps include cleaning, decortication, size reduction, rolling, and conditioning. Normally, cleaning is performed to remove the impurities like dirt, trash, sand, metal, etc. Cleaning can be done either manually or sorting/sieving equipment is used where, based on the size, color the impurities are being removed. After cleaning the weighing of oilseed is done to calculate the yield and efficiency of the process in the end. In decortication, the outer shell or seed coat is removed. It because some of the seeds have a harder shell which on oil extraction may create difficulties. Size reduction helps in the reduction of the larger size particles into smaller size, this helps in the proper extraction of oil during the extraction method. Different milling equipment is used for size reduction. Rolling is the process where the seeds are passed through equipment to increase the surface area of it which improves the extraction of oil and retains the channel for the flow of oil. Conditioning is the important step where the rolled seeds are heated with water. Water can be either added or may be naturally present in the seed. Heat treatment also kills the enzymes that cause hydrolysis. Some of the oil seeds need to be heated or moisturized before extraction or it may produce an oily pasty in place of oil.






2.3.2 Decortication


Some oilseeds have a hard-outer shell or seed coat that needs to be removed before processing. This method is known as decortication. It improves the yield of oil extraction and also reduces the bulk of material to process. The oil content in husk or hulls is low and its composition varies based on oil-seeds, for example, the oil content in soybean hulls is approx. 7%, whereas for groundnuts it is 25% [11]. Decorticators use either impact force, compressive force, or a combination of both.




2.3.2.1 Characteristics of Oilseeds Required for Decortication


Factors on which the decortication process depends are:


(1) Raw material characteristics include the size of the seed, shape of the seed, and moisture content.


The moisture content of the crop is an important factor to analyze as it is directly linked with the separation of kernel or seed from its shell. It was established that at low moisture content, the separation efficiency increases because of the internal gap between the shell and kernel [10]. The size is another factor that influences decortication as it helps in determining the kernel recovery. Other factors like crop maturity, its cultivars, varieties, and maturity also affect the performance of the decortication machine.


(2) Operation and design parameters like impeller speed, material feed rate, and number of impeller slots.


Feed rate affects the separation efficiency, i.e., with an increase in feed rate there seems to be decreased in separation efficiency, but it provides a good cushioning effect. An optimized screw seed needs to be fixed for good separation efficiency, which also varies for different oilseeds. These factors help examine the performance of the decortication machine in terms of recovery of seeds and kernels.






2.3.2.2 Decortication Method




2.3.2.2.1 Manual Decorticator (Traditional Decortication)


The decorticator consists of a handle, sieve, hopper, and footrest, as shown in Figure 2.2. The oilseeds are fed into the hopper. The handle is moved forward and backward, leading to the separation of the kernel and pods and the sieve is used to remove the kernel from the pod. The advantage of the machine is that it is easy to operate, shelling efficiency is high, and less manpower is required. As the process is performed manually, it is a tedious and time-consuming process and lesser yield led to an increase in processing cost.






2.3.2.2.2 Hand Operated Decorticator


It consists of a feed hopper, decorticator chamber, shifter, shell outlet, and eccentric pulley, as shown in Figure 2.3. A vibrator sieve is used to separate the shell and kernel. The advantage is it easy to operate, has low processing cost, good yield, and high shelling efficiency. Can be dismantled easily, therefore, leading to smooth cleaning [10].




[image: Schematic illustration of manual decorticator.]

Figure 2.2 Manual decorticator.






[image: Schematic illustration of hand operated decorticator.]

Figure 2.3 Manual decorticator.




[image: Schematic illustration of improved hand operated decorticator.]

Figure 2.4 Improved hand operated decorticator.






2.3.2.2.3 Improved Hand-Operated Decorticator


It consists of an oscillating sector containing pegs and perforated sieves in a semicircular shape [12]. The decortication occurs between the oscillating sector and perforated sieve and the clearance is adjusted based on the thickness of the shell, is shown in Figure 2.4. The waste is removed from the concave sieve and collected from the bottom of the unit.












2.4 Oil Extraction Methods




2.4.1 Aqueous Method


Earlier, wet extraction methods were used for oil extraction. They involve putting the pretreated oil in water where the extraction will take place and oil will separate and float on the surface. Hot water floatation is one of the old traditional methods used in rural areas. In this method, pretreatment of oilseeds include cleaning and decortication. The decorticated seeds are heated and were ground using a mortar pestle. This grounded seed was then suspended in water and boiled for 30 minutes. The extracted oil will float on the surface and is collected using a scraper. Later, it is heated to remove the remaining moisture. The advantage of this method is that it requires lesser equipment for extraction, but the oil yield and quality are poor, the method is very tedious and time-consuming, and the oil recovery is very small, therefore this process is regarded as insufficient for oil extraction.






2.4.2 Hydraulic Press


It is a common tool used for oil extraction in comparison to solvent extraction or improved extraction method. It is used for small-scale plants because it is less capital intensive. It uses the application of high pressure for the compression of seeds as a principle for operation. It comprises of 3 distinct stages: the initial stage, dynamic stage, and final stage. The process is very convenient and easy to operate. It consists of a cylinder, handles, pressure gauge, and screw nut (Figure 2.5). The pretreated oilseeds are fed into the cylinder and the high pressure is applied from the top, leading to the extraction of oil within 5 to 7 minutes. The advantage of this process is less time-consuming, gives high oil yield, is simple and scientific, and required less maintenance cost. Disadvantages include loss of oil efficiency, therefore more loss of oil occurs.




[image: Schematic illustration of hydraulic press.]

Figure 2.5 Hydraulic press [10].






2.4.3 Ghani (Animal or Power-Driven)


The oilseeds are placed in the wooden pit. The load beam is used, which is weighted with heavy stones as shown in Figure 2.6. It can be power or animal driven. It consists of a big circular ambit and pestle. The pestle is attached to the animal via rope. As the animal moves in circular path, the pestle rotates simultaneously, exerting the lateral pressure on the pits, leading to oil crushing and its removal. The oil is collected at the base of the pit.






2.4.4 Solvent Extraction Method


Well known as a conventional method and widely practiced, this method is used for extraction of low oil content seeds [13]. For vegetable oil extraction, it is considered as one of the most efficient methods with maximum oil yield and less residual oil in the cake (Figure 2.7). Selection of solvent is a very crucial task as it depends on good solubility, low inflammability, less toxicity, etc. Commonly use solvents are hexane, diethyl ether, petroleum ether, and ethanol [13]. The solvent used in this method needs to be oil-soluble so that the extracted oil is soluble, i.e., it will form crude oil. The crude oil is later heated or vacuumed where the solvent gets evaporated and oil is collected. Approximately 5 to 8% oil residue is produced in the oil cake during treatment using a continuous screw expeller. The solvent extraction method reduces it to around 0.5%.
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Figure 2.6 Traditional ghani [10].
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Figure 2.7 Soxhlet unit [10].


Maintaining the temperature during the process is important, as an increase in temperature will decrease the viscosity of solvent, hence it will easily penetrate the oil cake leading to maximum extraction of oil from the residues. The advantages of this method are it gives high yield and consistent performance, good repeatability and reproducibility, and good quality of oil [13]. The disadvantages include longer extraction time, relatively more consumption of solvent, evaporation of volatile compounds in the environment, high cost of solvent, etc.






2.4.5 Mechanical Extraction Method


In this method, the force (i.e., in terms of pressure) is being applied either using a hydraulic press or screw press to separate the oily phase from the seed material. The increase in pressure will increase the oil yield [13]. This method is suitable for the high oil content oilseeds. The equipment for mechanical pressing performed similar to that of the extruder. The equipment consists of a rotating screw shaft in a horizontal barrel, as shown in Figure 2.8. The seed is fed through a vertical feeder and flows in the machine with the help of a screw shaft. As the diameter of the screw shaft increases in the direction of the flow of feed, it will restrict the movement and the pressure will increase, leading to oil extraction. The barrel consists of a slot from where the extracted oil is removed and being collected. The diameter of the screw can be adjusted depending on the pressure required for the particular raw material and the amount of oil needed to extract. Two types of mechanical pressing are used: cold press and hot press. As the name suggests, the cold-press process is performed at low temperature and pressure, whereas the hot press includes elevated temperature and pressure. The advantage of mechanical pressing is that larger quantities of raw material can be processed with minimal labor. Also, the process allows continuous oil extraction, contains lesser steps, is safer as no chemical handling is required, and provides high-quality oil and a low concentration of free fatty acids. In comparison to solvent extraction, the larger portion of oil residues remain in the oil cake, which means less efficient in the oil yield. The oil extracted from this method contains more impurities, hence extra purification of the oil is required.


Innovative techniques are being developed by the researchers to overcome the problems that are associated with conventional and old extraction traditional methods. Some of the techniques are microwave-assisted extraction methods and ultrasonic-assisted extraction methods.
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Figure 2.8 Modern screw press [10].






2.4.6 Microwave Assisted Oil Extraction


It is one of the innovative techniques used in the extraction of vegetable oil. The processes used in this extraction are simple but extraction is very effective in comparison to thermal or conventional methods. The main purpose of this method is to get higher quality oil. Microwave energy targets the moisture available in the sample. The oilseeds are pretreated using microwave energy in a frequency range of 300MHz to 300GHz, which uses radio waves to convey energy using a waveguide in seeds to convert it into heat [14]. When the moisture of the sample is heated, the water will try to evaporate, leading it to escape from the cells, creating pressure on the cell wall which makes swelling occurs. When the internal pressure becomes too high in comparison to the outside pressure, it will rupture the cell membrane of oilseed so that easier and proper extraction can be possible using a solvent. The efficiency of MAE depends on solvent nature and volume, extraction time, microwave power, sample particle size, moisture content, temperature, and pressure of extraction. Also, it increases the mass transfer coefficient and extraction yield [15]. After the pretreatment using microwave energy, the treated seed is sent for the conventional method of extraction, i.e., solvent extraction will further extract the oil as per the procedure explained above. It was reported by the researcher that microwave-assisted extracted oil had a higher composition of unsaturated and essential fatty acid and improves the oxidation stability, extraction rate, and gives high-quality oil [16]. Also, it is environment-friendly, reduces extraction time, and uses low quantities of solvent. On the other hand, it has the limitations of low efficiency when the extraction solvent or analyte are nonpolar or volatile [15].






2.4.7 Ultrasonic Assisted Oil Extraction


One of the innovative techniques for oil extraction, when this method is assisted with the conventional solvent method, it increases the efficiency of the extraction by improving the interaction of solvent with intracellular contents. This method reduces the extraction time and increases the oil yield [13]. It has lower energy consumption and is eco-friendly and has increased extraction yield and higher processing throughout. When ultrasonic waves come in contact with the sample, it penetrates through the cell wall and can be easily broken. This breakage washes out the intracellular contents like fats, lipids, and essential oil from the material. Cavitation formation phenomenon is used as a principle of ultrasound. A sample containing solvent as a medium, when exposed to high frequency (approx. 20KHz ultrasonic waves), led to the formation of bubbles throughout the medium. The bubbles with negative pressure implode at the surface of the cells, causing mechanical stress on the cells. Due to the pressure, the bubbles collapse, leading to the destruction of the cell wall, hence the intercellular contents get leached out in the solvent. The efficiency of ultrasonic extraction depends on the temperature, frequency of waves, and duration of ultrasonication [15].


UAE (Ultrasonic Assisted Extraction) can be applied to both solid and liquid samples but care should be taken while using solid samples. The cavitation bubble collapse may cause decomposition of analyte if entrapped into the bubble. Even though ultrasonic-assisted extraction is rapid and more efficient than conventional Soxhlet extraction, it also involves large quantities of hazardous and expensive organic solvents [15].






2.4.8 Supercritical Assisted Oil Extraction


Supercritical fluid is used as a solvent for extraction or separation of oil from oilseeds. The fluid has high solubility and permeability, which makes this method unique and efficient for oil extraction [17]. The advantage of using this method is the solvent is recyclable, there is no residual solvent in the final product, and the operation is performed at low temperature, therefore no evaporation of volatile residuals. It has high equipment cost. The factors include pressure, temperature, flow rate, and time and need to be optimized for extraction.






2.5 Catalyst


A catalyst is a substance that accelerates the rate of reaction and increases the conversion rate of reactant into a product. It is not consumed in the entire chemical reaction and can be recycled, meaning it regenerates at a later stage without getting permanently changed. It helps to speed up the reaction rate by reducing the activation energy and can only perform the thermodynamically stable reaction. In a reversible reaction, the catalyst evenly affects the rate of forward and backward reactions. Due to this, the equilibrium constant remains the same with or without the presence of a catalyst. Based on the nature of reactions and their physical state, the catalysts are classified as homogeneous catalysts, heterogeneous catalysts, and biological catalysts (Figure 2.9).




2.5.1 Homogeneous Catalyst


In a homogenous reaction, the reactant and catalyst remain in the same phase (i.e., gas or liquid) because they show higher interaction between themselves, leading to high reactivity even under mild conditions. A homogeneous catalyst is easily soluble in alcohol. In the transesterification process, the homogeneous catalyst is classified into two forms i.e., homogeneous acid-catalyzed transesterification and homogeneous alkali catalyzed transesterification.
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Figure 2.9 Types of catalyst.


For homogeneous catalyst transesterification, the reaction is performed at moderate temperature and atmospheric pressure. The limitation is that it cannot be recycled in the reactions. Therefore, it is important to remove the catalyst concentration from the product to prevent the formation of soap due to reaction with impurities present in the oil. By varying the concentration of catalyst, efficiency can be achieved up to 99%.


Some of the homogeneous alkalized catalysts are sodium hydroxide, potassium hydroxide, sodium methoxide, potassium methoxide, etc. Out of this, it is seen that sodium hydroxide and potassium hydroxide are most commonly used because they help in enhancing a faster reaction rate and are easily available at a reasonable cost [2]. The disadvantage of this method is that the byproducts of their reaction lead to water formation, which in the end reduces the performance of biodiesel production. Also, it consumes high energy during processing, it is highly sensitive to free fatty acids (between 0.5 to 2 wt %), and the separation of catalyst from the product is very expensive.


Some of the homogeneous acid catalysts are sulfuric acid and hydrochloric acid. This process is not as effective in comparison to alkalized homogeneous catalysts because of the use of strong acids which are associated with environmental impact and higher cost [2]. The use of corrosive compounds in this method led to the requirement of special processing equipment in biodiesel production. The rate of reaction is much less in comparison to alkalized catalysts. Furthermore, it requires a high temperature for conducting the reactions. It helps in lowering the free fatty acids from oils or animal fats and can be used as a prior step for alkalized homogeneous catalysts.






2.5.2 Heterogeneous Catalyst


The reactant and catalyst exists in different phases, i.e., it might be that the catalyst is in the solid phase, whereas the reactant is in a liquid phase [18]. The reaction takes place on the catalyst surface. The heterogeneous catalyst has the properties of recyclability and can be easily removed from the final product. Hence, using this catalyst in biodiesel production is more cost-effective and eco-friendly. Due to the recyclable nature, the filtration step is used while production of biodiesel can easily be eliminated and thus will reduce energy consumption. Similarly, as a homogeneous catalyst, the heterogeneous catalyst is also classified into acid heterogeneous catalyst and alkaline heterogeneous catalyst.


Some of the heterogeneous alkaline catalysts include calcium oxide and magnesium oxide. Heterogeneous alkaline catalysts can be obtained from various sources of waste such as bone, ash, and shell. The advantage of an alkaline heterogeneous catalyst is that it prevents soap formation in the final product, hence, it is more effective than a homogeneous catalyst. It can be reused and easily separated from the product. The disadvantage of this catalyst is that while storing it absorbs moisture and after several reuses, it destroys active sites of the catalyst [2].


Some of the heterogeneous acid catalysts are zeolite, pure oxides, etc. Compared to homogeneous catalysts, it is more stable and ecofriendly. Heterogeneous acidic catalysts require higher temperatures and longer reaction times to achieve good conversion yields. In this catalyst, pretreating of feedstock is not required.






2.5.3 Biocatalyst


Enzymes are proteins used as biocatalysts in biodiesel production. They can be obtained from animal tissues, plants, or microbes [19]. High selectivity, high efficiency, eco-friendliness, and mild reaction conditions are the driving forces for their large-scale utilization and make biocatalysts an alternative to conventional industrial catalysts. They help in preventing soap formation and can yield high-quality biodiesel even from low-quality material. They are more effective than homogeneous and heterogeneous catalysts. The catalyst is suitable for raw material that contains a high amount of free fatty acids. It has the properties to be recyclable [19].






2.6 Production Process of Biodiesel


A chemical reaction is involved in producing biodiesel where the raw materials react with alcohol in the presence of a catalyst to produce biodiesel and its coproducts. Raw materials include feedstock like vegetable oil or animal fats reacting with either methanol/ethanol to form a mixture of esters of fatty acids and coproduct glycerin. Biodiesel is obtained from the purification of the mixture of fatty acid methyl esters (FAME). A catalyst is used to increase the reaction rate of the chemical reaction and based on it, the process can be basic, acidic, or enzymatic. Out of these, the basic catalyst is frequently used.
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If methanol is used in the process, then the product formed is a mixture of methyl esters and similarly, if ethanol were used, then the final products will be ethyl esters of fatty acids. Glycerol is the byproduct in both of the cases. The outcome of the chemical reaction creates a mixture of esters that had to be further purified to remove the contaminants like water, catalyst, and methanol. Biodiesel should be free of catalyst, alcohol, and glycerol to achieve higher efficiency. To achieve efficiency, the unpurified form is again mixed with the raw material to extract the maximum amount of biodiesel from it.


Different steps are involved in the production process, including raw material preparation, alcohol catalyst mixing, performing chemical reactions, formation of the reaction products, and purification of it. The choice of raw material depends on the percentage of oil present on it, the solid fat content of oil, the fatty acids composition, its oxidative stability, the fatty acid profile, etc. Rapeseed oil is the most important raw material considered in the production of biodiesel followed by canola oil, soybean oil, olive oil, etc. Rapeseed oil has a higher content of sulfur and 50 – 60% of oil is present in it. The oil percentage of soybean is around 18%, as soybean is rich in protein. It is in liquid form at room temperature. Palm oil is also used for biodiesel production because it has a low oil percentage level and is semisolid at room temperature. The form of fatty acids influences the quality and production of biodiesel. Castor oil shows the highest unsaturated fatty acids, whereas coconut shows the highest number of saturated fatty acids. Oxidative stability determines the effect of changes that may occur when the oil is exposed to the physical environment. The composition of esters of fatty acids, the size of the chain, and the presence of unsaturation directly affect oxidative stability. Natural antioxidants are present in the oil, which helps to prevent oxidation due to its high reactivity with free radicals.






2.7 Techniques for Biodiesel Production


Transesterification, pyrolysis, microwave assisted, ultrasonic, and super-critical assisted are the techniques used for production of biodiesel (Figure 2.10).




2.7.1 Catalytic Transesterification Technique


Transesterification means neutralizing the complex free fatty acid and forming alcohol ester by removing the glycerin. A catalyst is used to increase the reaction rate to form a faster yield. A higher number of fatty acids and water shows negative effects in biodiesel production as it led to the formation of soap, reduces the effectiveness of catalyst, and lowers the yield of the final product.


At first, the catalyst solution is prepared by mixing catalyst with alcohol (either ethanol or methanol) and needs to stir vigorously in a small reactor, as shown in Figure 2.11. Then, the mixture is pumped into the oil or animal fats in a biodiesel reactor. The final mixture has to mix for at least 2 hours at ambient pressure. After this, the solution is kept for settling for few hours to get two separate liquid phases. The bottom phase will be glycerol because it has heavier density and the upper phase will be esters of fatty acids. The glycerol is separated and the esters are filtered to remove impurities and get pure biodiesel.






2.7.2 Pyrolysis


It is one of the most common methods used for the utilization of waste material into an effective product. In pyrolysis, the organic matter is decomposed in the absence of air to form liquid oil, gas product, and solids. Heat or the combination of it with catalyst is used for the conversion of feedstock into biodiesel fuel. The fuel produce from this method can easily be stored and transported economically. The oil yield is independent of the size of the raw material. It is hard to tell it is the main product of pyrolysis, as the process depends on the experimental conditions, i.e., the reaction temperature and the heating rate. The process has three main products: liquid oil, solid residue, and incondensable gases. The fuel produced from pyrolysis has properties like lower instability and less volatility due to some unwanted chemical present in it. Hydrotreating means the removal of oxygen in water form, whereas catalytic cracking uses the catalyst to remove the oxygen. These two processes help in removing the oxygen quantity, hence improving the properties of bio-oil.
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Figure 2.10 Techniques used for biodiesel.
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Figure 2.11 Transesterification process.






2.7.3 Microwave Assisted


Electromagnetic waves are used in the frequency range of 300KHz to 300MHz. It is non-ionizing radiation that does not ionize atoms, but, on the contrary, influences of the molecular motions, without having to modify the structure. It accelerates the reaction rate that reduces the extraction time from an hour in seconds, i.e., it shows the faster conversion of reactant into a product. Due to this, energy consumption also reduces. The disadvantage of this method is that the depth of the radiation is limited to a few centimeters, therefore it required internal mixing of the components. It also has mass transfer limitations and the localized superheating has to be minimized. The preheating step (conditioning) can be removed because of microwave heating, as it also ruptures the cell walls due absorbing the radio waves.






2.7.4 Ultrasonic Assisted


The principle used in this method is cavitation formation. Ultrasonic treatment is beneficial over conventional mixing which increases the effective mixing between the two immiscible phases. The ultrasonic energy, in a frequency range of approx. 20 KHz, is applied on the sample containing medium where the cavitation principle will start acting, i.e., bubble formation will start and due to the negative pressure generation, it will collapse and rupture the cell wall which later eases the extraction of oil from the seeds. It increases the mass transfer between the feed oil and the reactants during the transesterification process. The advantages of the process are considered cost-effective methods, provide maximum yield, decrease the reaction time, reduce the amount of catalyst, and prevent soap formation. It also increases the surface area of material for the reaction and increases the fatty acid methyl ester in the final product. The limitation of this method is that it is difficult to control the temperature and, due some technical constraints, further detailed study is required.






2.7.5 Supercritical Assisted


The critical point of a pure substance is in between gas and liquid. A super-critical fluid is a high-density fluid above the critical point that cannot be condensed even by varying the temperature and pressure. In the super-critical state, the variety of features such as the dissociation constant, permittivity, specific gravity, polarity, and viscosity changes dramatically with temperature and pressure. These properties are effective for biodiesel production reactions. The solvent used for extraction in a supercritical state reacts in critical temperature and pressure. The advantage of this method is that it overcomes the limitations of catalytic transesterification including elimination of byproduct formation, wastewater, and high enzyme cost. Because of the use of high temperature and pressure in the operating conditions, the overall cost of the production of biodiesel is increased. Safety is one of the most important issues in the supercritical method, as it is operating at a higher pressure.








2.8 Advantages & Disadvantages of Using Biodiesel


Some of the advantages of using biodiesel fuel are as follows:




	• Feedstock used for biodiesel production are easily available.


	• The fuel is sustainable as it is made from the waste and agricultural resources.


	• Helps in improving rural economy.


	• Improved engines performance.


	• Reduces greenhouse gas emissions in the environment.


	• Reduces the air pollution and are biodegradable (degrades more easily).


	• The fuel has lower sulfur content in comparison to petrodiesel driven fuel.


	• The fuel has lower aromatic content.


	• A renewable fuel derived from vegetable oils or animal fats.


	• Less toxic in comparison to diesel fuel.


	• Higher flashpoint.


	• Compatible to blend with diesel fuel.


	• Used cooking oils and fat residues from meat processing may be used as raw materials.





Disadvantages


There are a few disadvantages of using biodiesel fuel that are mentioned below:




	• Due to low caloric value, there is slightly more consumption of fuel.


	• Higher emission of nitrous oxide in comparison to diesel fuel.


	• It is noted that it is less stable than diesel fuel, so long term storage of the fuel is difficult.









2.9 Current Challenges and Future Perspectives of Biodiesel


There are lots of challenges faced during raw material selection, oil extraction, production of biodiesel, etc. The foremost challenge is reducing the cost of feedstock. A decrease in the cost of feedstock will lead to direct profitability on biodiesel processing. Examples of lower-cost feedstock include vegetable oils, cooking oils, animal fats, etc. Also, there is a chance of high availability of water and free fatty acids in feedstock which led to soap formation, i.e., saponification also reduces the oil yield. Therefore, the pretreatment process and purification cost are included before the processing. These challenges need to be overcome to achieve the maximum amount of biodiesel, as it is one alternative for petrol diesel-driven fuel.


As the cost of petrol increases in day-to-day life and due to no sustainability of the raw materials of it, in a few years there will be an increase in the demand of biofuel. Therefore, it is of the utmost importance for the biofuel industry to create an easy and convenient raw material and an efficient production system to support the growth of the market.






2.10 Summary


A feedstock is a type of raw material used for the production of biodiesel which includes cooking oil, vegetable oil, fats, etc. Examples of edible feedstock are coconut oil, palm oil, and soyabean oil and non-edible feedstock are neem, mahua, etc. Biodiesel is one of the alternatives for diesel-driven fuel. Therefore, its characteristics like the effect on the environment, fuel efficiency, sulfur content, acid content, purity, etc. need to be better than diesel-driven fuels. Different pretreatment steps are required before oil extraction that include cleaning, decortication, rolling, size reduction, and conditioning. Pretreatment is performed to improve the effectiveness of extraction. Oxidation and hydrolysis are the two major deteriorations seen in storing of oil. Extraction of biodiesel from oil is practiced in many countries by using different processing methods.


Old traditional extraction methods are regarded as not so effective, as they give less oil yield and quality. Solvent extraction and mechanical pressing methods are two widely used conventional methods used for the extraction of oil. This increases the oil yield as well as the quality of the oil. The limitation of this method is that it leads to the formation of soap. Innovative techniques are developed by the researcher to overcome the limitation of conventional methods. Microwave-assisted and ultrasonic-assisted new technology use electromagnetic waves to rupture the cell wall by heating, therefore leading to effective oil extraction, increase in oil yield, and a reduction in reaction time.


Different catalysts are used in biodiesel transesterification. Out of them, alkaline catalysts are more preferred and safer as they do not deal with corrosive compounds. Catalyst helps in accelerating the reaction rate, increasing the conversion rate of reactant into a product. In transesterification, process catalysts are allowed to mix with the solvent to form a solvent mixture. Later, it is fed to oil and extraction takes place. The output of transesterification includes esters of fatty acids and glycerol. It is separated into two phases: the upper phase with lower density is biodiesel and the lower phase with heavier density is glycerol. Further purification of biodiesel is required either using filtration to remove the unwanted impurities, water, or nonrecyclable catalyst. Different supercritical assisted, pyrolysis, and microwave-assisted transesterification techniques are used for biodiesel production. Numerous advantages are observed on using biodiesel, including lesser impact on the environment due to less emissions of greenhouse gas, lesser sulfur content, reduction in air pollution, etc. In the coming years, the demand for biofuel has seemed to increase, therefore it is of the utmost importance for the biofuel industry to create an easy and convenient raw material and an efficient production system to support the growth of the market.
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Abstract


The increasing exhaustion of fossil fuels and the negative environmental consequences of their excessive usage have prompted the development of sustainable biomass-based fuels. Biodiesel is a biomass-based fuel that is gaining attraction as a viable substitute to petroleum-based fuel. Apart from being derived from renewable sources, it has a very low emission profile and can be used directly or in blended form in existing engines without any modifications that make it an attractive substitute to petrodiesel. Chemically it comprises of a mixture of fatty acid alkyl esters prepared by the alcoholysis reaction of triglycerides with a lower alcohol in the absence or presence of a catalyst (either acidic or basic). Both homogeneous and heterogeneous catalysts and enzyme catalysts have been used till date. The current chapter discusses all the techniques of extraction of biodiesel that have been used to date along with the recent process of intensification technologies that are adopted to progress the conventional methods of synthesis of biodiesel.
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3.1 Introduction


Fuel costs have skyrocketed due to the rapid depletion of fossil-based crude oil sources as a result of rising demand for petrodiesel. Additionally, the threat to the environment due to their excessive use has triggered the need for alternative fuels [1, 2]. Extensive investigation has been carried out to produce alternative fuels. In fact, several fuels explored recently have proven to be promising alternatives to the conventional, highly polluting petroleum based fuels. Biodiesel (FAAE) is developing as one of the potential substitutes to petroleum that can be utilised in a compression ignition engine either directly or in a mixed form. It has good oxidation, thermal, and storage stability, as well as good fuel qualities such a high flash point, low sulphur content, and high lubricating capacity, making it a viable alternative fuel [3, 4]. It is environment friendly and considered a carbon neutral fuel as the CO2 released upon combustion of the fuel is removed from the atmosphere by plants [5]. It also produces lesser sulphur dioxide, carbon monoxide, and unburnt hydrocarbons compared to petrodiesel [6, 7]. It is derived from vegetable oil/animal fat that mainly consists of triglyceride molecules having high molecular weight and viscosity. A triglyceride (TG) molecule is composed of three fatty acid esters attached to a glycerol backbone. TG cannot be directly used in diesel engines but can be used as a diesel engine fuel by pyrolysis, micro-emulsion, and transesterification. Among all the methods, transesterification is the most popular and widely used method for production of biodiesel. It involves the reaction of triglycerides with monohydric alcohol in the presence or absence of a catalyst, yielding alkyl esters of fatty acid and glycerol as a by-product [8]. Biodiesel has carbon and viscosity equivalence with petrodiesel. The cost and availability of feedstock, as well as the high reaction parameters, are the two most significant barriers to biodiesel commercialization. Previously, food oils with low free fatty acid concentration were employed to make biodiesel. However, this was not feasible as it posed a threat to food security [9, 10]. Hence, several cheap feedstocks like inedible oil, waste vegetable oil, algal oil, poultry fat, fish oil, etc. have been used to produce biodiesel. Thus, biodiesel has been categorized as the first, second, and third generation of biodiesel depending upon the origin of biodiesel or the feedstock from which it is derived. The fourth generation biodiesel uses genetically modified microorganisms as feedstock and is still in the rudimentary stage of fundamental research [11]. The low grade feedstocks are easily available and cheap, but the presence of large amounts of free fatty acids (FFAs) complicate the process of transesterification [12]. Another hurdle in biodiesel production is the mass transfer limitation arising due to solubility of oil in alcohol that subsequently increased the process parameters such as consumption of alcohol, catalyst, reaction time, and temperature. Since transesterification reaction is reversible, a large amount of alcohol was necessary to drive the reaction to the product side [13]. The catalytic and non-catalytic routes to transesterification are both viable options. In a two-step catalytic transesterification reaction, it is carried by using acid catalyst followed by alkaline catalyst or a combining action of both the catalysts. In addition, the catalyst could be homogeneous or heterogeneous in nature. Enzyme catalysts have also been employed in the manufacturing of biodiesel due to their environmental friendliness. However, in industrial manufacturing, homogeneous alkali catalysts are favoured since they aid in a speedier reaction with greater conversion. Alkali catalysts, on the other hand, are not ideal for low-grade feedstocks with high FFA levels because they create soap, which reduces biodiesel output. Hence, in such cases homogeneous acid catalysts are either used alone or in combination with alkaline catalysts in a two-step transesterification process [14, 15]. The homogeneous catalysts, however, are associated with numerous drawbacks like generation of waste water, non-reusability and corrosive nature of catalysts, etc. [16, 17]. Thus, several heterogeneous catalysts have been developed and utilized in transesterification to overcome the limitations associated with homogeneous catalysts. The heterogeneous catalysts have several benefits over the homogeneous ones, yet their activity is reported to be much slower in comparison to the homogeneous ones resulting in increased reaction time and temperature and lower product yield [18]. The non-catalytic route of biodiesel production in supercritical extraction method has also been investigated and found to produce good triglyceride conversion with no formation of soap and easy separation of products [19, 20]. But, it requires a high temperature and pressure and thus an expensive reactor [21].


To improve biodiesel production, several new process intensification technologies have been implemented in the traditional transesterification process. Co-solvent methods, ultrasonication methods, microwave methods, membrane reactors, reactive distillation, and simultaneous in-situ esterification are just a few of them [22–26]. This chapter provides an in-depth look at the various biodiesel production technologies and intensification techniques that have been employed to date.






3.2 Direct Use and Blending


Neat vegetable oil was investigated as an alternative to diesel when Sir Rudolph Diesel, the inventor of the diesel engine, used peanut oil in a compression ignition engine. However, due to cheaper petroleum prices in comparison to vegetable oil, the concept did not gain any importance. Moreover, using vegetable oil directly in diesel engines causes several problems like formation of deposits on engines, oil ring sticking, coking and trumpet formation on injectors, gelling of lubricant, etc. [27]. The high viscosity of vegetable oils and poor fuel atomization are the main cause behind its failure as a direct fuel in diesel engines [28]. Crude vegetable oil has been mixed with diesel to improve its viscosity and studied as a fuel in a diesel engine. Agrawal et al. analyzed the combustion properties and the thermal efficacy of an engine fuelled with diesel and its blends (10, 20, 30, 40, and 50%) with linseed oil at a constant engine speed [29]. The 20% linseed-diesel blend showed the best combustion characteristics and energy conversion efficiency. Physical features of rubber seed oil (RSO)diesel blends as well as their effects on engine performance and emissions were assessed [30]. The brake specific fuel consumption (BSFC) and exhaust gas temperature (EGT) of RSO blends containing 20% and 40% RSO were found to be nearly identical to those of diesel fuel. However, when compared to baseline fuel, the EGT for 60 and 80% RSO blends was significantly lower. The smoke density of 20% RSO was determined to be the highest, but that of 40% and 60% RSO was found to be similar to that of the baseline fuel. In another study, pure diesel, Jatropha oil, and Jatropha oil-diesel blended fuels were used in an I.C. engine, single cylinder, four-stroke VCR (variable compression ratio), direct injection diesel engine and the performance and emission characteristics were analyzed [31]. The results suggested that the thermal efficiency, CO, and NOX emissions were very close to mineral diesel for lower blend concentrations. However, for higher blend concentrations, performance and emissions inferior as compared to diesel. The Brake Specific Fuel Consumption (BSFC) of vegetable oil-diesel blended fuels was generally reported to be greater than diesel fuel and the higher the amount of vegetable oil in the blend, the higher the BSFC observed [32]. Meanwhile, it was discovered that as the BSFC grew, the Brake Thermal Efficiency (BTE) declined. At low and medium loads, the mix with less than 50% straight vegetable oil had a greater BTE, but as the load increased, it steadily declined to par or lower than diesel fuel. According to certain studies, using fuel additives in conjunction with vegetable oil-diesel blended fuels can improve combustion and emission characteristics [33, 34].






3.3 Microemulsion


As discussed in the previous section, vegetable oils restrict direct use in a compression ignition (CI) engine due to a more viscous nature. Hence, extensive research was undertaken to explore the possibilities of using vegetable oil as a fuel for diesel engines by overcoming its limitations. One such solution to the problem of high viscosity of the vegetable oils was forming its micro-emulsions with alcohol. Micro-emulsions are optically active colloidal dispersions of isotropic liquids that exist as microstructures in equilibrium. These are created naturally from two immiscible liquids that have been stabilised by surfactants (either ionic or non-ionic). The surfactants help to reduce the interfacial tension by achieving droplet size in the range of 10-100 nm [35–38]. One microemulsion-based biofuel is Winsor Type II (water-in-oil) microemulsion, in which alcohol is in a polar phase solubilised in reverse micelles occurring in vegetable oil and/ or diesel as a non-polar phase. The selection of surfactant is an important aspect in the formation of microemulsions. Non-ionic surfactants have higher hydrophobicity than the ionic surfactants and thereby lower the interfacial tension and increase the solubility which in turn reduces the droplet size more in comparison to the ionic surfactants [39]. The stability and viscosity of micro-emulsion is largely influenced by the mean droplet size that in turn depends upon the method of preparation and composition [40]. Several studies have been reported on the development of micro-emulsions with different alcohols like methanol, ethanol, and 1-butanol. The colloidal microstructures were found to meet the viscosity requirements of commercially usable diesel. The short-term performances of ionic and non-ionic micro-emulsions of ethanol in soybean oil were studied. It was revealed that the short-term performance of ionic and non-ionic ethanol micro-emulsions in soybean oil was comparable to No. 2 diesel [41].


Arpornpong et al. investigated the effects of surfactant structure and the chain length of cosurfactants on the phase behavior, microemulsiondroplet size, and kinematic viscosity of microemulsion-based biofuels [40]. The surfactants exhibited greater effect on kinematic viscosity than cosurfactants even though they were present in lower concentrations. The viscosity of microemulsion solution was found to increase with increase in the cosurfactant chain length, but this also reduced the droplet size of the microemulsion.


Ziejewski et al. [42] prepared an emulsion of 53.3% (v/v) of sunflower oil with 13.3% (v/v) of ethanol and 33.4% (v/v) of 1-butanol. The viscosity of the non-ionic emulsion was reported to be 6.31 × 10–6 m2 s –1 at 40 °C, cetane number 25, and sulfur content 0.01%. It was observed that upon increasing the amount of 1-butanol, the viscosity was lowered and spray patterns were improved. Bora et al. studied a microemulsion based hybrid biofuel that was formulated from waste cooking oil with ethanol as a dispersed phase and butan-2-ol as cosurfactant [43]. The fuel properties of the formulated system was comparable to biodiesel and also exhibited superior cold flow properties to biodiesel.


According to the study of Schwab et al. [44], it was found that 2-octanol acted as an effective amphiphile in the micellar solubilization of methanol in triolein and soybean oil. Nguyen et al. prepared microemulsion fuels containing diesel and canola oil in the oil phase with ethanol and secbutanol as viscosity reducers and 1-octanol and oleyl amine as surfactant/cosurfactant [45]. The prepared microemulsions maintained phase stability over a temperature range of −10 to 70 °C. However, fuel consumption was higher for the microemulsion based fuels than the pure fossil based diesel. Some of the microemulsions showed reduced or equivalent NOx emissions and higher CO emissions under load and sometimes improved particulate emission. The results also indicated that adding up to 30% v/v ethanol/butanol into the fuel could enhance these reductions. Further, addition of these components actually lowered the performance of the fuel and increased emissions.






3.4 Pyrolysis


Pyrolysis [46] is the thermal degradation of biomass at high temperatures (300–1300 °C) in an inert environment. Pyrolysis can be categorised into three forms depending on the operating conditions: i) traditional pyrolysis which takes place between 550 and 900 K, ii) fast pyrolysis which takes place between 850 and 1250 K, and iii) flash pyrolysis, which takes place between 1050 and 1300 K [47–49]. The biomass’s lengthy chains of carbon, hydrogen, and oxygen compounds are cleaved into smaller molecules such as gases, condensable vapours, and solid charcoal. Pyrolysis can take place with just heating or the help of a catalyst at elevated temperatures, which is known as catalytic pyrolysis [50]. Animal fats or vegetable oils can be pyrolyzed to produce biodiesel. According to Sharma et al. [51], pyrolysis of vegetable oils can produce a less viscous, high cetane number, low content of sulphur fuel.


Ito et al. examined the pyrolysis of waste oil for the manufacture of FAAE [52]. Triacylglycerols upon cleavage yield fatty acids (FAs) by breaking of ester bond and produce small chain hydrocarbons and lower FAs by breaking of unsaturated bonds at 360 to 390°C. Decarboxylation of the fatty acids produced light-oil hydrocarbons by increase of reaction time with increase in reaction temperature of 420°C. When decarboxylation reaction is carried out in the presence of Palladium supported activated carbon (Pd/C) catalyst, the rate of reaction increased producing light hydrocarbons with a improved yield of 85%. Castor biodiesels were made by slow pyrolysis in the presence of several catalysts, including anhydrous sodium hydroxide, alumina, sodium carbonate, potassium hydroxide (KOH), and zeolite (ZMS-5) in combination with anhydrous sodium hydroxide [53]. The pyrolysis process produced two grades of biodiesels, the first of which was yellowish in colour at the commencement of the pyrolysis and the second of which was a brownish biodiesel, while the rest was black and heaviest. In the presence of 1% by volume of both NaOH and ZMS-5 coupled with NaOH, the highest total yields of biodiesels were produced. In another study, French and Czernik [54] used a zeolite catalyst to create biofuels from biomass using rapid pyrolysis. They tested a number of catalysts to see if they could make hydrocarbons during pyrolysis. The temperature was regulated between 400 and 600°C, while the catalyst to biomass weight ratio was held between 5 and 10. ZSM-5, a Ni-substituted zeolite catalyst, demonstrated the best deoxygenation, yielding the greatest hydrocarbon yield of 16 wt% (approx.). Trabelsi et al. used nitrogen to pyrolyze numerous animal fatty wastes in a fixed-bed reactor, yielding liquid bio-oil, solid bio-char, and syngas [55]. At a pyrolysis temperature of 500°C and a heating rate of 5°C/min, the greatest amount of bio-oil was produced. It was discovered to contain a complex variety of chemical components, including hydrocarbons, carboxylic acids, aldehydes, ketones, esters, and other organic compounds. The bio-oils produced have good fuel characteristics, making them acceptable for use as an engine fuel.


Due to high installation costs and the need for complicated instrumentation, biomass pyrolysis for the production of synthetic fuel is still not commercially viable. Furthermore, the pyrolysis product is mostly a gasoline substitute.






3.5 Transesterification


The transesterification method is widely regarded as the most practical and efficient way to convert vegetable oils into biodiesel. Triglycerides of vegetable oil undergo alcoholysis by reaction of monohydric alcohol with or without a catalyst to create biodiesel and glycerol. It is a three-step process and reversible in nature [56]. Figure 3.1 shows the overall scheme of the transesterification reaction. The triglycerides are transformed to a diglyceride and an ester molecule in the first step. The diglyceride is changed to monoglyceride and an ester in the second step and the monoglyceride is transformed to glycerol and an ester molecule in the third step. As a result, the overall transesterification products are a mixture of fatty alkyl esters and propane-1,2,3-triol. The mixture of esters is popularly known as biodiesel that has similar properties to that of petrodiesel. During a transesterification reaction, an excess amount of alcohol is taken to move the equilibrium to the product side [57, 58]. A catalyst is also required to speed up the reaction rate and increase the yield of the final product. The amount of alcohol used, the amount of catalyst utilised, the reaction time, and the temperature all influence the rate of transesterification [59]. The alcoholysis reaction is also complicated by the immiscibility of oil and alcohol. Basic biodiesel production strategy is depicted in Figure 3.2. The authors have offered a full discussion of the various transesterification processes in the following sections.






[image: Schematic illustration of transesterification TG to biodiesel and glycerol.]

Figure 3.1 Transesterification TG to biodiesel and glycerol.
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Figure 3.2 Biodiesel production by transesterification and reactive extraction.






3.5.1 Homogeneous Catalyzed Transesterification


It is one of the widely adopted methods of transesterification in the commercial production of biodiesel. Either acidic or alkaline catalysts or both of them can be used for the process of transesterification. Homogeneous alkali catalyzed method is one of the most effective and preferred method of transesterification due to a faster reaction rate and higher yield of biodiesel. However, if the oil feedstock contains significant amounts of FFA (Free fatty acid), alkali catalysts cannot be used due to generation of soap which makes the separation of products difficult and lowers the yield of biodiesel. Hence, alkali catalysts are normally advised for TGs having less than 1% FFA. NaOH, KOH, and NaOCH3 are the most often utilised alkaline homogeneous catalysts. The process of a homogeneous alkali catalysed transesterification reaction is depicted schematically in Figure 3.3.
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Figure 3.3 Schematic representation of alkali catalyzed transesterification.


The alkoxide group attacks the carbonyl carbon of the triglyceride molecule in the first step of the reaction, resulting in the creation of an intermediate. The intermediate combines with an alcohol molecule in the second stage to produce another alkoxide ion which undergoes a rearrangement in the final step to make a diglyceride and an ester [59]. The same process is repeated, with the diglyceride being changed to monoglyceride, which then combines with an alcohol molecule to produce glycerol and an ester. Biodiesel is made up of a combination of esters.


Table 3.1 shows homogeneous alkali catalysts employed with oil feedstocks and their corresponding biodiesel yields at various operation conditions. Vicente et al. [60] examined the effectiveness of four basic catalysts in the synthesis of biodiesel fuel from sunflower oil, including NaOH, KOH, NaOCH3, and KOCH3, and found that the methoxides produced a higher yield than the hydroxides. Another key component that influences product output is alkali content. Another study examined the efficiency of four alkali catalysts, NaOH, KOH, NaOCH3, and KOCH3, in transesterification of castor oil [61]. KOCH3 was shown to be the most effective catalyst of all the bases tested.


Alkaline catalysts, on the other hand, are extremely sensitive to moisture and free fatty acids, as previously mentioned. They have a tendency to reduce biodiesel output. The influence of water in the transesterification of beef tallow catalysed by NaOH was investigated by Ma et al. [72]. In the absence of FFA and water, the highest production of methyl esters was achieved.


Acids have been used in the manufacture of biodiesel with high FFA content feedstocks. Acid catalysts, unlike alkaline catalysts, are less sensitive to FFA and can catalyse both FFA and triglycerides at the same time [73]. Sulphuric acid, sulfonic acids, and hydrochloric acid are the most often utilised acid catalysts [51, 74–76]. Miao et al. discovered that trifluoroacetic acid catalysed a highly effective homogenous acidic transesterification [77]. With a 5 hour reaction period, a 2M catalyst, and a 20:1 alcohol to oil molar ratio, a biodiesel content of 98.4 percent was achieved. Lewis acids have also been employed in the manufacture of biodiesel as homogenous acid catalysts. Table 3.2 summarises the findings of numerous homogenous acid catalysed transesterification investigations.






Table 3.1 Homogeneous alkali catalysts used for transesterification.






	Catalyst

	Reactant oil

	Catalyst (w/w %)

	Temperature (°C)

	Mole proportion of alcohol: Oil

	Time of reaction (min)

	% of yield

	Ref






	KOH

	Pongamia pinnata

	1

	60

	10:1

	90

	92

	[62]






	NaOH

	Jatropha

	0.9

	60

	6:1

	50

	96

	[63]




	KOH

	Waste Frying Oil

	1

	50

	9.5:1

	20-40

	98

	[64]






	KOH

	Flaxseed Oil

	0.51

	59

	5.9:1

	33

	98.6

	[65]






	NaOH

	Rice Bran Oil

	0.75

	55

	9:1

	60

	90.18%

	[66]






	KOH

	Mustard Seed Oil

	0.9

	8:1

	60

	60

	98.22

	[67]






	KOH

	Rapeseed Oil

	1

	65

	6:1

	120

	95-96

	[68]






	KOH

	Dairy Waste Scum Oil

	1.2

	75

	6:1

	30

	96.7

	[69]






	NaOH

	Sunflower Oil

	1

	60

	6:1

	120

	97.1

	[70]






	NaOH

	Safflower Oil

	0.6

	65

	5:1

	120

	84

	[71]











Table 3.2 Homogeneous acid catalysts used for transesterification.






	Catalyst

	Reactant

	Catalyst (wt.%)

	Temp (°C)

	Mole proportion of alcohol: Oil

	Reaction time (hrs)

	Yield/conversion (%)

	Ref






	H2SO4

	Waste Cooking Oil

	4

	95

	20:1

	20

	90

	[78]






	HCl

	Rice Bran

	10

	70

	20:1

	6

	>90

	[79]






	H2SO4

	Waste Chicken Tallow

	1.25

	50

	30:1

	24

	99

	[80]






	H2SO4

	Palm Fatty Acid Distillate

	1.83

	75

	8.8:1

	1

	99.6

	[81]













Table 3.3 Summary of two-step transesterification of some feedstocks.






	Catalyst

	Reactants

	Catalyst (wt.%)

	Temp (°C)

	Mole proportion of alcohol: Oil

	Reaction time (hrs)

	Yield/conversion (%)

	References






	H2SO4, KOH

	Salmon Oil

	0.5

	52

	9.2:1

	0.5

	99

	[86]






	H2SO4, NaOH

	Waste Cooking Oil

	1.1

	60

	6.5:1

	65 min.

	93.8

	[87]






	H2SO4, KOH

	Waste Frying Oil

	1

	55

	9.1:1

	1

	90.56

	[88]






	H2SO4, NaOH

	Rubber Seed Oil

	0.5

	45-50

	9:1

	0.5

	-

	[89]






	H2SO4, KOH

	Mahua Oil

	0.7%(w/v)

	60

	0.25(v/v)

	1

	85

	[90]






	H2SO4, KOH

	Karanj Oil

	0.5

	60

	9:1

	0.5

	80

	[91]







Although acid catalysts provide large yields of biodiesel, the reaction is substantially slower than that of an alkali catalyst. To get a high biodiesel conversion, a longer reaction time is required [82, 83]. Many investigations using homogenous acids have achieved biodiesel yields of more than 90%, but this is only possible with a significantly longer reaction time, higher temperature, and more alcohol and catalyst [84]. As a result, homogeneous acid catalysts have only been utilised as the sole catalyst in single-step transesterification processes on a few occasions. A comparison study of the two different methods utilising jatropha oil containing 10.45% FFA found that the biodiesel production in the single-step process using alkali catalyst was only 42.7 %, whereas the yield in the two-step process was 96.4% [85]. Table 3.3 presents a list of some studies on two step transesterification studies with the reaction conditions and yield of biodiesel after the pre-treatment step (esterification).


The two-step process also has several demerits. One of the biggest demerits is the requirement of extra purification steps for the removal of the catalysts in both stages of the reaction. Apart from this, the esterification step was highly time consuming. In both the steps, the reaction was carried near to the boiling temperature of alcohol that resulted in excessive loss of alcohol. Overall, the process was not economically viable.






3.5.2 Heterogeneous Catalyzed Transesterification


The homogeneous catalyzed transesterification process is associated with many drawbacks: (i) it requires a significant quantity of energy for the process of purification of products and in the elimination of catalysts, (ii) the catalysts are not reusable and are corrosive in nature, and (iii) alkaline catalysts cause soap formation with low grade oil that contains significant amounts of moisture when FFA are used. The removal of catalysts from the product causes the generation of a large amount of waste water that again adds up to the environmental woes [92]. On the contrary, heterogeneous catalysts have significant benefits over homogeneous catalysts. Several solid hetero-catalysts have been studied to date for the manufacture of FAAE that have shown promising results in terms of yields, efficiency, and reusability. Different heterogeneous catalysts used for biodiesel production using various oils and the optimized reaction condition is represented in Table 3.4.


The commonly used base catalysts are alkaline earth metal oxides (CaO, MgO, SrO, BaO), carbonates of Gr I metal (Na2CO3, K2CO3), alkali earth metal carbonates, transition metal oxides, viz. ZnO, TiO, ZrO2, and Na2MoO4, and metal complexes. The alkali earth metal oxides are amongst the predominantly used catalysts used in the production of biodiesel owing to their high basic strength and requirement of mild reaction conditions. The efficacy of these promoters depends primarily upon the method of synthesis and thermal activation process [93]. CaO is one such promoter that has been widely studied owing to its fairly high basic strength and lesser solubility in methanol. It also possessed an added advantage that it could be manufactured from cheap and readily available sources like limestone, shells, animal bones, etc. Liu et al. employed CaO as a heterogeneous base catalyst in the transesterification of soybean oil and reported that the presence of a small amount of water could enhance the catalytic performance of CaO [94]. 95% biodiesel yield was achieved in the presence of 2.03% of water. Kouzu et al. reported that transesterifying waste cooking oil with CaO catalyst yielded 99% FAME, albeit a part of the catalyst was converted to calcium soap due to a saponification reaction with FFA that resulted in low recovery of catalyst [95]. The presence of calcium soap in the biodiesel layer is difficult to be removed and thus contaminates the biodiesel. Alba-Rubio et al. [96] suggested a simple method of removing the calcium soap by washing the biodiesel with a boiling methanol-Na2CO3 mixture followed by rinsing with water that resulted in effective removal of Ca2+ ions. Other alkaline earth metal compounds that have been investigated for their catalytic activity for the synthesis of biodiesel are BaO and SrO. Chen et al. [97] studied the catalytic activity of CaO, BaO, SrO, and their modified oxides for the transesterification of olive oil and found that SrO doped SiO2 gave excellent yield of 95% FAME in 10 minutes. Mixed metal catalysts are also reported as catalysts for transesterification [98–101]. Metals and metal oxides supported on alumina, zinc oxide, silica, and zirconium oxide have also shown promising results as heterogeneous catalysts in the production of biodiesel [102–105]. Alkali metals (Li, Na, and K) supported on rice husk silica were employed as a solid base catalyst in a transesterification reaction producing an excellent yield of 96.5-98.2% methyl esters [106]. Hydrotalcites or layered double hydroxides having strong alkali sites have also been studied for transesterification. Silva et al. investigated an Mg-Al hydrotalcite catalyst in the methanolysis of soybean oil at varied molar ratios of Mg/(Mg +Al) as 0.2,0.25 and 0.33 [107]. The catalyst with an Mg/(Mg+Al) ratio of 0.33 gave the best result with a FAME yield of 90%. Sun et al. investigated Al-Ca hydrotalcite loaded with K2CO3 catalyst for the alcoholysis of soybean oil and reported more than 87.4% biodiesel yield even after four cycles [108]. Organic bases like guanidines and biguanidines have been studied for transesterification owing to their strong basicity. Karavalakis et al. obtained 96.5% cottonseed oil methyl esters using trimethyl guanidine as a catalyst [109]. In spite of the several advantages, the heterogeneous base catalysts are associated with some major drawbacks like formation of soap, leaching of the active catalytic sites into the reaction medium during the reaction, and extreme sensitivity to moisture and FFA (>1%). In order to minimize the FFA content of high acid containing feedstocks, acid catalysts are used prior to base-catalytic transesterification.






Table 3.4 Heterogeneous catalysts used for FAAE production.






	Catalyst

	Feedstock

	Catalyst (wt.%)

	Temperature (°C)

	Alcohol: Oil molar ratio

	Reaction time (hrs)

	Yield/conversion (%)

	References






	CaO

	Sunflower

	1

	60

	6:1

	2

	98

	[128]






	CaO

	Jatropha

	1.5

	70

	9:1

	2.5

	93

	[129]






	CaO/MgO

	Rapeseed

	2

	64.5

	18:1

	6

	92

	[130]






	Sr2+-CaO/MgO

	Jatropha

	5

	65

	9:1

	2

	99.6

	[131]






	C- based MgO

	Castor

	6

	75

	12:1

	1

	96.5

	[132]






	SrO/CaO (from egg shell)

	Jatropha

	4.77

	65

	27.6:1

	89.8 min

	99.7

	[133]






	BaSnO3

	Waste Cooking Oil

	2.5

	65

	16:1

	25 min

	98

	[134]






	BaCeO3

	Pongammia pinnata

	1.2

	65

	19:1

	100 min

	98.4

	[135]






	Co doped ZnO nano catalyst

	

	2.5

	60

	9:1

	3

	98.03

	[136]






	Sulphated zirconia

	Soybean Oil

	5

	120

	20:1

	1

	98.6

	[137]






	Mesoporous nanocrystalline sulphated zirconia

	Soybean Oil

	4

	120

	12:1

	4

	94.9

	[138]






	Acidified biochar

	Algal Oil

	5

	65

	20:1

	4

	94.9

	[139]






	Lithium orthosilicate

	Soybean Oil

	6

	65

	18:1

	2

	98.1

	[140]






	SrO

	Palm Oil

	5

	80

	12:1

	3

	98.2

	[141]






	CaO (from waste chicken egg shell)

	Soybean

	7

	57.5

	10:1

	3

	93

	[142]







Bronsted acids such as sulfonic acids and Lewis acids such as sulphated oxides are superior solid acid catalysts over heterogeneous base catalysts and mineral acids [110]. They can help in the simultaneous esterification and transesterification and are highly selective, recyclable, and easy to regenerate [111]. The by-products, water and glycerol, which are polar in nature, are unable to deactivate the active sites of the catalyst due to the presence of a hydrophobic surface. This enhances the selective adsorption of oil molecules onto the surface of the catalyst. Due to these enlisted advantages, the solid acid catalysts are more preferred than basic catalysts on the inferior quality feedstocks. Various solid acid catalysts that have been studied to date include Zeolites [112, 113], heteropoly acids [114–116], polyoxometalates, mixed metal oxides, sulfonic acid group catalysts, and acidic montmorillonite.


Zeolites possess three dimensional structures consisting of molecular pores and channels. These pores have the ability to preferentially absorb only those molecules that fit into them while excluding the larger ones. Hence, they act as molecular sieves enabling the exchange of ions producing anions within the catalyst’s structure, thereby improving the performance of the catalyst. Another popular solid acid catalyst is heteropoly acid (HPA). These have acidic strength almost equivalent to that of sulphuric acid and are soluble in water and are all polar solvents. Morin et al. investigated the effect of various HPAs possessing Keggin structure as a homogeneous Brønsted acid catalyst in the transesterification of rapeseed oil with both methanol and ethanol at a temperature of 358 K. They found that anhydrous Keggin HPAs exhibited superior catalytic performance in the transesterification reaction in comparison to H2SO4 and H3PO4 [117]. Transesterification of waste cooking oil utilizing heterogeneous heteropoly acid catalyst was studied and a FAME conversion of 88.6% was obtained at an optimum condition of 14h reaction time, reaction temperature 65°C, methanol to oil molar ratio 70:1, and catalyst loading 10 wt% [118]. However, heteropoly acids have also been used as heterogeneous solid acid catalysts by supporting it on porous matrices [119, 120]. 12-Tungstophosphoric acid (TPA) supported on mesoporous molecular material was used as a heterogeneous catalyst to study the biodiesel production by esterification of oleic acid with methanol. The catalyst showed excellent activity producing a 95% conversion [121]. Sulphonic acid group catalysts such as Nafion and Amberlysts possessing sulfonated cross-linked polystyrene have also been studied as heterogeneous acid catalysts for transesterification reaction. It was found that the catalytic activities of Amberlyst 15 and modified Amberlyst 15 were directly proportional to the hydrogen ion-exchange capacities of the catalysts. Amberlyst 15 showed the maximum hydrogen ion-exchange capacity and was responsible for producing the highest biodiesel yield (78 ± 3.39%) [122]. The AmberlystTM BD20 process could efficiently convert any high FFA (0.5–100%) containing feedstock to biodiesel. Since the acid catalysts are slow in transesterification, acid-base bifunctional catalysts are drawing attention in recent years as they can help in simultaneous esterification and transesterification was attributed to the presence of both acidic and basic sites [123–126]. They are extremely advantageous for low cost feedstocks containing high FFA. Al-Saadi et al. developed a series of bifunctional catalysts by impregnating SrO and ZnO over alumina [127]. The catalyst showed superior catalytic performance in the transesterification reaction, resulting in 95.1% conversion requiring ethanol in the ratio of 10:1 (alcohol:oil) molar ratio, 10 wt% of catalyst loading, reaction time of 180 min and temperature of 70 °C. For the esterification process, a 71.4% conversion was achievable at a 5:1 molar ratio of ethanol:oil, catalyst loading 10 wt% at 70 °C in 6 hrs.






3.5.3 Enzyme Catalyzed Transesterification


Enzyme catalyzed transesterification is a highly environmentally friendly process of biodiesel production [143]. It has gained immense popularity as it produces product of high purity without the formation of soap. They possess the ability to catalyse esterification and transesterification reactions and thereby could be utilized in the alcoholysis of FFA containing oil. Enzymes such as Candida antarctica lipase [144], Pseudomonas cepacia [145], Candida sp. [146, 147], Pseudomonas fluorescens [148], Rhizomucor miehei [149], Chromobacterium viscosum [150], and Rhizopus oryzae lipase [151] have been used to catalyze transesterification reactions. Akoh et al. [152] reported that biodiesel could be produced efficiently by enzyme catalyzed alcoholysis reactions using lipases. They even suggested that considerable quantities of lipases could be generated utilizing the recombinant DNA technology. To enhance the cost effectiveness of the enzyme catalyzed process, the enzyme catalysts are reused by immobilizing on a suitable support adopting various techniques such as adsorption, cross-linkage, entrapment, encapsulation and covalent bonding. Watanabe et al. [153] studied FAAE production from vegetable oil using immobilized Candida antarctica lipase in a continuous process. About 4% immobilized Candida lipase catalyst at 30°C was used for transesterifying vegetable oil at a 1:2 molar ratio of methanol to fatty acids and it was observed that the enzyme remained unaffected. Further, they observed that the efficacy of the lipase retained for three consecutive cycles at 1:3 molar equivalents of oil to methanol. They also established a three step process of alcoholysis of triacylglycerols (TG) with methanol to produce esters of more than 95% conversion. Shah et al. [150] screened several lipase catalysts for preparing biodiesel from Jatropha oil. The catalysts under study were pancreas porcine, Candida rugosa and Chromobacterium viscosum in a solvent-free system. It was found that only the lipase from Chromobacterium viscosum showed good catalytic activity producing a considerable yield of biodiesel. When free tuned lipase prepared at 4°C was used, about 62% biodiesel was obtained but immobilization of the lipase on Celite-545 increased the yield to 71%. Novozym 345 in tert-butanol solvent was used as catalyst in the alcoholysis of cottonseed oil to produce biodiesel [154]. About 97% yield of methyl esters was reported after 24 hrs at 50oC with reactants comprising of a mixture of 32.5% tert-butanol, methanol 13.5%, oil 54%, and enzyme 0.017 g (g oil)-1. In another study, Li et al. conducted the transesterification of Jatropha curcas L. seed oil with immobilized lipase-catalyzed as catalyst in tert-butanol and obtained 88.1% yield of methyl esters [155]. As discussed previously, inactivation of enzymes is a major hurdle in the enzymatic-transesterification reaction, usually caused by polar short chain alcohols. In order to overcome this shortcoming one of the following mentioned options could be adopted: acyl acceptor alterations, stepwise addition of methanol [156, 157], and solvent engineering [158, 159].


Deactivation of lipases could be prevented by the use of acyl acceptors like methyl acetate or ethyl acetate [160, 161]. Du et al. [162] reported that a MeOH:oil molar ratio more than 1:1 resulted in a serious enzyme inactivation. But, when CH3COOCH3 was included as the acyl acceptor, 92% yield of methyl esters was achieved at a methyl acetate:oil molar ratio of 12:1.






3.5.4 Supercritical Alcohol Transesterification


The supercritical method of biodiesel production is a highly efficient method of biodiesel synthesis as compared to the catalytic transesterification process. As suggested by Saka and Dadan [163], the method had several advantages over the other methods of biodiesel production. There was no requirement of catalyst and the reaction rate was high. It also allowed a simultaneous transesterification of triglyceride and FFA esterification with a simpler separation and purification step. Moreover, the supercritical process was more tolerant to FFA and moisture and hence could also be applicable to a cheap feedstock like the inedible variety oil and waste cooking oil. Upon subjecting methanol to a temperature and pressure more than its critical point, an increase in its density and a decrease in dielectric constant was observed. This resulted in a change in its solubility and mass-transfer properties. The non-polar triglyceride becomes more soluble in supercritical methanol forming a single homogeneous phase and more amount of triglyceride dissolve by increasing temperature and pressure [164]. Kusdiana and Saka suggested the mechanism of the reaction of triglycerides and methanol at supercritical conditions [165]. They suggested that the clusters of methanol were broken into free monomers at rise of temperatures and pressures, which facilitated the attack of methoxide ion of alcohol on carbonyl carbon of TG to produce an intermediate. In the subsequent step, the intermediate underwent rearrangement generating biodiesel along with diglyceride (DG). The DG molecule reacted with another methanol molecule in a similar way, yielding biodiesel and mono-glyceride (MG), which again react with methanol resulting in biodiesel and glycerol. The researchers also concluded that the presence of water had no major impact on biodiesel yield. Regardless of the amount of water present, complete conversions were obtained but the transesterification process at supercritical conditions is highly influenced by temperature and pressure. In yet another study, Kusdiana and Saka [166] noticed that the rate constant of the reaction was enhanced to 35 times when the temperature and pressure was raised from 200oC/7 MPa to 300oC/14 MPa and about 400 times when it was increased from 200oC/7 MPa to 487oC/105 MPa. They observed that a significant change in product yield at 300oC obtained about 80 wt% of methyl esters in 4 min under high pressure. The transesterification reaction was completed in a mere 2 min time when temperature was raised to 400oC, but thermal decomposition was also observed. Several studies have confirmed that at temperatures above 300oC, the FAME decomposes [167–169]. Lee et al. [170] reported side reactions involving glycerol and methanol during transesterification of waste canola oil under supercritical circumstances at a temperature of 270oC and a pressure of 10MPa, despite obtaining a 100 percent FAME yield. The glycerol related side reactions in a supercritical transesterification process were confirmed due to the increase in the water content in the product.


He et al. examined the influence of pressure on alcoholysis of soybean oil at 280oC in supercritical methanol with a 42:1 molar ratio of alcohol to oil and a total reaction period of 30 minutes [171]. The experiments revealed that pressure affected the yield of biodiesel considerably but only up to a certain limit. At a pressure of 8.7 MPa, the yield of biodiesel was only 56.1% and when pressure increased to 15.5 MPa, the yield of biodiesel increased to 81.7%. However, at pressures ranging from 15.5 to 25 MPa, pressure had a minor effect on product yield, with just a 9% increase. On further increasing the pressure to 36 MPa, only 1% enhancement in the ester yield was noticed. Farobie et al carried out alcoholysis of canola oil using tert-butyl methyl ether and observed that at a temperature of 350°C and a reacting time of 5 min, the biodiesel yield showed an increase with an increase in pressure from 6 to 8 MPa [172]. By further increasing the pressure, the yield remained relatively constant. The supercritical process of producing biodiesel has many drawbacks too far apart from the decomposition of biodiesel. It required a high molar amount of methanol:oil along with high temperature and pressure. In order to overcome these shortcomings, the use of cosolvent and catalysts has been suggested. Hassan et al. established a two-step method for biodiesel production using low-grade feedstocks under moderate conditions and absence of catalyst [173]. In the first step, the triglyceride was hydrolysed by subcritical water to produce FFA and in the next step, the products obtained from hydrolysis of free fatty acids were esterified in supercritical ethanol in catalyst free conditions that resulted in formation of their ethyl esters. The hydrolysis and esterification reactions were observed to occur rapidly under sub and supercritical conditions of water and ethanol, yielding a conversion greater than 98 percent within a reaction time of 10-20 minutes. The supercritical process has also been studied in the presence of catalysts with an objective to enhance FAAE yield. Demirbas studied the influence of CaO on the biodiesel yield using supercritical solvents and discovered that the addition of catalyst boosted the biodiesel yield [174]. High yield of biodiesel was achievable within a reaction time of 6 min at 525 K with a methanol to oil proportion of 41:1 at 3 wt% CaO. Petchmala et al. [175] found that SO4ZrO2 catalyst was effective in reducing the reaction time, alcohol quantity, and reaction temperature during the alcoholysis of palm oil under super-critical condition. Yoo et al. examined the activity and efficiency of several metal oxide catalysts like SrO, CaO, ZnO, TiO2, and ZrO2 for synthesis of biodiesel in supercritical methanol [176]. The investigators obtained around 95% biodiesel yield with 1 wt% of ZrO2 at 250°C and an oil to methanol molar proportion of 1:40 in 10 min. However, a majority of the solid catalysts were found to be unstable in the supercritical conditions. Thus, a small amount of catalysts soluble in subcritical alcohol is preferable for the reaction [177]. Zeng et al. carried out alcoholysis of soybean oil using supercritical methanol with CH3ONa catalyst and observed that the use of catalyst reduced the temperature, catalyst percentage, and time [178]. About 97.42% biodiesel yield was achieved under the optimal conditions of temp. 250°C, methanol:oil molar ratio of 23:1, and 1.0 wt% of CH3ONa in a 20 min reaction time.


Many studies have suggested that the addition of cosolvents prevents the thermal degradation of FAME and minimizes the harsh reaction conditions of the supercritical process. They help in reducing the reaction temperature and pressure. Several cosolvents like propane [179], CO2 [180, 181], hexane [181, 182], etc. have been used to date.








3.6 Intensification Methods for Biodiesel Production


Process intensification means the development of technologies and/or equipment that result in higher yields/conversions than the existing procedures. It also leads to an environmentally friendly and energy efficient technology. The most commonly used techniques of biodiesel production are facing several problems like longer reaction times, consumption of large quantity of alcohol and catalysts, and longer separation times. To improve the transesterification process, numerous process intensification approaches have been developed and implemented. Some of these are the method of ultrasonication, microwave method, cosolvent method, membrane reactor, and reactive distillation methods that are discussed in the following sections.




3.6.1 Ultrasonic Method


The cavitation method improves mass transfer between two immiscible liquid systems in a very effective way. Acoustic cavitation and hydrodynamic cavitation are the two forms of cavitation. Hydrodynamic cavitation is a method of producing large-scale emulsification achieved through cavitation combined with turbulent mixing, which is generated by passing the fluid through a constriction such as an orifice plate, Venturi plate, throttling valve, etc.


Ultrasound is used to create acoustic cavitation. Within the reaction mass, it generates an increase in local temperature, pressure, and energy densities. This leads to formation of cavitation bubbles in the proximity of phase boundary. These bubbles grow in size and eventually collapse, disrupting the phase boundary and causing emulsification. The cavitation method produces vigorous mixing of the system with a rise in temperature, thereby eliminating the need of any additional mixing or heating during the transesterification reaction. Research provides ample evidence that applying the ultrasound energy could accelerate the rate of reaction due to enhanced mass transfer, rise in local pressure and temperatures, and enhancement in the surface area of the catalyst [183–185].






Table 3.5 Optimized conditions of biodiesel production in ultrasonic method.






	Oil

	Catalyst

	Catalyst conc.

	Alcohol: Oil molar ratio

	Reaction temp.

	Reaction time

	Conversion (%)

	Reference






	Waste Cooking Oil

	K3PO4

	3

	6:1

	50

	90 min

	92

	[186]




	Waste Cottonseed Oil

	Immobilized lipase

	5

	4.5:1

	45

	6h

	98.7

	[187]






	Waste Cooking Oil

	Calcium diglyceroxide

	1

	9:1

	60

	30 min

	93.5%

	[188]






	Soybean Oil

	Bronsted acidic ionic liquid

	1

	9:1

	60

	60 min

	93.2

	[189]






	Annona Squamosa Seed Oil

	KOH

	1.12

	5.04:1

	57

	113 min

	97.6

	[190]






	Palm Oil

	CaO

	3

	15:1

	65

	60 min

	77.3

	[191]






	Soybean Oil

	KF/CaO

	3

	12:1

	65

	60 min

	99.6

	[192]






	Palm Oil

	CaO derived from waste egg shell

	8

	9:1

	60

	60 min

	92.7

	[193]






	Jatropha Oil

	Na/SiO2

	3

	9:1

	-

	15

	98.53

	[194]






	Jatropha Oil

	Immobilized lipase

	5

	4:1

	-

	30 min

	84.5

	[195]






	Chicken Fat

	KOH

	1

	7:1

	45

	9 min

	94.8

	[196]






	Jatropha curcas Oil

	Chlorosulfonic acid

	8.5

	20:1

	60

	-

	93

	[197]









There are two types of sonochemical reactors: direct immersion reactors that use an ultrasonic horn and indirect irradiation reactors that use ultrasonic bath, flow cells, and other devices. Besides the two basic types of ultrasonic reactors, modifications to these designs have also been done with an objective to achieve cavitational action that is uniform in the bulk of reaction medium. The ultrasonic horn is a form of immersion transducer reactor that generates high intensity close to the horn’s tip. As the distance from the horn’s tip grows, the intensity reduces and as per the operating frequency and power input, the active cavitational zone can range from 3–5 cm. The ultrasonic horn, on the other hand, is only ideal for small-scale tasks requiring intense stirring. The transducers are usually positioned at the bottom of the tank in ultrasonic baths, whereas the ultrasonic generator is usually a separate equipment. The active zone is seen right above the transducer plane, with the highest intensity at the transducer’s centre. The ultrasonic energy is distributed more evenly throughout the volume of the reactor. Basic operating reaction conditions such as molar proportion of methanol:oil, concentration of catalyst, reaction time, and temperature must be optimized in order to enhance the transesterification process. Furthermore, the working characteristics of the ultrasonic reactor, such as power dissipation, ultrasound irradiation frequency, and reactor type, must be optimised. Table 3.5 presents the optimized reaction conditions for biodiesel yield from various feedstocks by transesterification under ultrasonication.


To improve process intensification, hybrid methods combining a sonochemical reactor with other intensification methods such as microwave or hydrodynamic cavitation have been used.






3.6.2 Microwave Method


Microwaves are electromagnetic irradiations ranging over a frequency of 0.3 to 300 GHz [198]. The interaction of microwaves with molecules generates heat without affecting their molecular structure. Polar molecules with high dielectric constants, like alcohols, can selectively absorb microwave energy and transform the energy into heat and boil in a very short time, accelerating the rate of transesterification. Microwave heating enhanced the reaction rate much more in comparison to conventional heating due to the fact that heat transfer to the fluid was through radiation mechanism and not by convection and conduction [199]. Furthermore, because the heating was done from the inside out, heat losses were reduced when compared to the traditional heating approach. The microwave heating created many local hot spots with high temperature due to which it was easier to overcome the activation energy required for the transition state to produce biodiesel. The rapid reaction rate associated with microwave-assisted reaction is attributed to both thermal and non-thermal phenomena. Table 3.6 shows the optimized transesterification reaction conditions for biodiesel production from various feedstocks by the microwave-assisted method. Microwave assisted transesterification has been used for homogeneous, heterogeneous, and enzyme catalyzed transesterification reactions. The microwave method is considered as a sustainable method of biodiesel production. Motasemi et al. showed that from 1 kg of biodiesel, an average of 2.1277kWh electrical energy can be produced, whereas production of 1kg biodiesel required 0.4681kWh of electricity [200].






Table 3.6 Optimized conditions of biodiesel production under microwave assisted method.






	Raw material

	Promoter

	Catalyst conc. (wt.%)

	Temp. (°C)

	Time (min)

	Mole proportion of alcohol: Oil

	Power supply

	%yield

	Ref






	Pongammia pinnata oil

	KOH

	1

	60

	5

	6:1

	120 W

	97

	[201]






	Maize oil

	NaOH

	1.5

	60

	5

	10:1

	500W

	98

	[202]






	Inedible olive oil

	KOH

	1.2

	-

	9

	9:1

	500W

	98.9

	[203]






	Waste cottonseed cooking oil

	KOH

	0.65

	50

	9.6

	7:1

	180W

	96.55

	[204]






	Soybean oil

	Nano CaO

	3

	65

	60

	7:1

	300 W

	96.6

	[205]




	Safflower oil

	NaOH

	1

	60

	6

	10:1

	300W

	98.4

	[206]






	Palm oil

	CaO

	5

	65

	60

	9:1

	150W

	89.9

	[207]






	Papaya oil

	NaOH

	0.95

	62.33

	3.3

	9.5:1

	700W

	99.3

	[208]






	Yellow horn oil

	Heteropoly acid

	1

	60

	10

	12:1

	500W

	96.22

	[209]






	Jatropha oil

	Sodium methoxide

	1

	-

	30 sec

	6:1

	800W

	96.5

	[210]






	Palm oil

	Egg shell derived CaO

	15

	-

	4

	18:1

	900W

	96.7

	[211]













3.6.3 Cosolvent Method


Oil is not soluble in methanol, which has a negative impact on the mass transfer rate within the two mediums during transesterification. The addition of a cosolvent can eliminate this limitation to a greater extent. The co-solvent is miscible in both alcohol and oil, bringing both phases into a single one. This enhances the reaction rate by overcoming the inter-phase mass transfer limitations.


Guan et al. examined synthesis of biodiesel from sunflower oil using homogeneous KOH catalyst in the presence of several cosolvents like dimethyl ether (DME), diethyl ether (DEE), tert-butyl methyl ether (TBME), and tetrahydrofuran (THF) [212]. The inclusion of a cosolvent increased the transesterification rate and after 20 minutes of reaction, a complete conversion was obtained, whereas in the absence of a cosolvent, only 78 percent conversion was achieved. DME was found to be the most effective cosolvent because it could be recovered easily from the products after the reaction system was depressurized. In another study, Luu et al. investigated the effect of addition of acetone as a co-solvent on the biodiesel yield in the transesterification of waste cooking oil [213]. Under the optimum transesterification conditions: 1 wt.% potassium hydroxide catalyst, 20 wt.% acetone and 5:1 methanol:molar ratio, and temperature 40°C and 30 minutes reaction time and 98% yield of biodiesel was obtained. Hajek et al. investigated the production of biodiesel from rapeseed oil in the presence of cosolvent (ethyl acetate, tetrahydrofuran, hexane, acetone, and diethyl ether) both in a homogeneous and heterogeneous catalyzed process [214]. For the homogeneous catalysis, the highest ester content was achieved with tetrahydrofuran. For heterogeneous catalysis, the ester content was found to be lower with cosolvent than without cosolvent. However, some contradictory results have also been reported wherein an increase in biodiesel yield was obtained by the addition of cosolvent in a heterogeneous catalyzed transesterification reaction. Bambase et al. explored the transesterification reaction on refined coconut oil with OH-impregnated CaO as a heterogeneous catalyst and tetrahydrofuran as a cosolvent [215]. 66.36% biodiesel conversion was reported in 10 min with 20% (w/v) NaOH solution impregnation and calcination temp. 600 °C for 2 h. Upon addition of cosolvent, the biodiesel conversion was enhanced to 81.70% that was comparable with the 85.98% conversion achieved in a homogeneous catalyzed reaction using NaOH under identical reaction conditions. In a recent study, CaO catalyst generated from waste snail shell was employed as catalyst for transesterifying soybean oil with the addition of acetone as cosolvent. Biodiesel yield as high as 98% was reported under the optimized conditions [216]. The co-solvents must be entirely eliminated from biodiesel and glycerol due to their toxicity [217, 218]. This is the biggest demerit of the method, as additional expenditure has to be incurred for the removal of cosolvent from the product.






3.6.4 Membrane Technology


A membrane acts as a semi-permeable barrier that permits certain particles to pass through while preventing others. The semi-permeability is dependent upon the pore size of the membrane, shape of the pore, the membrane surface characteristics, and membrane configuration [219]. On the basis of materials, the membranes can be classified as organic (polymeric) membranes, inorganic membranes, and mixed matrix membranes (MMM) that combine the characteristics of organic as well as inorganic membranes. Ceramic membranes, carbon-based membranes, and metallic-based membranes are some common examples of inorganic membranes. The inorganic membranes have several merits over polymeric membranes, including high thermal stability, high chemical resistance, and high durability.


The membrane technology for biodiesel synthesis has fetched the interest of researchers in recent years [220–223]. The technology combines both reaction and separation in a single unit that reduces the cost of recycling and separation while also improving biodiesel conversion [224, 225]. This technology shifts the reaction equilibrium in the forward direction and there is selective separation which enhances the biodiesel quality [226]. The mass transfer limitation caused due to the immiscible nature of TG and alcohol turns out to be favourable for transesterification reactions in a membrane reactor.


There are two technologies in a membrane reactor involving the usage of catalysts:




	A catalytically inert membrane is a membrane without incorporated catalyst. Rather, the catalysts are added to the reaction mixture. Examples are ceramic membranes and carbon membranes. The separation concept is oil-droplet sized.


	In catalytically active membranes the catalyst is attached to the membrane surface or is a part of the membrane matrix. Examples are polyvinyl alcohol membranes, immobilized heterogeneous catalysts on polymer matrices, polyacrylonitrile, and mixed matrix membranes (MMM).



In a membrane reactor containing a catalytically inert membrane, the reactants and catalyst are first mixed together and heated to the reaction temperature. Then, the mixture is fed into the membrane reactor. The process of reaction and separation occur simultaneously, generating a permeating stream comprising of biodiesel, glycerol, unreacted methanol, and the catalysts. The reactant side comprises of the unreacted lipids having a larger molecular size. The non-polar and polar phases in the permeating stream are separated with the non-polar phase containing about 85% biodiesel, with the rest being methanol, trace amounts of DG, and catalysts [227]. Hence, it is referred to as the biodiesel-rich phase. The polar phase contains mainly glycerine, methanol, catalysts, and small quantities of biodiesel [228]. It is referred to as the glycerine rich phase. Downstream separation is required to obtain pure biodiesel which is a demerit of the method.


Soybean oil was transesterified in a packed bed membrane reactor using CaO impregnated on the surface of activated carbon as a catalyst. A TiO2/Al2O3 ceramic microporous membrane having a pore size 0.02 μm was chosen as the membrane because of its chemical inertness and stability to heat. At the optimum reaction condition, i.e., temperature 65°C, a 6:1 molar ratio of methanol to oil and reacting time of 150 minutes, the yield of FAME was 94%. The product obtained in the permeate comprised mainly of FAME, whereas the glycerol and unreacted triglycerides remained in the retentate [229]. Xu et al. studied the methanolysis of soybean in a membrane reactor containing a ceramic membrane packed with MCM-41 supported p-toluenesulfonic acid (PTSA). They detected that temperature had a notable impact on the biodiesel yield, while the amount of catalyst and circulation velocity had a minor impact [230]. In some catalytic membranes the alcohol and glycerol molecules formed a hydrogen bond with the membrane. As a result, during the reaction, alcohol and glycerol were continually removed from the mixture. Biodiesel along with the un-reacted lipid molecules remained within the membrane and the separation was carried out under atmospheric pressure.


Acidic Amberlyst 15 and basic strontium oxide immobilized on a membrane were employed as heterogeneous catalysts for transesterifying sunflower oil [231]. The maximum conversion (about 93%) was achieved using strontium oxide, which was also the easiest to immobilize. Shi et al. used a catalytic membrane prepared from phosphotungstic acid/PVA nanofiber composite to synthesize biodiesel [232]. The nanofiber membrane provided high activity and improved site accessibility, according to the researchers. In a continuous flow operation mode, the nanofiber membrane’s stability test demonstrated that the conversion of biodiesel production could remain steady for 10 days. KF/Ca–Mg–Al monolithic catalyst, organized in a honeycomb structure of a ceramic membrane and packed within a membrane reactor was used to synthesize biodiesel from soybean oil [233]. Under the optimum reaction conditions, i.e., 67°C temperature, catalyst 1.5 wt.%, residence time 3hrs and 4.8 mL/min feed velocity, the biodiesel obtained was 94.9%, but the activity of the catalyst was reduced by 13%. Luo et al. used a basic polymeric composite catalytic membrane for transesterifying soybean oil in a flow-through mode [234]. Conversion higher than 97.0% was obtained in the membrane reactor at 60°C with a 9:1 proportion of methanol to oil and a residence time 3913 sec.


In comparison to the conventional method of biodiesel production, the membrane reactor method needs a high volume of alcohol and an ultra-low amount of catalyst but alcohol consumption is minimized by regenerating it [235].






3.6.5 Reactive Distillation


Producing biodiesel in a reactive distillation column has also drawn the attention of researchers. The transesterification reaction and product separation takes place in the same operation unit during the reactive distillation process. The technology is mainly beneficial for the reaction systems in liquid-phase where one or more of the reactants is in large excess or the reaction is driven to near completion by eliminating one or more of the products as soon as they are produced or when the product recovery or by-product recycle process is either complex or not feasible due to an azeotrope formation [236]. This technology has several benefits like higher conversion, improvement in selectiveness of reaction, lowering the consumption of energy, removal of solvents in the separation step, and avoidance of the azeotrope. The occurrence of both the reaction and distillation was possible only when the operating conditions for both the processes were the same. In other words, the reactions must show substantial conversion at a pressure and temperature that was also compatible with the distillation conditions. The reactions that can be done in the RD process can either be thermal (non-catalyst), homogeneous, or heterogeneous catalyzed. Simasatitkul et al. performed the sodium hydroxide catalyzed transesterification of soybean oil and methanol by the method of reactive distillation [237]. Based on the simulation results, the researchers found that suitable configuration for the reactive distillation column was comprised of three reactive phases. The optimal conditions for reactive distillation were found to be a molar feed ratio of methanol and oil of 4.5:1, reflux ratio of s3, and reboiler duty of 1.6×107 kJ h–1. Pradana et al. studied the biodiesel production from palm oil using catalytic reactive distillation columns using potassium loaded on activated carbon (K/AC) as a heterogeneous solid catalyst [238]. The highest conversion of triglyceride obtained was 83% at 60°C and methanol:oil molar ratio of 6:1. It was proven that the continuous RD possessed an enhanced performance on the biodiesel production, as compared to a batch reactor. Boon-Anuwaat et al. designed the process simulations of methanolysis of soybean oil at different continuous processes using a homogeneous alkali-catalyst and heterogeneous acid catalyst in both a conventional reactor and reactive distillation method [239]. The homogeneous alkali-catalyzed RD not only eliminated the requirement of separation and purification of the products, but also improved the biodiesel yield with reduced methanol consumption and lower energy requirements in comparison to the traditional method. It was perceived that the heterogeneous catalyst offered more significant benefits than the homogeneous ones, such as reaching a lesser number of unit operations, reduction in energy consumption, elimination of neutralization, waste water disposal, and salt waste processing. The sequence of energy requirement from lowest to highest was RD hetero, RD Homo, Conv. Homo, and Conv. Hetero. Biodiesel was produced from waste cooking oil in a reactive distillation column catalyzed by a hetero polyacid H3PW12O40 ·6H2O and the max yield of FAME obtained was 93.94% [240]. Since distillation is an energy-intensive process, thermal integration techniques have been adopted to further enhance the energy savings of the conventional reactive distillation process. Thermal integration for the distillation process can either be internal (divided wall column and heat integrated distillation column) or external (vapor recompressed column) thermal integration [241–243]. Kiss et al. studied metal oxide catalysts for biodiesel production in a heat-integrated reactive-separation design that could transfer the chemical equilibrium to completion and reserve the efficacy of catalyst by removing the products continuously [244]. The inclusion of heat integration to the conventional reactive distillation setup could improve energy savings to nearly 45%. In a recent study, Mondal et al. developed a nano-catalytic reactive distillation process with heat integration for algal biodiesel production. A significant decrease in energy consumption was observed [245].


Research is still in progress to improve the performance of the distillation column in terms of cost, safety, reliability, and environmental and energy concerns by identifying suitable design.








3.7 Conclusions


The current chapter presents a detailed discussion on all the biodiesel production technologies that have evolved through the years. It gives an insight into the production methodologies and literature review on the research work that has been done. Biodiesel production is challenging due to the solubility problems of oil in alcohol. Other challenges include availability of low cost feedstock, removal of FFAs from feedstock, and high reaction parameters leading to inflated cost of biodiesel. To eliminate the drawbacks of the conventional biodiesel production methods, some innovative intensification techniques have been suggested in recent years like the supercritical method, cosolvent method, microwave heating process, ultrasonication method, membrane technology, and reactive distillation method. All the process intensification techniques possess several advantages that have been elaborated on in the chapter. Despite the numerous positive aspects of the modern techniques, several hurdles relating to cost effectiveness and environmental concerns still remain that need to be addressed and researched.
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Abstract


Anaerobic digestion (AD) is a globally accepted and adopted technology for the conversion of organic material into green fuel. However, the lack of system process stability, lower biomethane generation, and digester efficiency are some of the major setbacks for the biochemical processes involved in the AD process. In recent years, there has been a lot of curiosity shown by researchers focussed on tackling these challenges through various strategies. Among them, the introduction of enhancing additives in the AD process has received broader research attention. The enhancing additives (metallic, biological, carbon, and alkali-based) with their abundant rejuvenating properties are reported to easily fix the associated issues within the AD process. The metallic additives improved the microbial synergy and interspecies electron transfer that improved the process and biomethane production. Bioaugmentation through biological additives includes different enzymes and microbial consortium, boosting the weakened microbial activity under stressed environments. The enhancing carriers based on carbon, clay, and other natural materials are also known to enhance the AD process performance. This chapter enumerates the role of different enhancing additives in the AD process. The chapter deeply discusses the science behind the introduction of various enhancing additives in an AD environment in detail.
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4.1 Introduction


Around 81% of energy consumption is attained by fossil fuels and 13% of energy demand is fulfilled by a renewable source of energy. Fossil fuels are a non-renewable source of energy that emit greenhouse gases which cause climate change and hamper the environment, humans, and wildlife. The depletion of non-renewable sources of reserves and demand for high prices lead to a switch towards renewable sources of energy for the generation of clean fuels [57]. The abundance of biomass and organic wastes are the most preferable source of renewable energy over fossil fuels. The generation of biomass and organic wastes increases at a higher rate which generates environmental and land pollution due to improper treatment. The direct burning of organic wastes and landfilling leads to methane and uncontrolled carbon dioxide and toxic gas emissions in the environment which ultimately cause climate change. The anaerobic digestion (AD) technique is the most auspicious, cost-effective energy conversion technology and one of the most rational solutions to manage organic wastes [4]. The anaerobic digestion of organic waste substrates produces biogas and organic residue as a bio-fertilizer. Biogas is renewable gaseous fuel produced by the breakdown of organic matter through anaerobic bacteria in anaerobic conditions, mainly consisting of methane and carbon dioxide. The main constituent of biogas is methane (CH4) that is used as a renewable source of energy that can solve global energy needs [32, 33]. The AD is a widely applied and developed technology, still, there is a lack of advancement in this technology for things like low biodegradability efficiency, poor stability, long start-up time, and lower methane generation which limits commercial applications. There are many pre-treatment methods applied for enhancing the AD process like hydrothermal, freezing, chemical, ultrasonic, autoclaving, microwaving. These pre-treatment methods are not economically suitable due to the high cost and became a barrier for commercial applications [92]. In recent years, a lot of interest shown from researchers focussed on tackling these challenges through various strategies. Among them, the introduction of enhancing additives in the AD process has received broader research attention. The additives (metallic, biological, carbon, and alkali-based) have unique advantages for fixing issues in the AD process as the addition of additives in an anaerobic digester enhance AD performance, process stability, enhance biogas production, and increase methane yield which may tackle current issues in anaerobic digesters [45]. The AD of organic waste improved using many plans of action such as co-digestion, substrate pretreatment, additive addition, and parametric develop, all of which have practical uses (temperature, pH, etc.). Among these options, using readily available and economical additives into AD systems has been shown to be a fortunate way to enhance AD function, potentially resulting in increased gas generation, improved digestive conditions, and enhanced organic degradation [18].






4.2 Anaerobic Digestion Process


Anaerobic digestion is a process in which microorganisms degrade the biodegradable part of the organic material in the absence of oxygen to generate biogas and nutrient rich slurry [8, 17]. The digestion process takes place in four main steps: which Hydrolysis, Acidogenesis, Acetogenesis, and Methanogenesis. The first stage of the AD process is hydrolysis which converts complex organic compounds such as carbohydrates, lipids protein, and fat into simple and soluble organic compounds with the help of hydrolysis bacteria. The second stage of the process is acidogenesis which converts simple soluble organic compounds into volatile acids and alcohols with the help of acidogenesis bacteria. The third stage of the process, acetogenesis, involves the conversion of the volatile acids and alcohols to the substrate such as acetic acid or acetate and hydrogen gas that can be used by methane forming bacteria [38, 68]. Figure 4.1 shows the four stage of anaerobic digestion process [96].




[image: Schematic illustration of four stages of anaerobic digestion process.]

Figure 4.1 Four stages of anaerobic digestion process [96].


The final stage of the process is methanogenesis which involves the production of methane with the help of three groups of methane-forming bacteria. The groups are hydrogenotrophic methanogens, acetotrophic methanogens, and methylotrophic methanogens. The following reaction takes place (Equations 4.1-4.6)




I. Hydrogenotrophic Methanogens


Methane is formed through converting CO2, which uses hydrogen.


(4.1) [image: Image]


The hydrogen is used to convert CO2 into methane.


(4.2) [image: Image]






II. Acetotrophic Methanogens


The acetotrophic methanogens break acetate into methane and carbon dioxide.


(4.3) [image: Image]


Hydrogenotrophic methanogens use carbon dioxide and carbon monoxide to produce methane.


(4.4) [image: Image]






III. The methane produced by methylotrophic methanogens uses methyl groups.


(4.5) [image: Image]


(4.6) [image: Image]


The three groups of methane forming bacteria have different energy attained by the bacteria. The methane forming bacteria uses more energy to attain hydrogen than acetate degradation. In anaerobic digestion, 30% methane is generated by methane forming bacteria using hydrogen and 70% of methane is produced by acetate. The reason for this is a smaller supply of hydrogen in anaerobic digesters [27].








4.3 Metallic Additives


Supplements of various metal-based additives have been reported in several studies to boost AD performance and enhance methane generation in the AD process. It is believed that transition metals are used as catalytic centers at active sites for electron mobilization in several enzymes. The addition of trace metals to AD systems is favorable for the initial stages, as well to improve the methanogens during the enzymatic synthesis process [10, 24]. Some of the most effective and widely accepted trace metallic elements used for the enhanced AD are Iron (Fe), Zinc (Zn), Nickel (Ni), and Cobalt (Co) [45, 81]. Some of the major functions of these metals are presented in Table 4.1.


The ideal trace element concentration in an AD system is determined by the feedstocks type, particularly for micronutrient-insufficient substrates. Varied methanogen family have distinct trace element concentration needs [73]. Because substrate types and digester designs differ, it is difficult to compare trace element performance directly. Moreover, in the case of multiple additives, the right combination of additives is of the utmost importance which otherwise could harm the overall AD process [45]. The addition of Cobalt at a concentration of 0.2 – 0.5 mg/kg was used to enhance biogas production using food waste, slaughterhouse waste, or vegetation waste as a feedstock. However, the literature on toxicity evaluations and possible environmental concerns of trace element digestates are insufficient, necessitating additional research in this area [55].




Table 4.1 Major functions of few metals in enhancing biogas production.






	Metals

	Functions

	References






	Fe

	Reduce oxidative–reductive potential in AD media and thus give a more suitable environment
Enhance the hydrolysis and fermentation stages

	[45]






	Zn

	Participates in enzyme functioning during methanogenesis

	[76]






	Ni

	Influences methanogenesis and cellulase activity during AD stages
Boosting all methane producing bacteria
Shows collaborative effects with Hg, Mo, Cu, and Co

	[10]






	Co

	Synthesis of vitamin B12 and activates carboxyl peptidase
Essential for enzyme methyltransferase which catalyzes the transfer of one methyl group

	[53]













4.4 Alkali Additives


The addition to alkali, additives in AD systems can enhance CH4 yield. The use of alkali is most suitable for high acidic content substrates where it can enhance the process more efficiently. The quantity of alkali requirement will depend on the type of substrate and AD to increase process efficiency and CH4 production. The alkali reagents include Sodium hydroxide, calcium hydroxide, potassium hydroxide, magnesium hydroxide, ammonia, and ammonium sulfite. NaOH could be more advantageous for removing lignin and hemicellulose. It has been found as one of the best effective alkali for stabilizing the AD process and increasing biogas production [52]. The study conducted by Moset et al. found the implementation of 2% NaOH and 4% NaOH in briquetted wheat straw improved by 38.3% and 36.1% net energy production, respectively [51]. The research mentioned that AD of corn straw with pretreated NaOH- produces 73.4% more than without pretreated corn straw [2]. The 2.5% KOH addition in AD of corn straw resulted in increased CH4 yield by 95.6%. Another study found the addition of 2.5% Ca (OH)2 in corn straw increased methane production by 39.7% more than untreated corn straw [44]. The ranking of alkali effectiveness was observed as NaOH>KOH>Mg (OH)2 and Ca (OH)2 [9]. In addition, the use of alkali should be in the optimal range, thus higher concentration may lead to process failure. Alkali treatments prevent a decrease in pH during the acidogenesis phase, improving the efficiency of the AD process.






4.5 Biological Additives


Improvement in the AD system through the addition of microorganisms and enzymes has been widely studied. The benefits of biological additives increase the microbial community for improving hydrolytic or methanogenic activity.




4.5.1 Microorganisms


The AD process is carried out by a group of microorganisms, a relation between microbial group and AD process performance [39]. The process non-success in the AD system is due to the inhibition of microorganisms during intermediate phases or in pressure conditions. Bioaugmentation plays an important role to overcome those situations and provides higher microbial diversity that developed a mechanism to increase AD performance efficiency [40]. The new microorganism with appropriate dosage based on specific microbial diversity present in working AD reactors may also result in a novel approach. Researchers suggested that the start-up phase is the most crucial stage for the AD process because an optimal microbial community has not been developed yet. This is the reason bioaugmentation is directed for improving the methanogenic group through the start-up phase of AD [64, 65]. A study conducted by Youngsukkasem (2012) used encapsulated methanogenic bacteria for higher stability in the anaerobic digester [93]. Ammonia inhibition is amongst the most usual problems that occur in large-scale AD reactors. The bioaugmentation process has been studied in laboratory-scale digesters and due to economic aspects its implementation in a full-scale anaerobic digester is quite an infrequent chance. Reuter et al., Schmack, and Reuter suggested that bioaugmentation either with the H2-consuming M. bourgensis or the H2-producing Clostridium sartagoformum in full-scale biogas plants for enhanced biogas generation in mesophilic temperatures. These two inocula are widely accessible and depend on the size of the digester and cell counts and their application suggested an initial inoculation will speed up the AD process keep to a daily or weekly gap [62, 72].






4.5.2 Enzymes


Enzymes can sustain under expansive environmental situation (pH and temperature) and quickly change under many noxious and recalcitrant-based substrates. The higher mobility and solubility nature of enzymes due to their small size and substates being more easily accessible than other microbes. In a study, it was found that inoculation of lipases (0.33% v/v) in the treatment of grease trap and sewage sludge-based anaerobic digesters noticed an improvement in methane generation from 364 to 452 mL CH4 g VS-1. The optimum doses of enzymes play a very crucial role in the improvement of the AD process. The enzyme quantity 0.25% (v/v) was not able to enhance methane production and degradation kinetics. This could be due to the low dosage of enzymes explained by minimized mass transfer of the substrate [19].


Biological additives used through bioaugmentaion and enzymes have their pros and cons: In the bioaugmentaion process, it was observed that the increased methanogenic activity responds better in stressful and transitory phases. Scalability and cost are the main cons of this bioaugmentation. The use of enzymes could increase hydrolytic activity and achieve higher waste solubilization and their cons are difficult monitoring and high cost [64].






4.6 Carbon-Based Additives


The utilization of carbon-based substrates, like graphene, biochar, carbon nanotubes, and activated carbon, for the AD system has widely generated an era of interest for research in such systems. The use of carbon-based additives is useful for microorganisms for a better living environment and to encourage microbial activity, mass transmits among anaerobes, and good immobilization matrix for the microbial community. The carbon-based additives provide good electrical conductivity, enhance surface area, create larger porosity, and enhance AD performance. The carbon-based matter is extremely prominent in boost biogas generation by relieving acid formation [60, 76].




4.6.1 Graphene


The implementation of graphene increased 25% methane production due to its high conductivity nature provides excessive electron transfer flux compared to the conventional use of hydrogen transmission. Researchers observed that the ideal dosage of nanographene (30 and 120 mg/L) enhanced methane generation by 17% and 51.4%, respectively [76, 101]. Tian et al. mentioned in their study that graphene addition (30 and 120 mg/L) with a short subjection (2-4 days) of methanogens can effectively improve methane yield whereas graphene (120 mg/L) with long-term exposure observed inhibition of methanogenesis [76]. The implementation of graphene in the AD reactors could build up important relations among acidogenic and methanogenic microbes to enhance methane generation rate by 28% [1]. The moderation of graphene could increase electrical conductivity to enhance the biogas generation rate. Graphene is abundant in carboxyl, epoxy, hydroxyl groups, and C=C and that can be changed to utilize amidation and esterification. The technology for graphene modification is future research [45].






4.6.2 Carbon Nanotubes


Carbon nanotubes are made of carbon along diameters that are measured in nanometers. The carbon nanotubes as carbon additive provide significant prospects in the AD system. The addition of single-walled carbon nanotubes (1000 mg/L) was provided in the AD digester for improvement in methane production. Multiwalled carbon nanotube (500 mg/kg) addition in the AD system has developed a suitable environment for the microbial community and enhanced methane yield by 33.6% [10]. Although carbon nanotubes added with different concentration levels in the AD system are based on different substrates that can effectively enhance the AD process is still a future era of research, carbon nanotubes can increase biogas production, but the limitation is the high cost. The cutbacks in the cost of carbon nanotubes is also important for future research.






4.6.3 Activated Carbon


Activated carbon is a mini form of carbon having low-volume pores that enhance the surface area for adsorption. Activated carbon that is highly porous with high surface area improved biogas quality and methane production by encouraging electron movement to Methanosarcina that is presiding in the AD process [31]. Activated carbon application in laboratory-scale or pilot-scale AD systems enhanced methane production by 41%. Activated carbon promotes gaseous impurity adsorption. It has been used to avoid ammonia congregations and avert odor release from AD systems that could help in boosting methane generation and decreasing air contamination [16]. Granular activated carbon (GAC) is also frequently used for improving methane generation in the AD systems due to several microbial communities receiving electrons from GAC. The increase in methane production through GAC enriches electroactive microorganisms [88]. Powdered activated carbon is also used for enhancing the surface area that could be improving methanogens and increasing methane yield. GAC and pulverized activated carbon play a similar role in the anaerobic digestion of brewery wastewater [91]. Future research in GAC is optimizing the specific surface area that could be optimum for enhancing efficient methane production in the AD process.








4.6.4 Biochar


Biochar is charcoal that is generated by the pyrolysis of biomass in the absence of oxygen. Biochar (BC) having a porous and conductive configuration can decrease inhibition of ammonia through adsorption and immobilize the methanogens. Biochar is an auspicious material for boosting the execution of the anaerobic digestion system. The physicochemical properties of biochar that have high conductivity, surface area, and porosity provide an effective role in the AD process [67]. These properties help to build up a good microbial community. The main role of biochar is improving and stabilizing hydrolysis, acidogenesis, acetogenesis, and methanogenesis as well as reducing inhibition stress [45]. The inclusion of biochar in the AD process enhanced the degradation of organic substrates and increase volatile mass removal efficiency. The particle size also plays an important role in methane generation and the lag phase. In a study conducted by Pan et al. (2019), they found that due to the addition of biochar methane, production increased by 86.6% and lessened the methanogenic lag phase [58]. Different varieties of biochar such as wood biochar, coconut shell biochar, rice husk biochar, and their different ratios have a different impact on the AD process. Biochar having a particle size of 1.7-2.0 mm was incorporated along a citrus peel in a 1:1 proportion (dry weight) and the results showed that the coconut shell-based biochar received excessive methane yield while wood-based biochar gets a small lag phase [78]. The inclusion of biochar should be used in optimum dosages, otherwise it leads to inhibitory effects. The optimization of biochar dosages in AD systems based on the different substrates is a need for future research [79]. The economic efficiency of biochar is tough to determine due to their composite pyrolysis and thermochemical transformation process. This could also be a deep era of future research [58]. Table 4.2 shows a summary of biochar used for improved methane production rate.


The development of easy, perpetual, and economical solutions to augment the buffer capacity of AD systems remains a major challenge. For two major reasons, BC is now seen as a viable alternative to the approaches. To begin with, it can be made in an economical and environmentally beneficial manner. Second, its physical and chemical qualities can be tailored to the needs of the operation [36, 49, 50]. During the AD process, rapid accumulation of VFAs leads in a lower pH medium in which some BC functional groups, such as amine and adsorb H+, and receive electrons. This fact may help to reduce the pH decline. Inorganic elements such as Ca, K, Mg, Na, Al, Fe, Si, and S are found in the ash fraction of biochar. Alkali and alkaline earth metals (AAEMs) are among them and they are in charge of the alkalinity of biochar [37]. In the event of excessive loads of easily degradable wastes like food waste, organic fraction of municipal solid waste, and primary sludge, BC addition can overcome VFAs inhibition. BC’s alkaline nature, which determines its pH buffering capacity, helps to keep VFAs from being inhibited. BC’s ash portion contains AAEMs, which may help it buffer acid and provide critical trace elements for microbes. However, more research is needed to establish the efficacy of these processes and to determine the best BC dose for these qualities. Higher doses have been shown to be harmful for Alzheimer’s disease [35] maybe because of alkali metal inhibitory concentrations [85]. Other mechanisms could also be to blame for BC’s function in reducing VFA inhibition. Under acid stress, porous BC could enhance biofilm formation and protect selectively enriched functional microorganisms tightly connected to it [7]. Second, BC may enhance the activity of microbial partners, resulting in increased syntrophic VFA breakdown and methane generation under high organic loads [25, 26].






Table 4.2 Biochar used for enhancement of methane production in anaerobic digestion systems.






	Biochar loading (g/l)

	Mode of digester

	Result

	References






	1.25

	Continuous

	Enhancement of methane generation rate in the range of 30 to 45%

	[100]




	5

	Batch

	Methane production increased by 121.97%

	[43]






	25

	Batch

	Methane generation rate enhanced by 5.0 times

	[15]






	35

	Batch

	Shorten Lag phase with 11.51% increase in methane production

	[21]






	10

	Batch

	Improved methane generation rate by 37%-38%

	[34]






	15

	Batch

	Enhanced methane yield rate by 40.3%

	[80]






	10

	Batch

	Increased methane production by 40% to 70%

	[69]







The inclusion of BC to digesters may enhance the fertilizer value of digestates. BC addition, according to Shen et al. [86, 87], can result in significant increases in macro- and micronutrients such as N, P, K, Ca, Mg, and Fe in digestate. In horticultural potting media, a combination of dried anaerobic digestate and BC may be an alternative to typical formulas [70]. Furthermore, BC may help to increase digestate composting, particularly in terms of process efficiency, compost quality, and plant well-being [56, 61].


For the possible application of the mixture as a soil improver following AD, more research is required to recognize interactions among BC, digestate, and soil. Future research on the usage of BC as an additive in AD should take into account the agronomic utility of anaerobic sludge (i.e., content in macro- and micro-nutrients, germination and phytotoxicity tests, and others).


Microwave pyrolysis (MP) and hydrothermal carbonization (HTC) are two common lab-scale processes for producing biochar and hydrochar from biomass, respectively. Biochar has many advantageous features over hydrochar, such as thermal stability, Brunauer-Emmett-Teller (BET) surface area, ash, oxygen content, and so on, due to a higher temperature in the MP than in the HTC [28, 54].


Advantage: The MP has several advantages over the traditional pyrolysis (CP) technique, including (i) faster warm up and choosy heating, (ii) improved reaction rate, (iii) increased energy efficiency, (iv) rapid start-up and stop, (v) constant internal heating of huge biomass and quite control, and (vi) superior accuracy and regulation due to volumetric and constant warm up [6].


Drawback: The MP has several drawbacks including (i) large-scale reproducibility/inhomogeneities yield difficulties, (ii) process scaling-up finances, and (iii) temperature measurement [71, 75]. HTC is a well-known thermal conversion process for wet biomass conversion into hydrochar, bio-oil, and biogas that has been shown to be both energy and environmentally beneficial. Water is used to achieve the HTC conversion of biomass by applying high temperatures (180–250°C) at high pressure (2–10 MPa) for several hours [94].


Advantage: HTC has the following advantages over other thermochemical processes: (i) it reduces the economics of prior drying processes, (ii) it produces high solid yields, (iii) it produces excellent final product quality, including conductive behavior, high calorific value, adjustable surface functionalities, the presence of usual binders, and ash constituent, (iv) it is simple to operate, and (v) it is economical and energy efficient [63, 74].


Drawback: (i) HTC is unable to generalize the energetic rate of restrict steps, (ii) HTC is unable to provide appropriate information for full-scale facilities, and (iii) HTC’s application is restricted to similar feedstock and experimental settings.






4.7 Nanoparticles


Nanoparticles (NPs) are materials with a diameter of 1 to 100 nanometers. [22]. The toxicity of NPs to live creatures and the environment is one of their main research topics. The effects of natural and man-made NPs on our ecosphere are a major worry [83]. Certain forms of nanoparticles have recently been found to alter biological care processes in AD [29]. Metal NPs have been shown to improve AD performance by lowering lag flow, boosting methane generation rate, and increasing yields [59].




4.7.1 Fe Nanoparticles


In one of the studies, NPs (Fe, Ni, Co, and Fe3O4) were introduced to the AD digesters of poultry litter in a study and it was discovered that the inclusion of NPs improves methane generation rates with 12 mg/L Ni NPs, 5.4 mg/L Co NPs, 100 mg/L Fe NPs, and 15 mg/L Fe3O4 NPs [30]. The use of several NPs can aid lower H2S generation. The use of ultrasonic pretreatment and the addition of Fe NPs to sewage sludge can increase anaerobic digesting performance [47]. Iron is used as an innocuous, economical electron donor that is employed in a wide range of redox reactions [18, 46].


According to the findings of a study, 1 mM Fe NPs can produce H2 and amass volatile fatty acid, inhibiting methanogenesis. In other words, Fe NPs are hazardous to anaerobic organisms [88, 89]. Incorporating 0.4 g Fe/g VS, on the other hand, can limit acidification enabling the AD of food waste to proceed without the creation of excessive volatile fatty acids [41]. Fe3O4 NPs were used to increase biogas production from microalgal biomass by over 25% [95]. The AD of residential sludge was improved using Fe NPs [3]. Fe2NiO4 and Fe4NiO4Zn nanoparticles were tested in synthetic municipal wastewater and shown to boost AD activity while inhibiting it [11, 12].


Fe was used as an electron source to accelerate methanogenesis and induce methanogens to create H2 from Fe NPs [84]. Fe NPs can increase acetate generation and give electrons to the autotrophic methanogenesis pathway, allowing CO2 to be converted to CH4 [23, 90]. The Fe body is used for electron transmit by interspecies bacteria and electrotrophic methanogens [5].






4.7.2 Nanoparticles of Ag and ZnO


Ag and ZnO, two antimicrobial media, have a broad range of industrial utilizations. Silver composite and silver ions are hazardous to microorganisms at short concentrations and silver NPs seem to be more efficient than silver salts at inhibiting bacterial activity [14]. Ag NPs have a size of 2–3 nm different from the pursuit of HIV-1 protease [82]. Because ZnO nanoparticles can impede methanogenesis, preventing the VFA generated from being adequately used, they can have a detrimental effect on VFA building in the AD reactors [98]. VFA production was reduced by the addition of ZnO NPs by limiting protein hydrolysis and altering the archaea group in the reactor [99].


To reduce greenhouse gas emissions from stockpiled manure, ZnO amount dots were used to lessen methane generation [66]. At 12 mg/L, Ni NPs may increase methane production by 38.4%, whereas Fe, Co, and Fe3O4 NPs can enhance methane generation by 29.1%, 29.7%, and 27.5%, respectively [30]. Ni NPs will increase biogas production from microalgal biomass by more than 25%. A multitude of conflicting forces control the AD performance of metal NPs [95]. Putting a larger emphasis on improved direct electron transfer among syntrophic bacteria genus is one feasible technique for boosting process performance [5, 97].






4.7.3 Nanoparticles of Fe2O4


It describes the cell-to-cell electron transfer for associated microbial groups like acedogenic bacteria and methanogens [5]. Fe3O4 NPs showed an improved AD rate since direct electron conduits (NPs) enhance the electron mobility rate from acetogen to methanogen [77]. The conductivity of the Fe3O4 conduit is assumed to be one million times that of hydrogen molecule diffusion rates between the two species cells according to the authors. The present state of knowledge of DIET mechanisms lies in interspecific electron transfer metabolic activities.


The conductive pili or straight connection among electron transmit proteins among two cells acknowledges electron transport. Transmit carbon matter (activated carbon, charcoal, and others) or conductive NPs in contact with the two genus units can be used to produce this electron transport channel [48]. A basic study into why the observed effects exist, significant modelling research into the complex interplay of physical and chemical characteristics of NPs, and competition between several opposing impacts on reactor activity may be pursued.


Large-scale NP experiments, as well as detailed techno-economic evaluations of the benefits and downsides of alternative functioning way, should be managed. The impact of broad usage of metal NPs for increasing AD implementation on the ecosystem, except the effluent after digestion, must be thoroughly understood. Addition of metal NPs to AD should be thoroughly researched from a technological and economic standpoint [13].






4.8 Other Natural Additives


The adaptation of carrier materials or trace elements, rather than codigestion, increases the natural waste products employed as a buffering medium. The use of saw dust and poultry faeces in a 60 mL reactor with source-separated human urine (45 mL) as a buffering agent proved successful [20]. The human urine aided reactor produced 1 to 5 times more daily biogas (101 mL/g VS.d) than bicarbonate and water buffered reactors. The author’s recent study successfully handled the rapid acidity of kitchen waste (KW), an unavoidable ingredient of FW [32], using pongamia de-oiled cake. Because of its protein generous properties, pongamia de-oiled cake served as a buffering environment and maintained anaerobic digestion of kitchen waste. When NH3 and CO2 exist in water, stoichiometry (Equation 4.1) indicates that each mole of both chemical components interacts to produce one mole of ammonium bicarbonate (NH4HCO3), resulting in increased buffering capacity. Meanwhile, the acidogenesis process continues to make prime VFAs that neutralise the pH order in the reactors [42], which could explain why the digesters had a pH environment that was almost neutral regardless of the substrate used.


(4.7) [image: Image]






4.9 Conclusions


Anaerobic digestion is one of the cleanest technologies to produce green fuel. This technology received broader research attention. However, the enhancement in the AD process has been carried out through the addition of additives. The different types of additives have different roles in improving the AD system. The addition of trace metals to the AD process is favorable for the hydrolysis and acidogenesis phase, as well as for the growth of methanogens. Biological additive addition in the AD process increased methanogenic activity and even responded better in stressful and transitory phases. The use of enzymes could increase hydrolytic activity and higher waste solubilization. Carbon-based additives provide good electrical conductivity, enhance surface area and larger porosity, and enhance AD performance. The protein rich de-oiled cake neutralizes the pH conditions inside the digesters.
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Abstract


Biogas polishing succeeding its production has become a mandate to achieve fuel quality equivalent to conventional fuels. Various physical and chemical biogas upgradation systems have been developed over the past few decades and are available commercially. However, the available technologies have their limitations with respect to the resource, costs, and energy requirements. Recently, newer methane enrichment technologies based on biological processes have emerged. The research development over these techniques has flourished because of their cost-effectiveness and energy-efficient characteristics. Thus, the biological biogas upgradation systems are expected to be developed soon, which is still under laboratory investigation. This chapter focuses on the principles of upgradation of biogas by applying the trending microbial methane enrichment, bio-electrochemical, and algal-based photosynthetic upgradation systems.
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5.1 Introduction


Anaerobic degradation of organic materials has become a boon to humanity, producing biogas. The produced biogas is considered as an energy fuel with a calorific content of around 21.5 MJ/Nm3 [1] and is generally a mixture of mostly methane (CH4: 40 to 75%) and carbon dioxide (CO2: 25 to 55%) with traces of hydrogen sulfide (H2S), moisture, ammonia, siloxanes, and small traces of some other organic/inorganic components [2, 3]. Therefore, the gases with no energy content in the biogas must be polished off, achieving an energy value almost equivalent to natural gas (35.8 MJ/Nm3) [4, 5]. The replacement of natural gas with enriched biogas can reduce CO2 emissions by up to 75–200% [6]. Hence, various physical, chemical, and biological technologies have been developed over the years, starting water/chemical/amine scrubbing systems, temperature/electric/pressure swing adsorption systems, membrane separation systems, cryogenic separation systems, microbial methane enrichment, and algal-based photosynthetic upgradation systems for the upgradation of biogas [7–13]. However, most of the physical and chemical-based systems are cost or energy-intensive in nature [8, 12]. Hence, the research over different biological upgradation technologies based on biotechnology and photosynthesis have intensified in recent times.


This chapter attempts to overview the three emerging biological biogas upgradation systems: microbial methane enrichment, bioelectrochemical systems, and algal-based photosynthetic biogas upgradation discussing the science behind the concept development.






5.2 Available Biogas Upgradation Techniques


Biogas upgradation came into existence to improve the energy content of the produced biogas. As an outcome, several biogas upgradation techniques were developed and established over the years. Most of these techniques have been directly derived from the natural gas purification industry. These techniques are mainly based on CO2 separation and exploiting gas components’ physical, chemical, and thermodynamic or transport properties [11]. Figure 5.1 shows the available and emerging biogas upgradation techniques in the biogas upgradation market. It is reported that the biogas upgradation market is mainly shared by well-known technologies such as water scrubbing (35% of the total share), pressure swing adsorption (30%), chemical absorption (23%), physical absorption (7%), membrane separation (4%), and cryogenic separation (1%) [10]. These technologies essentially remove carbon dioxides and other incombustible/corrosive gases through different physical and chemical techniques, thus improving the quality of the upgraded biogas. Table 5.1 shows the comparison of different available biogas upgradation techniques. It can be observed that there is no such technology that has any kind of upper hand over other technologies. All the technologies have their advantages and limitations. Moreover, the selection of suitable technology is based not only on its techno-economics but also on the application and gas quality [8, 12].
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Figure 5.1 Available biogas upgradation techniques (taken from Khan et al. [7]).




Table 5.1 Comparison of different available biogas upgradation techniques based on performance, energy, and cost requirement (taken from Sahota et al. [12]).






	Upgradation technique

	Material used for upgradation

	Maximum CH4 purity achieved (%)

	Energy required (kWh/m3)

	Cost required (€/m3 of biogas)a






	Water scrubbing

	Water

	98

	0.2 – 0.5

	1015






	Organic physical absorption

	Organic solvents, polyethylene glycol

	98

	0.10 – 0.33

	1039






	Chemical absorption

	Amines, alkali solutions

	> 98

	0.05 – 0.18

	2059






	Pressure swing adsorption

	Molecular sieves

	> 96

	0.16 – 0.43

	1806






	Membrane separation

	Polymer membrane of silicone rubbers, cellulose acetate, hollow fibers

	90 – 99

	0.18 – 0.35

	2025






	Cryogenic separation

	–

	99

	0.18 – 0.25

	–







a Inclusive of investment, operation, and maintenance costs.




However, the cost-intensiveness, energy-intensiveness, or resource intensiveness nature of these upgradation techniques is a concern. In addition, most of these technologies remove incombustible gases, thus reducing the volume of the produced biogas, which is a considerable loss in a broader context [8]. Moreover, even lowering energy requirements or investment costs could reduce the burden of installing and commissioning biogas upgradation systems in every biogas plant irrespective of its working capacity [14]. Thus, several biogas upgradation systems based on biological techniques are under investigation or in the development stage as energy-efficient and cost-effective biogas upgradation solutions. The following sections give a brief overview of the three biological biogas upgradation systems that might be the future of sustainable biogas upgradation.






5.3 Microbial Methane Enrichment


H2-assisted biogas upgrading via biological technologies has become a booming research field in recent times. In this biotechnological concept, also called biomethanation, CO2 to CH4 conversion occurs in the presence of H2 [8, 15]. The biomethanation process occurs through two microbial metabolic processes in anaerobic digestion: hydrogenotrophic methanogenesis or homoacetogenesis [16]. Therefore, a stoichiometric ratio of 4:1 (H2: CO2) is recommended for microbial methane enrichment (Equation 5.1 for hydrogenotrophic methanogenesis and Equation 5.2 for homoacetogenesis). Practically, the ratio is typically set to more than 4:1 as H2 is also used for the hydrogenotrophic archaeal cell growth [17]. In general, methanogenic microbial species such as Methanobacterium, Methanothermobacter, Methanobrevibacter, Methanococcus, etc. are the significant contributors to the H2 and CO2 to CH4 conversion phenomenon [18]. In the process, the associated microbes utilize the solubilized H2 in the digester liquor, while the consumption of remaining undissolved H2 depends upon the gas-liquid mass transfer efficiency and operating conditions.


(5.1) [image: Image]




(5.2) [image: Image]


On the other hand, operating temperature is also a crucial parameter that deals with the overall microbial activity and pathway in biomethanation [19]. The H2 added proliferates the hydrogenotrophic methanogens in thermophilic anaerobic reactors, while the mesophilic anaerobic reactors react with acetoclastic microbial archaea [20, 21]. As it is known that the biochemical process in AD is completed through a syntrophic electron transfer activity between syntrophic bacterial and methanogens. When H2 is involved in the process endogenously (during acidogenesis) or exogenously, it acts as an electron mediator in producing methane-reducing CO2 [22]. The microbial species belonging to Anaerolineae are reported to result in the formation of syntrophic linkages with hydrogenotrophic methanogens [23]. The propitiation of such microbial species is essential for controlling the partial pressure of H2 within the limits as it results in the rapid build-up of volatile fatty acids (e.g., propionic and butyric acids). Continuous mixing is usually implemented to enhance the H2 gas-liquid mass transfer disrupts such interspecies electron transfer mechanism, which is hostile for propionate degradation [22].


Direct interspecies electron transfer (DIET) mechanism can increase the electron donor activities conventionally via electrically conductive pili or outer surface c-type cytochromes [20, 83] or unconventionally through other carrier materials (e.g., biochar, zero-valent iron) [24–26]. The capacity to carry out DIET is essential for microbial species such as Streptococcus, Desulfomicrobium, Geobacter, Desulfovirga, and Thermovirga to perform as electron donors. Likewise, the abundance of microbial species such as Smithella, Syntrophorhabdus, and Geobacter can promote electron transfer possibly through indirect electron carrier (hydrogen or formate) and DIET enhanced after the introduction of H2 into the digester [20]. It indicates that the presence of H2 promotes the DIET phenomenon in AD. Thus, availing the H2 assisted pathways in the AD reactors has become an efficient and sustainable way to enrich biogas and simultaneously use CO2.


The biomethanation concept can be carried out in three major ways: in-situ, ex-situ, and a combination of the two (a hybrid concept), as shown in Figure 5.2. In the in-situ method, the H2 is injected directly into the AD reactor. In contrast, a separate reactor containing a hydrogen-consuming microbial consortium is cultivated for methane enrichment in the ex-situ method. Meanwhile, the hybrid system possesses advantages such as improved methane enrichment efficiency and fewer interventions in the biochemical processes directly as in the in-situ system.




[image: Schematic illustration of microbial methane enrichment methods.]

Figure 5.2 Microbial methane enrichment methods (Red Dotted Line: In-situ Method; Green Dotted Line: Ex-situ Method; Blue Dotted Line: Hybrid Method).


The pH rise (>8.5) directly affects the performance of the in-situ method, which is the main challenge involved irrespective of the operating temperature [27]. Otherwise, the study reports that achieving control over the pH in the in-situ method can realize about 99% methane recovery. Therefore, the study proposes a co-digestion strategy with acidic substrates to maintain the pH during the process. Another challenge is the higher partial pressure of H2 greater than 10 Pa, which hampers the conventional AD process through acetoclastic methanogenesis [28]. However, long-term exposure to H2 could make the hydrogenotrophic methanogenesis rekindling the H2-inhibited AD. Hence, the research community usually prefers the ex-situ method over the in-situ method to overcome the technical challenges linked. Compared to the in-situ method, the ex-situ method utilizes pure cultures of hydrogenotrophic methanogens in a separate reactor enhancing the methane enrichment efficiency without affecting the AD reactor with more control [29, 30].


The major hindrance observed in both methods is the limited H2 gas-liquid mass transfer rate. It is reported that the gas-liquid mass transfer coefficient (KLaH2) is 21 h-1. However, this is 57% higher than the normal KLaH2 (9 h-1) value observed in conventional anaerobic digesters [31]. Nevertheless, this has paved the way for researchers to investigate different strategies and approaches to enhance the KLaH2 such as reactor configuration, gas recirculation, gas diffusion method, and mixing rate [29, 32–34].


The reactor configurations such as upflow bed column, trickling bed, fed-batch reactors, continuously stirred tank reactors, and bubble column reactors are reported to increase H2 and CO2 to CH4 conversion above 98% [30, 35–37]. In addition, the hollow fiber membrane H2 diffusion method initiates the formation of hydrogenotrophic methanogens biofilm enhancing the H2 dissolution rate between 930 and 1760 mL/L, achieving a 96.1% methane yield [32]. Furthermore, strategies such as recirculation of the biogas, the addition of carrier materials (metal-organic frameworks, raschig rings, alumina ceramic sponge), and varied mixing rates are being proposed to enhance the CH4 yield above 80% in the in-situ method [19, 30]. A sludge volume ratio of 2.5% is recommended to tackle the limitations in gas-liquid mass transfer if the in-situ method is adopted [35].


A complete 100% H2 conversion was achieved in an ex-situ biogas upgrading system developed in a bubble column reactor. However, the cultivation and enrichment of hydrogenotrophic methanogens inside an ex-situ reactor require longer acclimatization [37, 38]. However, the major challenge is the proliferation of homoacetogens over long-term acclimatization utilizing 11 to 43% of the dissolved H2 [38]. Hence, the sludge inside the ex-situ reactor requires pretreatment at regular intervals or inoculating the reactor with a new pure culture of hydrogenotrophic methanogens [39].


Conversely, in the in-situ method, succeeding the H2 addition, the enrichment of hydrogenotrophic methanogens occurs. A successful establishment of in-situ biogas upgradation using various substrates such as cattle manure, a combination of cattle manure and whey, and food wastes. About 75 to 100% of CH4 enrichment was reported through this approach. This results in a competition between hydrogenotrophic methanogens with acetoclastic methanogens disturbing the whole AD process based on acetate metabolism. On the contrary, the ex-situ method has the advantage of selectively controlling the two separate reactors and the bioprocesses involved, which is more convenient for mainstream applications. Table 5.2 shows the results of in-situ and ex-situ biogas upgradation systems from previous studies


In contrast to that, the hybrid system has the advantages of both the in-situ and ex-situ methods. The partially polished biogas from an in-situ reactor is further transferred into an ex-situ reactor for extended upgradation. However, all three ways are still under development with more clarity on control over the bioprocess and understanding the microbiology for better methane enrichment performance. Above all these challenges, the primary barrier to tackle is the need for continuous H2 gas, which is impossible from non-conventional energy sources such as wind and solar. Therefore, various techniques such as water electrolysis, gasification, and biological production of H2 through dark fermentation or biophotolysis are underway [40].






Table 5.2 Results of in-situ and ex-situ biogas upgradation systems from previous studies.






	Substrate or inoculum used

	Reactor volume (L)

	Operating temperature (°C) and pH

	CH4 production rate (L/Lreactor.d)

	H2 utilization (%)

	CH4 content in upgraded biogas (%)

	References






	In-situ Method






	Sludge and Straw

	2.00

	38, 7.9

	0.44

	100

	100

	[35]






	Raw Sewage Sludge

	2.00

	37, 8.0

	0.65

	96

	99

	[41]






	Cattle Manure and Whey

	0.60

	55, 8.30

	0.90

	22

	96

	[27]






	Maize Leaf

	0.12

	52, 7.00-8.00

	0.13

	100

	89

	[42]






	Pig Manure

	11.20

	55, 7.90

	0.58

	62

	83

	[19]






	Potato Starch Wastewater

	1.40

	55, 8.40

	1.15

	94

	81

	[43]






	Swine Manure

	11.20

	55, 8.10

	0.49

	60

	78

	[19]






	Food Waste

	0.075

	37, 8.50

	0.09

	72

	77

	[44]






	Cattle Manure

	0.60

	55, 7.90

	0.89

	87

	75

	[32]






	Swine Manure

	11.20

	55, 8.10

	0.42

	18

	70

	[19]






	Raw cattle Manure

	3.50

	55, 8.30

	0.05

	>90

	65

	[45]






	Ex-situ Method




	Anaerobic Digestate

	2.80

	52, 8.00

	-

	100

	98

	






	Anaerobic Digestate

	58.00

	37, 7.40-7.70

	2.52

	>99.90

	95

	[37]






	Methanogenic Sludge

	4.00

	53-55, 6.60-7.00

	6.35

	100

	>90

	[46]






	Anaerobic Digestate

	1.50-2.00

	35, 7.70-8.00

	0.10

	93

	89

	[47]






	Anaerobic Digestate

	1.50-2.00

	55, 7.70- 8.50

	0.36

	92

	85

	[47]






	Anaerobic Digestate

	1.2

	52, 8.0

	-

	100

	>98

	[29]






	Anaerobic Digestate

	1.2

	52, 8.0

	-

	-

	<79

	[29]






	Anaerobic Digestate

	1.2

	52, 8.0

	-

	100

	97-98

	[29]















5.4 Bioelectrochemical System


Similar to biomethanation, this is another promising technique where the CH4 is produced in the presence of CO2 and H2 through electron transfer from the electrochemical process, called a bioelectrochemical system or electromethanogenesis [48]. In this concept, the electrons (electric current) are passed between anodic and cathodic electrodes of an electrical circuit placed inside the anaerobic digestion reactor, as shown in Figure 5.3. During the process, the organics present are prone to decompositions at the anode. The electrons are further transferred to the methanogenic species such as Methanosarcina and Methanosaeta, by various exoelectrogenic microbial species such as Geobacter, Shewanella, and Pseudomonas. This activity results in the biological conversion of CO2 into CH4 at the cathode [49].




[image: Schematic illustration of concept of bioelectrochemical systems for biogas upgradation.]

Figure 5.3 Concept of bioelectrochemical systems for biogas upgradation.


As in microbial methane enrichment, there are two ways in which bioelectrochemical systems are achieved. At first, electrochemically donated electrons in the form of H2 are produced and later utilized by the hydrogenotrophic methanogens reducing CO2 into CH4. In addition, there are also electron donation mechanisms reported supporting methane production apart from the hydrogen pathway (e.g., acetate and formate pathways) [6]. Besides that, electron transfer through microbial activities is for DIET transfer, as previously explained in Section 5.3. An improvement in CH4 yield with a 32% increase was observed in anaerobic digestion, followed by a microbial electrolysis cell system consisting of mixed cultures of Geobacter and Methanosarcina through DIET transfer over an H2 mediated microbial pathway [50], which was also reported by other authors using pure and mixed cultures [48, 51].


Typically, a bioelectrochemical system promoting hydrogenotrophic methanogenesis consists of anodic and cathodic chambers separated using a membrane [6]. Usually, the membrane used permeates only H+ protons transferring from the anode to the cathode resulting in H2 production and later leading to the production of CH4 [52]. In addition, the membrane equipped also controls the transferring of materials and microbes involved in between the chamber and preserves the H2 purity. Meanwhile, there have also been reports of developing membrane-less reactors contributing to a much cheaper system [53] with a high H2 production yield greater than 95% [54]. The energy supply required to operate an electrochemical cell is imparted from the cathodic potential, usually denoted as –V vs. standard hydrogen electrode (SHE) [6]. The regulation of this cathodic potential manipulates the reactions taking place inside the system to methane production. The range values of the cathodic potential and corresponding routes of reactions are already identified and reported [55].


A cathode potential greater than −0.7 V vs. SHE promoted the production of CH4 via DIET phenomenon [56] and a value of −0.4 to −0.8 V vs. SHE enabled CH4 production via acetate and formate were reported [57, 58]. Meanwhile, keeping a cathodic potential of −0.8 V vs. SHE promoted several intermediate pathways to contribute 3 times improved CH4 production and a cathodic potential of −0.9 V vs. SHE lead to a 6 times increase in CH4 production even at temperatures below 10°C [59]. In a more recent study, the contribution of H2-mediated interspecies electron transfer was observed as 60% at -0.6 V vs. SHE, 70% at -0.8 V vs. SHE, 70% at -1.0 V vs. SHE, and 83% at -1.2 V vs. SHE, respectively [60]. However, in the study, direct electron transfer was observed only above -0.4 V vs. SHE. Table 5.3 shows the likely reactions occurring in bioelectrochemical systems.






Table 5.3 Likely reactions occurring in bioelectrochemical systems (taken from [6]).






	Mechanism

	Reactions

	Potential (V vs. SHE)

	Minimum electrical energy output (kWh/m3CH4)






	Cathodic bioelectrochemical reactions




	Direct interspecies electron transfer

	HCO3 - + 9H+ + [8e]- → CH4 + [3H]2 O

	-0.24

	2.1






	Intermediate hydrogen production

	H+ + [2e]- → H2

	-0.41

	3.6






	Intermediate acetate production

	[2HCO]3 - + [9H]+ + [8e]- → [CH]3 COO- + [4H]2 O

	-0.28

	2.4






	Intermediate formate

	[HCO]3 - + 2H+ + 2e- → HC[OO]- + H2 O

	-0.41

	3.5






	Biochemical reactions in the cathode






	Homoacetogenesis (intermediate hydrogen)

	2HCO3 - + [4H]2 + H+ → CH3 COO- + [4H]2 O

	N.F.

	N.F.






	Homomethanogenesis (intermediate hydrogen)

	HCO3 - + [4H]2 + H+ → CH4 + [3H]2 O

	N.F.

	N.F.






	Syntrophic acetate oxidation (intermediate acetate)

	CH3 COO- + [4H]2 O → 2HCO3 - + [4H]2 + H+

	N.F.

	N.F.






	Acetoclastic methanogenesis (intermediate acetate)

	CH3 COO- + H2 O → HCO3 - + [CH]4 + H+

	N.F.

	N.F.






	Intermediate formate to methane

	HCOO- + [3H]2 + H+ → [CH]4 + 2H2 O

	N.F.

	N.F.






	Oxidation reaction anode






	Water splitting

	

	-1.05

	8.9







N.F.: Not found.




Furthermore, some other studies investigated the optimization of the performance of bioelectrochemical systems through various strategies. The strategies can be enlisted as incorporating catalysts (e.g., cobalt-phosphate catalyst etched on a carbon cloth cathode) and improving the positions of the electrodes inside the system [54, 61]. However, this technology is also still constrained to laboratory-scale studies. Therefore, the performance and development of the system are to be further evaluated using pilot-scale and full-scale level monitoring, including the reactor configuration and optimization of microbial cultures.






5.5 Photosynthetic Biogas Upgradation


Biogas upgrading based on algal photosynthesis is also a promising biological technology alternative to conventional biogas upgrading technologies [62]. The technology primarily utilizes the photosynthetic capability of microalgae for CO2 fixation and associated oxidation of H2S into SO42by SOB bacteria in the presence of O2, a by-product of photosynthesis. Microalgae are available in almost every kind of environment with adaptable characteristics. For yielding algal biomass of 1 kg, about 1.83 kg of CO2 is utilized with a doubling time of around 3.5 h [63]. The CO2 fixation capability of the microalgae is highly correlated with algal yield directly or indirectly dependent upon various physico-chemical factors such as solar irradiance, pH, temperature, availability of CO2 and O2, mixing, salinity, etc.


In an algal-based photosynthetic biogas upgradation, the microalgae are cultivated inside a reactor, namely, a photobioreactor operated at a suitable environment [64]. Then, the raw biogas is transferred into it resulting in the absorption of CO2 to the aqueous solution. Thus, the inorganic carbon inside the reactor takes the form of CO2, HCO3- CO32-, and H2CO3 depending on the pH environment inside the column and ionization equilibrium. First, these components are assimilated by microalgae through cell membrane level cation exchange or catalysis or by encouraging the periplasmic enzyme carbonic anhydrase synthesis. Later, the inorganic carbon is subjected to a cell metabolism known as the Calvin-Benson cycle stimulated by photosynthesis, ensuring higher photosynthetic energy capturing efficiency (~3%) in microalgal cultures.


In general, the algal photosynthetic biogas upgradation system utilizes microalgal species recorded with a shorter growth rate. Scenedesmus, Chlorella, and Nannochloropsis are some of the common microalgal species that are being used in photobioreactors. The cultivation and growth of specific microalgal species depends upon the long-term operation inside the photobioreactor and after proper acclimatization over a long-term process. The rapid growth of Pseudanabaena sp. and Chloromonas sp. with relative abundances of 48% and 26% over Chlorella sp. was reported in the high-rate algal pond over long-term acclimatization [65]. However, at varied environmental conditions, the dominant species varied rapidly. The variation in microalgal diversity depends upon the CO2 concentration present in the raw biogas. A consortium of algal species consisting of Geitlerinema sp., Mucidosphaerium pulchellum, Chroococcidiopsis sp., Pseudanabaena minima, Microspora sp., Scenedesmus sp., Limnothrix mirabilis, Synechocystis aquatilis, Cyanosarcina sp., and Woronichinia sp. was observed in a high-rate algal pond treating vinasse [66]. However, only the highly tolerable algal species could overcome adverse conditions such as higher pH or saline environment with no drop in total methane enrichment performance [13].


Meanwhile, the H2S present in the biogas is also transferred since its solubility is far higher than CO2. The dissolved sulfides in the liquid are present in the form of HS- and S2-. In general, these sulfides can be oxidized to SO42- or S0. The oxidation process can be carried out chemically or biologically and depends upon the liquid’s oxidation-reduction potential. The chemolithotrophic bacteria belonging to the Thiobacillus genus oxidizes H2S into S0 under limited oxygenic conditions. The form of oxidized sulfides depends upon the presence of oxygen. Under moderate oxygenic conditions, sulfides get oxidized to SO42-, while the excess of oxygen results in the production of S2O32-.


Hence, this process can mutually occur with algal-based CO2 uptake since oxygen produced by microalgae can assist sulfide oxidation, reducing the need for exogenous oxygen. This strategy can tackle the challenges of accumulation of elemental sulfur, enhancing the solubility of H2S and absorption of CO2 in the liquid phase. However, after a specific interval, the performance of H2S oxidation depends upon the rate of photosynthesis and further disrupting the microalgal activity limiting O2 production [67]. H2S concentration above 100 ppmv inhibited the microalgal species of Chlorella [68] and is also toxic to sulfur-oxidizing bacteria above a specific limit [69].


The concept of microalgal-bacterial co-existence was initially investigated by [66] and later, the co-existence of microalgal culture with sulfur-oxidizing bacteria (Thioalbus genus) was reported by Toledo-Cervantes et al. [13]. However, the concept is still new and is under research investigation for biogas upgradation, but the idea was earlier proposed for high-rate wastewater treatment [70–72].


In a study by Mann et al. [73], microalgal species of C. vulgaris cultured in an enclosed tubular photobioreactor (working volume: 0.45 L) using Bold’s Basal medium and purging of biogas having composition CH4: 58%, CO2: 42%, and H2S: 438 ppm achieved enriched methane under the high presence of O2 around 23.4%. However, the oxidation of H2S under higher oxygenic conditions further deteriorated the biogas upgradation performance. In another study by [74], a similar observation was stated while investigating the performance of a photobioreactor (working volume: 1L) containing a microalgal culture of Arthrospira platensis with a biogas composition CH4: 70–72%, CO2: 17–19%. As a different strategy, microalgae cultures of mutated Chlorella sp. MB-9 were cultivated in an enclosed bubble column reactor system (working volume: 50 L) with improved tolerance levels to higher CH4 and CO2 concentrations. The biogas containing H2S less than 50 ppm was injected intermittently and air at regular intervals of 30 min exhibited performance improvement. The upgraded biogas consisted of CH4 concentration above 85% and removal efficiency of CO2 greater than 74% [68]. However, the key limitations of the closed system are the energy and cost-intensive nature due to the requirement of additional lighting over typical open systems. Still, the CO2 removal efficiency is lower in the latter [7]. Therefore, open high-rate algal ponds are considered the best reactor configuration for cheaper biogas upgradation units. At the same time, systems such as bubble column photobioreactors are regarded as efficient mass transfer systems.


Bubble columns also supported preventing eutrophication from anaerobically treated effluents [63], known for their low carbon and nutrient-rich characteristics [75]. In addition, bubble columns provide a CO2 mass transfer efficiency compared to the packed bed column [62]. Unlike that, Fu et al. [64] modified a conventional airlift flat-plate photobioreactor to improve the hydrodynamic regimes and uneven light distribution using novel airfoil-shaped deflectors. As a result, the modified reactors achieved an improved microalgal biomass yield of 18% and a CO2 fixation rate of 11%.


An increase in mass transfer efficiency at a higher liquid to gas ratio is another strategy that can be implemented to increase the CO2 removal efficiency [63]. However, a higher liquid to gas ratio increased CO2 removal and the presence of oxygen that deteriorated the quality of upgraded biogas for its application [65]. Therefore, the recycling liquid to biogas ratio was identified as a critical operational factor determining the final quality of the upgraded biogas [13]. The study optimized the liquid to gas ratio, which must be around 1:¼ to obtain a biomethane complying with national standards. Recently, a study investigated some innovative strategies such as the utilization of greenhouses in winter, a direct CO2 stripping in the photobioreactor via air stripping during winters, and the use of digestate as make-up water during summer conditions [76]. In the study, complete H2S removal was achieved under all conditions, with the CH4 content in the obtained upgraded biogas ranging above 89.5% during the whole period. As microalgae are an excellent source for bioenergy production [77], photosynthetic biogas upgradation is being investigated to be integrated with wastewater treatment, anaerobic digestion, and simultaneous CO2 recovery as a circular economy concept [78, 79] and is expected to hit the market soon. Such a concept is depicted in Figure 5.4.
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Figure 5.4 Photosynthetic biogas upgradation system concept in anaerobic based wastewater treatment plant.






5.6 Techno-Economics of Biological Biogas Upgradation Technologies


The environmental and economic value of biogas from the anaerobic digestion process can be boosted by integrating chemoautotrophic or photosynthetic upgrading systems. The upgrading costs of different systems are varied depending on the specific configurations and operational mode. Upgradation of the raw biogas occurs via hydrogenotrophic methanogenesis with the current technology due to H2 storage and transportation [15]. The way to counteract this is to convert the surplus electrical energy for hydrogen production through water electrolysis [80] or attempting hydrogen production through biomass conversion techniques (gasification, biophotolysis, or dark fermentation) [8]. Recently, D’ Silva et al. [8] proposed a concept for developing biomethanation through a two-stage anaerobic digestion system. However, future investigations and investments are required for the optimization of such concepts. Similar is the case of bioelectrochemical systems.


Higher capital investments requirements for bioelectrochemical systems are the main challenge for its commercialization as biogas upgrading technology [81]. The cathode metal (e.g., made up of metals such as platinum) used in the bioelectrochemical systems can account for up to 85% of the capital cost of the technology. Meanwhile, the techno-economics of the photosynthetic biogas upgradation technique relies upon the need for CO2 storage and transportation [82]. This is because only a maximum of 25% of CO2 can only be absorbed by the algal culture [82]. Therefore, an open pond algal system seems to be a viable solution for achieving higher upgradation performance regarding hydrogenotrophic methanogenesis and bioelectrochemical technology methods. However, the land requirement is a concern, hence, photobioreactor-based systems might be more applicable [80]. However, the techno-economics of photosynthetic biogas upgradation are based on photobioreactors highly dependent upon the reactor configuration and operational designs. All three systems are yet to be optimized in terms of energy and cost requirement and upscaled to full-scale applications.






5.7 Conclusion


This chapter discussed the developed and developing biogas upgradation systems for high-quality biomethane applications. Different existing biogas upgradation systems were compared with respect to their performance, energy requirement and techno-economics. The selection of a suitable biogas upgradation technology relies on the application of the upgraded biogas and quality requirement. Furthermore, this chapter discusses the various emerging biological biogas upgradation technologies. Biological biogas upgrading through microbial methane enrichment, bioelectrochemical systems, and algal-based photosynthetic biogas upgradation are promising technologies providing cheaper and energy-efficient alternatives for available physical and chemical biogas upgradation techniques. Microbial methane enrichment and bioelectrochemical systems are still under research investigations expected to receive more research development. Meanwhile, photosynthetic biogas upgradation has been developed over time, with more research and concepts reported even though all three biological biogas upgradation systems have their advantages and disadvantages and are expected to hit the biogas upgradation world market soon.
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Abstract


Our environment is worsening day by day due to increasing technological demand. Carbon dioxide and other air pollutants are being released at a faster pace, putting the environment in jeopardy. Renewable sources of energy are majorly emphasized in the review, for example biofuels which are made from biomass. The various methods for producing biofuel from renewable feedstock will be discussed in this chapter. This includes various sources like algae, carbohydrate (sugar) rich biomaterials, oil-rich biomaterials, and agricultural wastes which are an organic source. The use of these biofuels can help to eradicate most of the environmental problems created by the use of hydrocarbon-containing natural resources. As a result, more demand for fossil fuel-based energy requires a search for alternative sources of renewable energy such as biofuels, biodiesels, etc. Some examples of present and future feedstocks are sugar-containing plant crops such as Beta vulgaris (sugar beet), Saccharum officinarum (sugar cane), Great millet (sorghum), oilseeds, algae, sea waste, and lignocelluloses masses like the carbon-based segment of metropolitan solid leftover or landfill leachate. In the previous span, the third generation of biofuels has come up, i.e., those obtained from algae. Fourth-generation technologies can be enhanced by the conversion of carbon dioxide into methanol. This chapter focus on the different methods for obtaining, producing, and using biofuels for economic sustainability.
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6.1 Introduction


Energy is a vital component of our way of life. We are fully dependent on power nowadays. If we do not have enough energy, we will not be able to live. Because of modern improvements, we need a lot of energy to live a long life. This energy is primarily derived from fossil fuels. Coal and petrol are convectional energy sources [1, 2]. Because of the large-scale usage of energy resources, fossil fuels are depleted and carbon dioxide levels in the atmosphere are rising, resulting in an unclear impact on the planet. The energy supply rose from 6 Gigatonnes to 15 Gigatonnes between 1970 and 2015 and fossil fuel use remained high for primary energy supply.




[image: Schematic illustration of classification of renewable feedstocks.]

Figure 6.1 Classification of renewable feedstocks.


In 1973, fossil fuels were used to produce around 86 percent of primary energy, but in 2015 they were used to produce roughly 78 percent. By 2020, oil production reached its peak, while consumption continued to lift, mostly in China and India [3]. As a result, more demand for fossil fuel-based energy requires searching for an alternative source of renewable energy such as bioenergy, biofuels, etc. Biofuels and bioenergy are sources of biomass and they are generally made up of biological materials like plants, animals, garbage, and microbes [4–6]. Because they contain no sulfur and emit minimal levels of carbon monoxide and hazardous monoxide, they provide a significant amount of environmentally friendly global energy, lowering carbon emissions and improving energy safety (Figure 6.1). Other factors such as the high cost of energy imports, as well as environmental concerns have increased interest in biofuels. When compared to traditional fuels, the main features that an alternative fuel should have are economic feasibility, ease of availability, and reduced environmental difficulties [7, 8]. Biofuels are characterized by three generations based on different sources of biomass, renewable sources of energy, and industrial progress. First-generation biofuels are mainly edible. Second-generation biofuels are fuels produced from a wide range of different feedstock and these generations are non-edible. Third-generation biofuels are algae-based biomass. Biomass is known as the biodegradable division of waste products from agriculture, vegetable varieties (such as sugar cane, sugar beet, sorghum, palm, castor bean, crop, cassava, oilseeds, soybean, etc.), forestry waste (such as animal and plant excreta, dead remains), and industrial waste [9].






6.2 Sugar Containing Plant Crops


Ethanol produced for biofuel today is based on feedstocks containing either sugar or starch. Common sugar crops used as feedstocks include sugarcane, sugar beet, sweet sorghum, etc. Feedstocks containing starch or cellulose, which can be converted to sugar, can also be used to produce ethanol (Figure 6.2).




[image: Schematic illustration of industrial effect of sugar crops.]

Figure 6.2 Industrial effect of sugar crops.






6.2.1 Sugar Cane (Saccharum officinarum)


Sugarcane (Saccharum officinarum) is a long and perennial crop that is grown throughout the year and the crop is cultivated to produce saccharine from its components. It is the most preferable crop whose yield is directly proportional to biomass production due to root-based agriculture. The crop is mainly planted in tropical and subtropical regions of the earth [10]. The statistical approaches have estimated that there are about a hundred countries with around 26.9 million hectares of area for the production of sugar cane, which results in about 1.9 billion tons of sugarcane production [1].


Brazil is known to be the home for cane production. Other countries like India, China, Thailand, Colombia, Indonesia, the Philippines, the United States, and Australia have major cane industries and a large amount of ethanol is exported to other countries.


The saccharine content in sugarcane ranges between 14% to 42% in dry weight concentration and the remaining dry biomass is derived from the lignocellulosic cell wall (cellulose, lignin, and ash are major constitutes). The entire use of lignocellulose biomass produced via sugarcane is 584 million tons dry mass-produced, with an average of 22.9 dry mass tons per hectare per year. Similarly, bioethanol production from bagasse is approximately 3,000 L per hectare with a total yield of 9,950 L per year [9].


Ethanol generated from sugarcane is a useful product in the beverage industry because it is an alcohol-based fuel produced by the fermentation of sugarcane and molasses. Also, it is an eco-friendly, easily affordable biofuel with low carbon content.


Sugarcane ethanol has come out as the most significant renewable biofuel in transportation sectors because of its premium quality and yields and as a result, the domestic markets hold most of its production and are sold either in pure forms (ethanol fuel) or with gasoline mixed fuel. Various studies have estimated that ethanol with gasoline mixed fuel is more eco-friendly for its known nature of reducing air pollution. Since ethanol adds oxygen to gasoline, it also reduces harmful Greenhouse Gas emissions up to 90%.


In the comparison of sugarcane fossil fuels, sugarcane ethanol with gasoline is far better than any other biofuel produced on a private enterprise-scale as it also increases vehicle’s performance because it contains high-octane that regulates more energy in higher compression engines.


It is also useful to reduce global dependence on fossil fuels.








6.2.2 Sugarbeet (Beta vulgaris L.)


Sugar beets (Beta vulgaris L.) are a root-crop/plant and their root contain an excessive amount of sucrose. Sugar beets are heavily used in sugar production. Also, it is a useful feedstock for leading and reforming biofuel for its abundant production [11]. Estimated studies have reported that Europe and America are the main producers of sugar beet and also for extracting sugar (sucrose) from sugar beet [12].


In addition, about 20-25 tons per acre of sugar beets are cultivated in a temperate region [13, 14]. Ethanol production from sugar beets is the most common but is generally expensive because the production needs more energy and chemical input. Non-edible commercial sugar beet is found to have enhanced ethanol production by 50% per hectare [11, 12].


The procedure for the ethanol extraction process from sugar beet involves grinding the beets, extracting the juices, and boiling it with water, which forms a product known as “mash”. It can further be fermented and then refined to extract the ethanol. Ethanol fuel is mostly used in converted engines as it has an alcohol concentration higher than 80%, whereas it helps in preventing the dissociation of gasoline and ethanol [13–15].


The production of sugar, ethanol, and biofuels from the sugar beet has a major impact on the environment by causing continuous depletion of nature and its surroundings. Excessive utilization of water and greater utilization of agro-synthetics has overflown the polluted effluent and air pollution [16].






6.2.3 Sweet Sorghum (Sorghum bicolor (L.) Moench)


Sweet sorghum (Sorghum bicolor (L.) Moench) is a long, strong stalk-like grass, also known as jowar, durra, etc., which plays a major economical role as it is an abundantly used crop for human consumption in rural as well as urban areas without any processing [3]. Its five main producers in the world are India, the United States, China, Nigeria, and Mexico and their total production estimated is 73% of the total population in the world [15, 17]. The main purpose of the production of sorghum is for the high concentration of sugar in its stalk [3].


Its sugary stalk provides the finest quality of bioethanol and is considered a good source of bioenergy. t is majorly grown in the tropical and temperate regions of the world and is also used in the southern United States because of its eco-comfortable quality (salinity tolerance, less fertilizer input, and requires low water quality). It can also be cultivated at marginal zones, most of which are probably not suited for crop production.
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Figure 6.3 Bioethanol production from sweet sorghum.


Bioethanol is produced by the fermentation of sorghum stalk, which is roughly twice that of average ethanol production. In 2019, the U.S. and Brazil produced 59.8 billion and 32.6 billion liters of ethanol, respectively. These countries have become, globally, the widest producers of ethanol [3].


Also, sorghum in all concentrations can be used as viable feedstock (Figure 6.3). It uses various types of technologies to convert it into the foremost biofuels like bioethanol, bio-hydrogen, bio-oil, syngas, etc. [18]. The biological, chemical, and thermochemical processes are the main processes used in sorghum production [3, 18]. However, there are some advantageous impacts on the environment as it has been found to lower the greenhouse gas emissions. It can also be grown in low water regions because it demands low fertilizers, low leaching, and is suitable for low-level agriculture because of its short vegetative cycle. Besides this, bioethanol produced from it has several disadvantages due to its emissions and disadvantages mainly include photochemical smog, acidification, ozone depletion, and eutrophication [17].








6.3 Crops




6.3.1 Corn (Zea mays)


Maize (Zea mays) is an edible cereal grain also known as corn. The stalked plant comes with fruit (cob) which is covered with the kernel (seeds) and by a husk [19]. The two largest producers of corn are the U.S.A and China, with a total of 58% of the world’s population. In 2009, ethanol production from corn reached a high of 13.2 billion per 86.5 million acres and became one of the most desired feedstocks in the United States. Corn is rich in starch which makes corn the finest biofuel feedstock and it is comparatively easy to convert starch into ethanol by using a glucoamylase enzyme which breaks the complex structure of starch into simpler sugars such as sucrose, then yeast is mixed with simple sugar and produces a final product called ethanol [4]. Per year, 36 billion gallons of grain-based ethanol is produced specifically from corn (Figure 6.4).


According to Renewable Fuels Association (RFA) experiments, corn ethanol helps to improve energy balance by 20% to 40% per ethanol production cycle. Also, it is biodegradable, helps in lowering the greenhouse effect, could be the finest biofuel alternative.


However, corn production may also cause some environmental issues like soil erosion. Excessive use of pesticides and nutrients can damage the soil surface and contaminate the water bodies along with corn ethanol and high demand for corn ethanol-based fuel may affect food production [4].
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Figure 6.4 Bioethanol production from corn.








6.3.2 CASSAVA (Manihot esculenta)


Cassava is an edible starchy vegetable root, also known as Manihot esculenta, which is used as a food supply in tropical and subtropical regions, as well as in biofuels and medicinal fields.


The worldwide manufacturer of cassava is Nigeria with 52 billion tons of production per annum, which is equal to the total production of Asian [8].


Cassava root is enriched with starch which can easily be converted into biofuels. Cassava’s two main bioproducts are biomethane and ethanol, which are classical feedstocks for fuels (Figure 6.5).


First, Cassava peeling residue with anaerobic digestion gives rise to biomethane which can be used in preventing degrading air quality and diseases that lead to air pollution [8]. Second, conversion of starch gives ethanol which is more capable than gasoline and corn fuel ethanol because it can convert non-liquid fuel into fuel that has vast commercial [6] and economic applications in many countries like Africa, Brazil, China, Thailand, India, and Indonesia.




[image: Schematic illustration of cassava as feedstock for ethanol production.]

Figure 6.5 Cassava as feedstock for ethanol production.










6.4 Oilseed


Oilseeds are edible seeds that are mainly obtained from vegetable plants and are also known as vegetable oil. It has innumerable industrial as well economic importance as it is used as biofuel and can also be reused as cooking oil. Oilseed can be classical feedstock for the production of biofuel after transesterification, pyrolysis, or by blending with hydrocarbon, etc. [20]. However, transesterification (the process in which ester reacts with alcohol and forms biodiesel) is the most reliable process for the conversion of bio-oils into biodiesel [21]. On the other hand, oilseeds such as soybean oil, palm oil, canola oil, sunflower oil, and castor oil are more inexpensive than other biofuel feedstocks and are more efficient to use [20] (Figure 6.6).




6.4.1 Soybean (Glycine max)


Soybean is an edible seed enriched with protein and some other nutrients that is consumed worldwide. Commonly famous as soya bean, Glycine max, etc., it is grown throughout Asia, South America, and North America. The United States is known to be the biggest producer of soybean after Brazil [22]. Soybean seed contains only 18% oil and 88% proteins. Soybean oil is the main significant feedstock for the production of biodiesel [23]. The most widely recognized technique for biodiesel production is transesterification in which vegetable oils react with alcohol (usually methanol or ethanol) as a catalyst for sodium hydroxide. After that the reaction takes place, it gives by-products which are then centrifuged to remove impurities (glycerin, methyl, etc.) and the final product obtain by this process is biodiesel [1, 2, 24]. Soybean biodiesel has positive values as it is environment friendly, involves the least carbon emission, and is biodegradable (Figure 6.7).




[image: Schematic illustration of biodiesel production from oil seed.]

Figure 6.6 Schematic diagram of biodiesel production from oil seed.






[image: Schematic illustration of production of biodiesel from soyabean oil.]

Figure 6.7 Production of biodiesel from soyabean oil.






6.4.2 Palm (Elaeis guineensis)


Palm is one of the most common stemless trees found in various sizes and is also known as African Palm. It originated in western-central Africa and is mainly cultivated in southeastern Asia and northwestern and Central America.


The palm tree is a great source of oil; the total estimation of the oil per hectare is 57 Mt of the world’s production of vegetable oil (Figure 6.8). India and China are the largest importers of palm oil every year.


Palm oil has is biggest in sustenance area including frozen yogurt, chocolates, pasta, and so on and in the cosmetic industry it is used for shampoo, soaps, and detergents. Palm oil is also used in bioenergy production as biodiesel feedstock. It helps in maintaining energy inputs and outputs [1, 2, 23].






[image: Schematic illustration of biofuel production as renewable energy from palm oil.]

Figure 6.8 Biofuel production as renewable energy from palm oil.






6.4.3 Canola Oil


Canola is a 3-5 ft. tall plant with seed-bearing pods. Canola seeds are an enriched source of oil that can be converted or used as an alternative to biodiesel. It is a feedstock for biodiesel and is livestock for cooking oil. It is an effective and efficient oil with low carbon content, which is ideal for biodiesel production. It also helps in the process of bringing down substances involved in ozone layer depletion. It can also be processed into biofuels such as aviation fuel and used at oil treatment facilities. These biofuels are a cleaner-consuming option in contrast to oil in that it can be supplemented or it can be mixed with diesel fuel for prominent use in on-street vehicles, including civil long stretch trucks and rough terrain gear for horticulture, along with various other ventures (Figure 6.9).




[image: Schematic illustration of production of biofuel from canola seed.]

Figure 6.9 Production of biofuel from canola seed.








6.4.4 Sunflower Oil


Russia is the largest producer of sunflowers all over the world. It has both economical and industrial importance [2]. Rather than seeds, sunflower oil (extracted from the seed) also has great biofuel value. Sunflower is also used as feedstock for biofuel as it generates tons of energy via transesterification. This oil is used in export-import industries because of its biodegradable nature, which mainly reduces air pollution. Researchers also say that the sunflower husk falls in the category of biomass and it also can be used as an energy generator [25]. Biodiesel can be produced from sunflower oil by the refinery process called transesterification (Figure 6.10). It is vital that the sunflower is refined and is de-waxed before mixing it with diesel fuel [26]. Biodiesel produced from sunflower oil does not have one fixed quality, however, various characteristics also rely upon climatic conditions and rural practices [6].






6.4.5 Castor Oil


Castor oil is an edible vegetable oil that is also used as medicinal oil whereas castor seeds are toxic and are also used as an insect repellent [6]. Although castor seeds are poisonous, the oil is a highly valuable feedstock for biofuel production [27].


Castor oil is enriched with ricinoleic acid, which is also known as hydroxy octadecenoic acid, is rarely found in other oils, and can produce biodiesel with a maximum blending value which is 10% of ricinoleic acid. It is used as a major alternative for biofuel feedstock by the petroleum industry [28] (Figure 6.11).




[image: Schematic illustration of bioethanol production from sunflower oil.]

Figure 6.10 Bioethanol production from sunflower oil.






[image: Schematic illustration of bioethanol production from castor oil.]

Figure 6.11 Bioethanol production from castor oil.






6.4.6 Cottonseed Oil


Cottonseed oil is an edible cooking oil extracted from cotton seeds that are used only after filtering the gossypol which is toxic and harmful for commercial purposes [29]. Gossypol is also used by the plant itself for protection from insects. However, unrefined cottonseed oil can be used as an insecticide. In addition, cottonseed oil is edible and has various health benefits, specially to the heart and skin, and it also has economic and industrial potential [14]. Statistical estimation represents that Turkey has the largest cottonseed oil extraction from plants with 5 million tons production per year concerning China, India, Pakistan, and the U.S.A.




[image: Schematic illustration of production of biodiesel from cotton seed oil.]

Figure 6.12 Production of biodiesel from cotton seed oil.


Cottonseed oil is converted into biodiesel by transesterification [30]. The process takes place by oil (methyl esters) derived from cottonseed, viewed as a decent substitute fuel in inside combustion motors with electrical generators (Figure 6.12).






6.4.7 Jatropha Oil (Jatropha curcas)


Jatropha is a seed germinating flowering plant with poisonous leaves mainly cultivated in tropical and subtropical regions and temperate climatic regions like Central America, South America, Asia and Africa, and India [24]. India is the largest producer of Jatropha [30]. Jatropha and its oil have various kinds of medicinal, household, and environmental benefits such as their use as lubricants, soil erosion controllers, firewood, and to prevent skin irritation [31].


Beyond its vast variety of benefits, the Jatropha seed shell is composed of lignocellulose (mixture of cellulose, hemicellulose, pectin, and lignin) and lignocelluloses are one of the good sources of biofuel production (Figure 6.13). Also, Jatropha has the potential to be the finest biodiesel as it has similar molecular and chemical properties to the diesel, hence it is also called a biodiesel plant. Jatropha oil is used in many vehicular industries as biofuel in automobiles and as jet fuel by processing with methanol which gives alcohol and biodiesel as a product.




[image: Schematic illustration of biodiesel extraction from Jatropha.]

Figure 6.13 Biodiesel extraction from Jatropha.








6.4.8 Jojoba Oil


Jojoba is the main plant used for the production of biofuels. However, these plants are not reliable for eating purposes but play a significant role in cosmetic production. The jojoba shrub was primarily grown in Africa and the Sonora desert in the southern USA [32]. Jojoba oil is termed “green gold” as it is cultivated for the production of mostly in Egypt. The term “green gold” is taken from the fact that their seeds are used to produce oil while the residues can be used as a solid fuel which implies zero waste formation. Jojoba raw oil is extracted by pressing the jojoba fruit. After oil extraction, fruit solid waste is used as animal feedstock [33]. Production of biodiesel from solid waste can be used as an inexhaustible source and is used as an asset for biodiesel production (Figure 6.14). It is useful as a clear and pure fuel or sometimes mixed with diesel fuel for motors and in petroleum gas/LPG double fuel motors [34]. The utilization of Jojoba blends helps in a significant reduction in the emissions of exhaust pollutants in operating vehicles [34, 35]. Also, the best results were obtained when the blend is utilized as a substitution for the diesel fuel Jojoba oil and gave a good performance of the tractor engine and produced less harmful pollutants on the environment.




[image: Schematic illustration of production of biofuel from jojoba oil.]

Figure 6.14 Production of biofuel from jojoba oil.






[image: Schematic illustration of production of biodiesel from neem oil.]

Figure 6.15 Production of biodiesel from neem oil.






6.4.9 NEEM (Azadirachta indica)


Neem is an evergreen large tree that is 12-18 meters long with a 1.9-2.4 meter girth that is used as a medicinal plant in the tropical regions such as India, mainly in Bangladesh, because of its antioxidant properties. It is also known as Azadirachta Indica. Its tree leaves and extracted oil are used to cure skin infection, toothache, cold, and cough. Aside from its medical value, its oil is also used to produce biofuel [1]. This oil is considered better than diesel fuel because of its density, viscosity, and weight. Neem carries 4 types of saturated fatty acid, of which 2 are palmitic acid and the other 2 are stearic acid. Also, it contains triglycerides which can be converted into biofuel in the presence of methanol by transesterification [36], where ester (triglyceride present in neem oil) reacts with methanol and gives the by-products biodiesel and glycerol [11, 37] (Figure 6.15).








6.5 Lignocellulosic Waste


A second-generation biofuel is prominently a dry agricultural waste which is generally nonedible and used in the manufacturing of various bioproducts such as ethanol, biogas, biodiesel, etc. (Figure 6.16). Products like sugarcane bagasse, corn straw, rice husk [2], and wheat straw are recycled to use in automobile industries, mainly for heat and electricity generation. It has been researched that eco-friendly plastics are also made from some biodegradable agricultural waste, which is the least toxic for nature. Also, it secures food availability and maintains energy balance [31].




[image: Schematic illustration of production of biohydrogen from lignocellulosic feedstock.]

Figure 6.16 Production of biohydrogen from lignocellulosic feedstock.




6.5.1 Sugarcane Bagasse


Sugarcane bagasse is the solid waste product which remains after sugarcane juice or sugar extraction [2]. It is an enriched source of polysaccharides such as cellulose, pectin, hemicellulose, and lignin and is also known as lignocellulosic waste. Other inorganic extractives that are formed from sugarcane bagasse are used as a renewable feedstock for ethanol production [16]. The productivity of sugarcane bagasse yield is much higher than the productivity of its juice or sugar (main elements). It is also well known that waste secreted from sugarcane bagasse is lesser and this is what makes it a valuable biofuel source [38]. Brazil has well-settled industries for ethanol production with sugarcane bagasse because of its high yield and high efficiency of energy security [6]. The estimations also tell that ethanol alloys with gasoline are the better biofuel (increase vehicle’s life) than the pure ethanol fuel. Ethanol gasoline fuel is also a greater product to be used by various automobile industries, especially in Brazil. The major benefit of the fuel is that it is the least expensive [28].








6.5.2 Rice Husk


The waste product of rice grain is obtained via the separation of the outer layers of rice grain and husk produced during the milling process [5]. The total production of the rice grain is equal to the total production of rice husk, which is ten million tons per annum [2]. The rich husk is the production source of power and energy and these bio-energies are also known as renewable energy, which soothes the air quality and maintains a positive energy level [39].


The burning of rice husk biomass produces heat energy as its yield is utilized in large amounts of production of steam from boilers for sufficient heat and power generation [35]. On the other hand, its gasification produces syngas as its output (Figure 6.17). The syngas is used as electricity and heat generating fuel, additionally, it is also used in IC engines.






6.5.3 Corn Stover


The composition of pulp from saccharides like hemicellulose, lignin, protein, ash, and lignocellulose produces reliable corn stover. It is also known as maize stover in agricultural remains (parts including cobs, husks, stalks, leaves, and tassel), unlike straw. Corn stover is a source of bioethanol and inadequate amounts are used in mid-size passenger vehicles instead of gasoline, which is also obtained from corn stover (Figure 6.18). Gasoline mixed with ethanol could be a better biofuel in transportation industries [2]. It is also used in advanced biofuel as emergency feedstocks [40].




[image: Schematic illustration of biofuel production from rice husk.]

Figure 6.17 Biofuel production from rice husk.






[image: Schematic illustration of corn stover as sustainable feedstock.]

Figure 6.18 Corn stover as sustainable feedstock.






6.5.4 Wheat Straw


Wheat straw is popularly known as a residue of wheat grain obtained after its harvest. Generally, in common practices, farmers burn this wheat grain residue, which results in the introduction of harmful gases that pollute the environment.


However, it is totipotent in the production of bio-products such as sugar and eco-friendly plastic. Wheat is used as biodiesel by so many industries because wheat straw produces biogas and methane after its treatment with lignocellulosic biomass with anaerobic degradation (Figure 6.19). A significant number of studies also say that methane and biogas are more productive than ethanol [41]. The use of waste products such as biofuel or any other valuable product reduces air pollution.






[image: Schematic illustration of bioethanol production from wheat straw.]

Figure 6.19 Bioethanol production from wheat straw.








6.6 Sea Waste




6.6.1 Algae Biomass and Oil


The algae biomass is defined as the total amount of algae deposited in the water bodies concerning time or with increasing time. It is a modern type of biomass fuel and shows a positive impact on the environment by reducing CO2 emissions from the engine [29]. It is enriched with energy oil (Figure 6.20) that is formed by the extraction of oil from the fermented algae and then processing it to use it as alternative liquid fossil fuel [42]. It is the most successive and favorable feedstock for diversified biofuels generation such as biogas and biodiesels and after gasification, syngas is also produced [29].




[image: Schematic illustration of conversion processes of algal biomass for biofuel production.]

Figure 6.20 Conversion processes of algal biomass for biofuel production.










6.7 Liquid Waste


It is common to call liquid waste a waste product, such as grease, oil, gases, etc., which mainly arise from industries and urban and rural activities. These liquids are hazardous to water bodies, together with the environment and human health. However, this waste is the finest source of dihydrogen, biogas, and methane which are potentials for biofuel [5].




6.7.1 Vinasse


Vinasse is the remnants of a liquid waste byproduct of sugar industries concerning ethanol production. Sugarcane juices are mixed with yeast for fermentation and after that, distillation is done and as a result, two byproducts, i.e., ethanol and vinasse, are produced. It is generated in a distillation column and is deposited at the bottom of the column. Vinasse is a potential biofuel feedstock for hydrogen and biogas production and it is also used by transportation industries but is reliable to use after its purification and entire processing, as it is enriched with organic nutrients which also make it a potential pollutant [5].






6.7.2 Glycerol


Glycerol (glycerin) is a colorless, viscous, sweet-tasting liquid that includes sugar as well as alcohol. Glycerol is one of the most inexpensive and huge carbon enriched source of saccharine, whose remains are good for the worldwide production of biofuels [5].


Glycerol is generally obtained from triglycerides. It is derived when triglycerides are mixed with methanol which gives the byproduct glycerol [6]. Naturally, it is obtained as a co-product from fatty acid, fatty ester, or soap and oils and fats. Glycerol is the most significant byproduct for the biodiesel industry that is generally used as crude glycerol (Figure 6.21). Crude glycerol is easy to obtain because of its low cost of purification [43]. Apart from its biofuel potential nature, it is non-toxic to humans and the environment, but researchers say that the excessive use of glycerol also rapidly increases the BOD (Biological oxygen demand) of water by reducing its oxygen content because of its hydrophobic nature, which will suffocate fish and other organisms [10, 44].






[image: Schematic illustration of production of biofuel from glycerol.]

Figure 6.21 Production of biofuel from glycerol.






6.7.3 POME (Palm Oil Mill Effluent)


POME is a resourceful liquid waste obtained from palm oil milling which is hazardous for the environment, so it requires higher treatments before its release into the large water bodies. The reason behind calling it a sourceful waste is that it is viewed as a modern feedstock because of its high demand and its efficient use by modern technology. For example, in the hexane solvent extraction method, it is used to separate oil mainly from crude palm oil and ultimately, separated water wastes from palm oil and is used as a dominant energy source for biodiesel production [45]. This method involves four continuous steps and, in every step, POME is found to lose oil fragments to crude palm oil (Figure 6.22). Since crude palm oil is identified as raw biodiesel, it is also used for biogas production via anaerobic digesters [5].






[image: Schematic illustration of production of biofuel as renewable energy from palm oil.]

Figure 6.22 Production of biofuel as renewable energy from palm oil.








6.8 Conclusion


Biodiesel/biofuel is the renewable and applicable replacement of fossil fuels. These are produced from edible crops such as sugar-containing plants, crops, palm oils, and soybean oil [7], which are first-generation biofuels. The major benefit is that their process of production is actually low cost and less technical (for example, ethanol biofuels) and they are also an excellent source for industrial biodiesel production, but are comparatively less than other generations [26]. “Non-edible” feedstock for biofuel production, including oil crops (jojoba oil, cottonseed, Jatropha, etc.) and wastes oil (waste oils, food processing wastes, water waste), are a part of second-generation biofuels. Algae oil is a third-generation feedstock and agricultural residues (straw, corn stover). This review paper covers the significant use of all the biodiesel tools used in different generations (1st, 2nd & 3rd generation biofuels) to produce bio-products in terms of good relative feedstocks and varieties of biodiesel production through advanced technologies [7, 26]. Biofuels provide lots of interests to society and the environment and are the reason behind ‘n’ number of economic and industrial benefits. With the growth of population competition for land and water, biomasses and bioenergy demand is also increasing. There are mega industries that manage issues related to reducing dependence on fossil fuels and ensuring the management of continuous declining climatic changes [7], though industrial growth will be limited by the accessibility of natural resources such as water, land, etc., which have been developed from time to time, empowering the fate of sustainability of biodiesel [5].
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Abstract


In modern times, energy production is found to be one of the most persistent issues. From domestic to economic use, energy production and extraction is required. The synthesis of a wide range of goods and services also requires a source of energy, and primarily, the most widely used energy source in the world is, fossil fuels. Because of the rapid development and expansion of the system, natural gas drives its use for domestic supplies and the resulting declining pressures of natural gas prices have stimulated renewable commercial awareness in domestic Gas-to-Liquid (GtL) processing. Moreover, all primary natural gas contains Natural Gas Liquid (NGL), a group of hydrocarbons that includes ethane (C2H6), propane (C3H8), n-butane and iso-butane (C4H10), pentane (C5H12), and natural gasoline. Although the quantity of liquid is not always adequate to be extracted economically, due to global demand and the need to meet certain specifications, NGL and GtL extraction is required. Worldwide efforts have been made to develop economical as well as environmentally friendly liquid fuels, which can meet the specific needs of the 21st century. In the process of bio or synthetic fuel production, the techniques for extraction serve as a vital technology in terms of product value and consumption of energy. Therefore, the present chapter offers a broad spectrum of extraction techniques of Gas-to-Liquids (GtL) technology which are applied for the production of globally demanded fuels.


Keywords: GtL fuels, extraction techniques, gas-to-liquids, fischer-tropsch synthesis








7.1 Introduction


Gas fuels have taken over much of the world’s energy mix. Natural gas is one such source that is likely to hold a large part of the global energy market as CNG and LNG pipelines. However, getting into on road transportation of natural gas like gasoline in the automotive sector is difficult and the most common methods that come to mind use CNG directly or indirectly by producing electricity and ultimately electric vehicles. Even yet, there are challenges with using natural gas as a fuel. Moreover, worldwide attempts are aimed to formulate environmentally friendly fuels. This has been achieved with the synthesis of liquid fuels which will be needed for many years and in some facilities like airplanes. Gas-to-Liquid (GtL) is one of the trending topics in the energy market right now. This is because the purest and cleanest burning fossil fuel, natural gas, can be converted into high-end quality liquid hydrocarbons and other products that would otherwise be made from crude oil using GtL technology [1]. Therefore, GtL converts unmarketable methane or natural gas reserves into products that reduce high risk, excessive travel costs, pay or take contracts, and aid to fulfil the need for clean liquid products. These products include motor oil, fuel, and basic necessities such as plastics, cosmetics, and soaps [2, 3].


These converted hydrocarbons are suitable for gasoline and chemicals produced in petrol and oil refineries, including naphtha, diesel, paraffin, waxes, and cosmetics. Some other chemicals like methanol or methyl tertbutyl ether (MTBE) and ammonia are also contained in GtL products. Recent technical advancements have made GtL more competitive because interest in GtL was politically oriented, for example, during apartheid era in South Africa, in spite of economic factors for years. Many aspects of the trading scale were heavily scrutinised in 2009 and GtL activity may grow in the future in terms of private corporate activities and investment strategies by countries with significant natural gas reserves, such as Shell in Malaysia and Sasol in South Africa [4]. The present chapter highlights the potential requirement of GtL fuels and extraction technology, GtL techniques and its history, problems associated with conventional procedures, and the current advanced techniques with its pros and cons.






7.2 History and Origin of Gas to Liquid Technology


The conversion of GtL fuels through the route called Fischer-Tropsch (FT) to monetize stranded gas is nothing new and has received growing interest over the last few years. In FT technology, carbon (C) and hydrogen (H2) molecules get reorganized in such a way that results in a liquid hydrocarbon molecule [5].


The beginning of FT chemistry started in the early 1920’s at the Kaiser Wilhelm Institute of Kohlenforschung in Germany by the two German scientists, Franz Fischer and Hans Tropsch. They made use of “cobalt catalyst in precipitated form” for general depression and later various other German companies also developed this using a sintered and fused metal connector, which paced the production of 600,000 tons/year of FT products, particularly automobile fuels in Germany during World War II [6]. Between 1948 and 1953, Brownville, Texas continued to improve the FT-GtL process, generating 365,000 tonnes per year through the drinking bed system. Sasol South Africa went on to create a number of FT facilities, including those with a fixed bed, those with a drinking bed, and, most recently, a slurry-type reactor using steel and cobalt catalysts. The slurry phase distillate process [7] is the Sasol GtL process for medium distillate generation. Shell and Exxon, two GtL pioneers, followed the usual method between 1973 and 1990 [8]. Shell’s research division in Amsterdam has developed a cobalt-based method. The “Shell Middle Distillate Synthesis (SMDS) Process” [9] is the foundation for the GtL technology of Shell. ExxonMobil initiated research in the early 1980s, which eventually led to the contemporary AGC-21TM method [10]. Several large oil firms, along with many smaller industries, are emerging with their individual GtL technologies, in addition to Sasol, Shell, and ExxonMobil.






7.3 What is Gas to Liquids (GtL) Fuel?


Gas to liquids (GtL) fuel is produced by the conversion of natural gas or other carbon sources into synthetic fuel using Fischer-Tropsch (FT) chemistry. 10,000 SCF gases are converted into nearly one barrel of crude oil using the FT method. Syncrude reserves are assessed to be 5,000 trillion barrels in proved natural gas reserves. The GtL technology’s FT technique produces colourless and odourless products. They have nearly none of the contaminants found in crude oil, such as sulphur, aromatics, and nitrogen. GtL fuel is a distinct fuel that may be used in diesel engines to minimise emissions like particulate matter (e.g., dust, soot, smoke), carbon monoxide, nitrogen oxides, and hydrocarbons [11].


It can be utilised in heavy-duty diesel vehicles without requiring maintenance, providing for a simple transition away from diesel fuel without the need for additional infrastructure. Commercial vessels in Germany and the Netherlands already utilise Shell GtL gasoline on a daily basis. Shell GtL fuel has physical qualities that are quite similar to crude oil, but they have a very high cetane value, high calorific mass, low sulphur and aromatic levels, and a low density [12].


In general, the Gas to Liquids process is divided into three stages:




Synthetic gas (syngas), a blend of hydrogen (H2) and carbon monoxide (CO), is made from natural gas in the first phase, with as little oxygen/air as feasible. This step entails cleaning the syngas of dirt. The modification necessitates the use of costly cryogenic oxygen separation in the air.


The second phase uses FT chemistry to transform synthetic gas into liquid long chain hydrocarbons using a catalyst. At this point, a liquid is developed that has the appearance and feel of wax at room temperature.


Fragmentation and isomerization, the final stage, transforms particle chains into desirable products with specified properties. High-quality fuels such as diesel, paraffin, and lubricants are produced as a result of this process. The goal of current research is to eliminate the need for pure oxygen and lower the number of catalysts in the series to prevent the hydro-cracking phase.









7.4 Need and Benefits from Gas to Liquid Technology


GtL technology and liquid fuel production has resulted in a major modification and substitution of pure liquids for traditional refinery products that were initially produced from crude oil. In terms of international energy security, this technology has significant advantages and downsides, with natural gas having better and simpler access than oil. With the surge in worldwide demand for liquid products, GtL manufacturing can help countries improve their economy by utilising natural gas resources as existing and new gas supplies become saturated in order to meet global demand.


Furthermore, GtL technology ease the conveyance of natural gas from isolated synthesis sources to work sites when other technologies, such as pipeline or LNG, are less advanced both economically and technologically [10]. As a result, while gasoline is easy to transport by car, ship, or train to the desired location, natural gas conversion to GtL offers greater benefits and comfort than pipeline and LNG.


The application of GtL technology may result in further benefits in the domestic and worldwide economy. These are the following:




	Monetization of Stranded Natural Gas: This is GtL technology’s first and most crucial hope. Although global reserves are plentiful and projected to endure longer than oil, the majority of them (half to two-thirds in the previous “Soviet Union” and the “Middle East”) are located not only inland but also in more unreceptive environments like the Arctic. This is a particularly dangerous type of “bound gas”. The usage of remote and unusual deposits, which are currently restricted to unlawful travel and medical bills, will extend the supply of clean oil by decades [13]. It will contribute to economic growth while also addressing environmental needs and transferring the high cost of exploration that is not available on heavily booked assets. This will be a significant increase for corporations and countries that have historically struggled to find gas in remote places where only oil was produced for sale. Although “GtL products may not be cost-competitive with traditional oil products, they may be the only low-risk option for monetizing natural gas” [14]. Key factors affecting GtL competition are financial costs, operating costs, crop scale, and resource utilization. As a result, GtL might provide natural gas to markets that would otherwise be unreachable, as well as generating a substantial amount of natural gas that would otherwise go unused.


	Organic Fuel Production: GtL’s major products are energy, which is similar to diesel but can give superior performance and reduced emissions due to the way these oils are manufactured. This can be understood as, “GtL diesel fuel has a high sugar content (over 70 compared to 45-50 diesel standard) to ensure the thermodynamical efficiency of fire, and almost no particles, such as sulphur (less than 1 ppm compared to 50 ppm) or aromatics (volume 0.45 percent compared to 1.4)” [15]. To satisfy natural standards, GtL oils can readily be mixed with conventional oils [16]. GtL fuel has recently been used for power sports in endurance races, demonstrating its great performance.


	Exploitation of Large Gas-related Deposits: Natural gas used in the production of fuel in coastal or isolated places has been an issue in the past. When there were no gas transmission technologies on the market, complying gas was often matured or recycled into a lake [17]. These enormous sums across the Middle East, Africa, Asia-Pacific, and the former Soviet Union make up the majority of the world’s available resources. The majority of these resources do not have additional reliable markets, such as gas or LNG, at this time. The situation has changed after the debut of GtL. Following such techniques is no longer environmentally or economically viable. GtL is capable of converting synthetic gas into synthetic crude and transporting fluids using current fluids or vessels [18]. Plants that use GtL technology for suitable gas conversion have a tiny environmental footprint, are safe, and can be connected to production facilities easily, especially offshore.


	Pipeline Life Extension: Oil pipelines are useless if there is no oil available to carry it from depleted areas. The Trans-Alaska pipeline, which was established in 1977 to transport oil from Prudhoe Bay to Valdez, is a unique situation. The liquid from GtL’s natural gas conversion to the North Slope is expected to be able to be transferred via the same pipeline, giving it a 20-year shelf life [18].


	Examine the Testing Strategy: This is the GtL technology strategy for the future. Explorers can now seek for gas potential in previously untapped places due to a lack of economic access to markets in earlier technology. Geographical expertise and new economic considerations will now boost the positive potential in remote places. As a result, acquisition costs should be lower, overall success rates should be greater, and set costs should be lower [8].









7.5 Extraction or Conversion Techniques of Gas to Liquid Fuels


Over the last five decades, it has been observed that it is technically viable to combine any hydrocarbon with another and numerous procedures for synthesising liquid hydrocarbons from natural gas has been developed over the last five decades. Gases containing a lot of methane are turned into liquids. There are two GtL technologies that can be used for this purpose: (i) Direct or indirect conversion of part of natural gas (e.g., Methane) into liquid fuels (e.g., Methanol) and syncrude and (ii) indirect modification by processes such as Fischer-Tropsch for hydrocarbon synthesis gases (syngas).


Many specialised techniques have been invented, but none have yet been commercialised and developed economically [19]. Indirect mixing, on the other hand, is complicated, but it has a long and varied past of advancement and is the basis for the manufacture of a petro-chemical sector of different substances using natural gas as the principal feedstock. It is also worth mentioning that “the FT process can produce liquids from syngas obtained from a variety of sources, including coal and biomass”. The basics of both the direct and indirect GtL approaches are covered in the following sections.




7.5.1 Gas to Liquid by Direct Conversion


In general, the direct conversion of methane is composed of methanol, i.e., high hydrocarbons, following a series of chemical reactions including: “dehydrogenation (pyrolysis), oxidative coupling (forming acetylene, benzene, ethylene), selective oxidation (forming methanol or formaldehyde), partial oxidation (making synthesis gas; H2/CO), oxy-dehydrochlorination or reforming with carbon dioxide or steam at high temperatures” [18]. The reactions can be illustrated as:




Dehydrogenation
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Oxidative Coupling
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Partial Oxidation
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Oxy Dehydrochlorination
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Complete Oxidation
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There are two types of direct methane conversions: oxidative and non-oxidative. By dehydrogenating methane as water, oxidative conversion uses an oxidant to surge the thermo-dynamic driving force. For example, for oxidative conversion and cracking, “oxidative coupling of methane (OCM)” and “non-oxidative aromatization” for non-oxidative conversion [20].


Direct methane conversion (typically 85-90% natural gas) reduces the cost of compound gas production but includes high activation power, is difficult to control, and has low selectivity (less than 20%) and low conversion (less than 40%). Many distinct procedures have been invented, but none have been commercialised and operated profitably. For novel catalysis, efficient methane conversion has been a difficulty. Nano-catalysis, or the use of nano-catalysts, has gotten a lot of attention recently, especially in the energy sector as a way to find alternatives to ever-dwindling oil reserves [21]. This response has been explored in a range of construction materials, particularly oxides, both supported and unsupported.


In one study, He and colleagues used a “unique rain chemical with a micro-emulsion to make nano-CeO2/ZnO catalysts for the oxidative-mix of methane (OCM) and CO2 as oxidant in the study”. According to their findings, methane conversion using CeO2/ZnO nano-catalysts was much more than that seen in traditionally made catalysts (including precipitation, gas evaporation, ionised beam deposition, micro-emulsion, freeze drying, and laser vaporization). Higher C2 hydrocarbons also resulted in better low-temperature performance. Methane conversion reduced as the amount of ZnO doped in nanocatalysts increased, whereas C2 selectivity went up [22–24]. In another study by Langfeld et al. [24], “a novel approach to the preparation of nano-perovskite using micro-emulsions with low crystallite size and higher surface area” was reported. Their approach enabled controlling the size of particle as well as surface area, however it is not ideal for vertical processing.








7.5.2 Gas to Liquid by Indirect Conversion


Natural gas or methane is first transformed into wide derivatives of methane in indirect pathways, commonly produced by gas synthesis or syngas, a mixture of H2, CO, and a specific CO2 of varied composition. Later, related catalytic conversion converts syngas into useful products. The majority of commercialised natural gas conversions are now done via indirect pathways. These are the basic steps in the indirect conversion of natural gas to liquid fuels [25–28]:




	Natural gas reforming or methane reforming to synthesis gas (Syngas);


	Fischer-Tropsch (FT) synthesis for conversion of syngas to liquid hydrocarbons or oxygenates together with catalyst;


	Products conversion to desirable fuels via baseline and hydro processing methods; and


	Lastly, products upgrading through a variety of typical refinery processes, like hydro-cracking, isomerization, or catalytic reforming.







7.5.2.1 Natural Gas Reforming or Methane Reforming (Syngas)


An oxidant reforms natural gas (methane) into synthesis gas or syngas [26]. The “coal-gasification process, or the main reaction of steam over incandescent carbon, was discovered in the 18th century and commercialised in the second part of the nineteenth century”. The liquid fuels gained importance from coal-derived syngas fuel which aids the growth of the FT process in Germany, as well as its extensive practice throughout World War II. “Natural gas to syngas generation became more important in the 20th century as natural gas became less expensive and more widely available” [29]. Syngas provides hydrogen for use in the chemical industry (particularly ammonia synthesis) or as a fuel in addition to producing the base of liquid fuels. It might be useful as a source of information in the future.


The general reaction for methane reforming can be illustrated as:
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Depending on the source of oxygen (steam, CO2, or air), different technologies have been developed. Since long steam conversion and nonselective oxidation techniques have been promoted, “Carbon dioxide or dry methane conversion across a number of catalysts to yield syngas with the identical CO and H2 molecules is one of the most interesting channels for utilising methane resources” [24]. The H2:CO ratio is the fundamental difference between these processes, with a 2:1 ratio suggested for FT synthesis.
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Furthermore, CO2 usage provides a clean and low-cost supply of reactive oxygen, avoiding the more costly separation processes required by neutral methane oxidation [30]. “Water-gas shift (WGS), methane dissociation, and CO disproportionation (Boudouard reactions)” are examples of side reactions [31].


Noble metals and nickel can catalyse the process. “Nobel metals are more stable, but due to a lack of supply, Ni is considered as a potential alternative” [32]. Generally, Ni catalysts have strong initial reaction functions, but due to carbon emissions, they shut down quickly, limiting their usage in process industries [33, 34]. The use of “MgO nanocrystals in support of the nickel catalyst has also been successful and encouraging results for the most effective and stable Ni/MgO stimulants for dry methane conversion have been obtained” [35]. A study by “Ruckenstein and Hu [36] showed that NiO/MgO catalysts prepared by impregnation of nickel nitrate onto MgO powders containing 7-10 nm nanocrystals developed stable activities for reforming reaction after reduction at 1063K”. GtL technology relies heavily on natural gas conversion and FT synthesis.


The following are the well-established reforming techniques that can be applied to convert natural gas to syngas, depending on the oxygen source:






a) Steam Reforming


Steam conversion is the most widely used gas conversion technique. It provided a supply of fusion gas for more than a year due to its extensive development history. Steam modification is presently the predominant approach for producing hydrogen for ammonia synthesis [25] in addition to its usage in filtering.


The general illustration in steam reforming can be shown as:
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The extra hydrogen produced by the gas-liquid reaction (WGS):
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Steam reformer feed “85% steam and 15% mole methane gains 95% methane conversion by syngas and shift”. Steam conversion does not require an “oxygen plant”. This forms its basis and is one of the most obvious benefits. However, “since steam converters are more expensive than both partial oxidation (POX) and auto-thermal reformers (ATR), when the cryogenic oxygen plant economy is combined with a cheaper POX or ATR reformer than the system transformer itself, the crop size is smaller” [25, 37]. Other drawbacks of steam conversion include syngas with an H2/CO > 4 ratio significantly larger than that required by the FT category, limited conversion of methane because of a low working temperature of less than 900 °C, and excessive water consumption, which renders them unsuitable for arid regions [38].






b) CO2 or “Dry” Reforming


Dry reforming is less prevalent than steam reforming since it is primarily utilised in operations that demand a larger proportion of carbon monoxide (CO) in the produced syngas [25]. Dry reforming’s thermodynamics are quite similar to steam reforming’s, with the key difference being its “coking” tendency which has gotten worse due to the lack of carbon dioxide emissions. “In some applications, such as combined/mixed modification (a combination of steam and dry modification), steam is used to address culinary problems. Because coking disables Ni catalysts, Rh and Ru catalysts are widely used in dry conversion applications” [39]. Seo [40] reviewed “recent scientific findings on the development of Ni-sponsored supplements for dry methane conversion, together with Ni-nanoparticlessupported methods of high-resilient Ni nanoparticles, and reported that Ni catalysts’ major regression caused their uncertainty under DRM operating conditions, i.e., > 700 °C” [40].


The general reaction for dry reforming can be illustrated as:
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c) Partial Oxidation (POX) or Oxy Reforming


Another well-known method of producing syngas is partial oxidation in which natural gas combines with pure oxygen at temperatures of 10001400 °C. In comparison to auto-thermal conversion (ATR) which requires additional efforts such as the filter usage to clean the gas and high oxygen use and because of the lack of a gas-changing reaction [41], the unmixed methane and methane synthesized by the FT process cannot be reused in the converter without emitting CO2 to the FT tail gas and POX has some problems such as lead formation and very high emissions, ammonia, and HCN [42]. The overall reaction is non-catalytic, slightly exothermic, and can be illustrated as:
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d) Auto-thermal Reforming (ATR)


In the occurrence of steam and oxygen, auto thermal reformation makes use of a catalyst to reform natural gas into synthesis gas. In this type of reforming process, the syngas produced is “pure,” i.e., soot free and emits less ammonia and HCN than POX. This is owing to the required minimum working conditions, which include an emission temperature ± 1000 °C and an average steam consumption (Steam/Carbon) of more than 1.3. “Although (S/C) scores of less than 1.3 may be used commercially, Holdor-Topsoe and Sasol have succeeded in establishing low-level (S/C) trials on a marketable scale at Sasol’s synfuels in South Africa” [43].






e) Combined Reforming


Better use can be gained by incorporating a steam reformer with an ATR rather than employing steam or automated conversion yourself. Relying on the “degree of energy efficiency” and “particular operating conditions,” the GtL plant’s efficiency can be raised by 1-2%. The combined reforming, although cheaper than steam reforming, is more costly than ATR. Thus, the selection of one reforming over another is dependent on the cost of natural gas. Farooqi et al. [44] conducted a “study on the recent progresses and development of Ni-based catalysts for syngas production and found that it supports favourable reaction activity, as they are inexpensive than many other catalysts” [44].






7.5.2.2 Fischer-Tropsch (FT) Synthesis


The FT synthesis method transforms hydrogen (H2) and carbon monoxide (CO) into a varied spectrum of high-boiling hydrocarbons and oxygenates, particularly straight carbon chains [45].


The general reactions for this can be illustrated as:
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CxHy, on the other hand, is a mixture of straight liquid hydrocarbons such as alkanes (paraffin) and alkenes (olefin) with an “x” varying from 1 to 40, liable on the process, catalyst, and syngas generation (ratio a: b). The cooling groups or =CH2 groups produce these hydrocarbons. The rate a:b determines whether H2O (excess hydrogen) or CO2 is produced. It is, nevertheless, frequently used to make “very high hydrocarbons, such as alkanes (paraffin) and alkenes (olefin)”. To synthesise hydrogen and carbon monoxide, i.e., synthesis gas, a number of carbon feeds can be used. The growing FT hydrocarbon distribution can be processed into precise boiling point components and produced for high-value products [46].


The cost-effectiveness of GtL fuel made from natural gas or coal using the FT method, which is almost sulphur and aromatics-free, in reducing pollution [47]. “Large-scale distribution of diesel and GtL has a nucleus-sized nucleus height of 10-30 nm and a concentration of up to 50-80 nm” according to studies of high concentrations of gases and particles emitted from the GtL engine [48].


Complexes “consisting of two or more adjacent metal centres, which offer an additional chemical component than those with a single metal; not only can metals work independently, but they can also collaborate to produce a different chemistry by appreciating what is shown by their unique metal counterparts” are an example of FT chemistry [49].


FT integration performance is very important for GtL performance because it is at this point that the GtL structure is determined. The development of suitable components that can immediately speed up the reaction response to required goods, as well as the development of compatible reactors, is a critical component of FT performance. Many retailers are studying a variety of properties with “initial metal changes (Ti, Zr) and late transition metals (Co, Rh, Ni, Pd, Pt) for use in olefin polymerization reactions [50] employing various binuclear structures comprising Rh or Ir as well as diverse compounds of Rh, h, Co, Fe, Ru, or Os”. Overall, the highest activity in the creation of high hydrocarbons has been found in Co, Fe, and Ru [51]. Cu-based catalysts are not the preferred alternative for FT integration due to their strong FT synthesis function, high selectivity for direct products, greater performance stability, lesser performance in terms of gas-liquid reaction (WGSR), and lower prices compared to Ru-based catalysts.


The number of reasons based on Rentech’s “Fe-based FT catalyst” is based on the cost, availability, toxicity, and efficiency of the various syngas hydrogen (H2) to carbon monoxide (CO) ratios, H2: CO. Because of the advantages of Fe-based FT catalysts, many types of food can be considered, that includes “natural gas or other hydrocarbon gases, beverages such as floor cleaners, asphalt, heavy oil, naphtha, and solids including coal, petroleum coke, bitumen and biomass” [52].


Other metals like Si, Ti, and Al are the most common support materials. The disadvantage of these accessories is that they require reworking of the active metal, which led to the design of “integrated computers” that were only reduced to drastically decreased temperatures during the preparation or catalysis. Other basis, “such as carbon in the form of active carbon and carbon nanotubes (CNTs), have recently been explored with respect to FT” [53, 54]. Carbon is a catalyst for catalytic support since it is chemically stable, oxidises and degrades, has a high surface area, and is mechanically resistant [55, 56]. The ability to substitute activated carbon, whose features have been demonstrated to be difficult to control [57], is a major motivation for their adoption.


Van den Berg et al. [58] created a “methanol synthesis catalyst model incorporating Cu and nanoparticulate ZnO in mesoporous silica with a pore width of 5 nm in mesoporous silica with a pore diameter of 5 nm” [58]. In terms of activity under normal stress, the methanol concentration attained by this catalyst was comparable to that of the commercially valuable catalyst, which had “four times more Cu surface and five times higher Cu” [54]. “A succession of heated hetero-cubane liquid breakdown of the Zn4O4 [CH3ZnOCH2CH2OCH3] in a meso-porous silica with a wormhole-pore system, followed by a liquid concentration of copper nitrate” was used to create the novel catalyst. Finally, they concluded that, “this approach appears to avoid the problems encountered by various attempts to load the MCM-48 via Cu and Zn using acetate solutions (i.e., contact of zinc with silica wall, resulting in structural damage to the pore system, blocking the surface of the Cu with extremely small pores, possibly developed by the accumulation of small metal particles in polycrystalline aggregates), which led to improper access to Cu surface areas and unsatisfactory results” [58].






7.5.2.3 Conversion


A chain reaction of carbon monoxide and hydrogen chains on the surface of a catalyst converts syngas to liquid hydrocarbon. Iron or cobalt can be used as a catalyst and the reaction is highly unpleasant [59].


The type of syncrude produced, i.e., light or heavy, is determined by the temperature, pressure, and catalyst used. For example, most fuel and olives are created at 330°C, on the other hand, most diesel and waxes are produced around 180-250°C. In general, FT reactors are divided into two categories: vertical fixed tube type and slurry reactors.


Because of the “vertical fixed tube type”, the tubes can be cooled with compressed boiling water. Several reactors are employed in a large plant to offer energy savings in a similar way [60]. Another approach employs a “slurry reactor”, which incorporates pre-heated gas being injected into the bottom of the reactor and then dispersed to a slide that contains liquid wax and catalyst particles. The reaction of FT [61] separates gas bubbles rising in the middle of the slide and converts them into additional wax. The heat created is evacuated by the reactor cooling coils, which produce steam to complete the process [62].


The cobalt-based FT catalyst is now the catalyst for selective syngas conversion into liquid oils due to its great performance and durability. “The worrying state of the FT reaction combined with the high activity of the cobalt catalyst makes the removal of heat from the reactor very important [60]. The temperature profiles inside the tube become quite problematic when there is a continual bedside reaction. Finding a equilibrium in-between the width of tube and the use of a slake medium, such as inert reuse, can fix the problem. Temperature control in a slurry phase reactor is not a greater challenge than in a fixed bed reactor because of the advantages of mixing and heat transmission” [63]. Construction of a reactor that does not include static sections with incorrect mixing that could lead to local hot spots during ordinary working settings and during reactor shutdown must be done with caution. When a catalyst is subjected to high temperatures, carbon is produced, which can compromise the catalyst’s structural integrity.


The separation of the ad in the wax hole is another important feature of slide section design. Sasol has succeeded in designing a waxing method that is extremely efficient. “A few parts per million (ppm) of catalyst in the wax shaped by the FT procedure can prevent catalyst loss by comparing the features of the catalyst with those of the separation system [64]. The product field of FT synthesis can be controlled by manipulating operational variables such as temperature, pressure, and gas composition. Since the H2/CO ratio of syngas has significant variability in increasing diesel production, the formation of converters and FT components cannot be performed separately”. Finding the most supportive and effective designs that can work for both components can only be achieved through collaboration between these components.






Methods of Conversion


• Baseline Method


The gasification process is utilised in the baseline technique to create syngas from natural gas, which contains oxygen and water. A cooler cools the gasifier effluent and the subsequent steam is directed to the joined cycle plant’s steam turbine. Gasification syngas is fed into the FT reactor [65]. “The exothermic reaction that occurs in the FT unit produces steam, which is then passed to the steam turbine. The FT overhead product is cooled by a second cooling unit, and the resulting steam is also supplied to the steam turbine. Water/oxygenates, naphtha, diesel, wax, and overhead tail gas are separated from the FT overhead product stream by the hydrocarbon unit” [66]. The wax stream can be eliminated while the naphtha and diesel streams are increased using a process known as “hydro-cracking”. In order to prevent excessively low H2:CO ratios in the synthesis gas, CO must also be removed from the recycle loop.


• Hydro-processing


The wax and hydrocarbon condensate produced by the low-temperature FT technique largely comprises of linear paraffins, with a small proportion of olefins and oxygenates. At relatively mild circumstances, the olefins and oxygenates can be hydrogenated and the wax can be hydrocracked to produce naphtha and diesel [67]. A compromise between “per-pass conversion, diesel selectivity, and diesel characteristics must be established in the design of the hydro-cracker. “The smaller the cracker, the higher the per-pass conversion, because less material is recycled back to the cracker. This, however, will come at the sacrifice of diesel selectivity, since the liquid will be over-cracked into gases. Another aspect of compliance is that the per-pass conversion has an impact on fuel quality [68]. Because of the increasing degree of isomerization, more the pre-pass conversion, better the cold-flow characteristics, but the lower the cetane value” [69].


• Product Upgrading


Product upgrading is the final phase, which may involve activities like hydrocracking, isomerization, catalytic modification, or alkylation. This phase can be completed with standard filtering technologies. Waxes (C18+) are transformed into naphtha (C5-C11) and diesel (C12-C18) in a hydroc racker, for example. To make GtL goods more appealing, typical methods from refined petrol are used. FT units generate a higher percentage of straight heavy waxes because they are functioned at higher standards, which helps to evade gases in products. The hydrocracking process converts these waxes to hydrocarbons, which are highly significant in the medium distillate (diesel and naphtha) [70]. It is a mature development method used in the refinement of fuels and it accomplishes the same goal. There are a range of reactor designs that use a variety of catalysts to perform both acidic site cracking and metal surface hydrogenation. Platinum (Pt) is used in combination with zeolites, as well as cobalt, nickel, molybdenum, and tungsten (Co, Ni, Mo, and W) based on zeolites. GtL streams are significantly easier to hydrocrack than petroleum because FT products contain no sulphur, nitrogen, or aromatic components, making them far cleaner than the fuel supply. A study by Büssemeier et al. [71] reported that “Fischer-Tropsch to olefins (FTO) is a very attractive target as it is a straightforward, without intermediate step, to convert syngas into olefins C2-C4 as building blocks for the chemical industry” [71]. High-quality ole-fin alternatives are available in addition to the standard unsupported (or bulk) regeneration (up to 70%). However, due to particle separation caused by coke infusion, many catalysts have inadequate mechanical stability [72].


In addition, with the catalysts extracted, adiabatic fixed-bed reactors are used and the ideal conditions required within these sensors are temperature (300-350 °C) and pressure (30-45 atm). While specific cracked alkanes are nearly extinct, only C20+ FT products are handled. Through the process of hydrogenolysis, oxygenates are converted and alkenes get hydrogenated into alkanes. To prevent the product from cooking, excess hydrogen is used at 2-3 times the required amount of hydro-treating. Steam is used to convert light emissions from the FT unit into hydrogen. Other developing procedures that turn FT products into gasoline and chemicals include isomerization and catalytic reforming [73].






Conversion of Methanol to Gasoline


In the early 1970’s, Mobil developed a novel technique for conversion of natural gas to syngas and eventually methanol. Methanol is a widely used chemical that is produced commercially through the catalytic hydrogenation of carbon monoxide as:
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Around temperature (493-523K) and pressure the reaction is reversible and decomposes into “ternary Cu/Zn/Al2O3, a copper-based catalyst (bar 50-100)”. The catalyst regulates the kinetics of the synthesis of extraordinarily high levels of alcohol and hydrocarbons [74].


Methanol forms alkanes when it reacts with a zeolite catalyst. Methanol is dehydrated to produce dimethyl ether, depending on the method (DME). The basic reaction can be illustrated as:
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The combination of dimethyl ether (CH3OCH3) and methanol or methyl alcohol (CH3OH) is additionally dehydrated over a zeolite catalyst like ZSM-5, which works as both polymerized and hydrogenated to produce fuels comprising of hydrocarbons with five or more carbon atoms, accounting for 80% of the fuel by weight. The Mobil MTG method is based on coal discovered by JAMG in China. Topsoe Enhanced Fuel Synthesis (TiGAS) is the current application of MTG [20].






Conversion of Methanol to Olefins


Many industrially essential goods, such as polymers and gasoline additives, are made up of light olefins like ethylene and propylene [75]. “Because of the increased demand for light olefins and the rising price of naphtha, other non-fuel production methods such as methanol to olefins (MTOs) have gotten a lot of attention”. Representative conversion can be displayed as:
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where n = 2, 3, 4 …


Alkanes, cycloalkanes, and aromatics are examples of hydrocarbon products. Select acid catalysts, such as zeolite and SAPO-based heterogeneous catalysts, are used to modify the molecules. The process can yield C2 or C3 products, which are crucial components that generate monomers, relying on the pore size of the catalyst. Sugimoto et al. [76] reported that “HZSM-5 zeolite containing small crystallites showed higher selectivity for conversion of methanol into C5 hydrocarbon and less coke formation compared to its smaller counterpart” [76].






Conversion of Syngas to Gasoline Plus (STG+)


Another GtL method expands on MTG technology by using a single-loop thermochemical process to transform natural gas-generated syngas into suction and jet fuel [77].


In one continuous process, the STG+ method involves four main steps. The syngas is transformed into synthetic fuels, which comprise of 4 fixed bed swings in a succession [78]. Below described are the basic steps followed in STG+ technology to produce high-octane synthetic gasoline (Figure 7.1):




	• Methanol Synthesis: In this step, the extracted synthesis/syngas is introduced to the first reactor, in which by passing through the catalyst bed, maximum syngas (CO and H2) gets converted to methanol (CH3OH).
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Figure 7.1 Flow chart of conversion of syngas to gasoline plus (STG+) [77].





	• Dimethyl Ether (DME) Synthesis: Methanol-rich gas from the STG+ unit’s first reactor enters the second reactor. The methanol passes through a catalyst and undergoes dehydration to get converted to dimethyl ether (CH3OCH3).


	• Gasoline Synthesis: The DME then proceeds to the third reactor, where it is changed into hydrocarbons with aromatics, paraffins (alkanes), naphthene (cycloalkanes), and minor amounts of olefins (alkenes), typically in the C6-C10 range in the presence of a suitable catalyst.


	• Gasoline-Treatment: In this reactor, the obtained products from the third reactor undergoes a process of transalkylation and hydrogenation. This treatment reduces the products with high freezing points such as tetramethylbenzene (durene) or isodurene and trimethylbenzene components that have to be reduced into gasoline. As a result, the synthetic gasoline obtained has a high-octane rating as well as the required viscometric properties [79].


	• Separator: Here, the products obtained in the fourth reactor get condensed into final gasoline and the non-condensed gas is then separated from derived gasoline in a conventional separator. The major part of the non-condensed gas gets reverted back to the first reactor to recycle it, leaving behind the synthetic gasoline product made up of aromatics, paraffins, and naphthene [78].













7.6 Advancements in Gas to Liquid Technology




Natural Gas to Liquid Fuel Conversion by Biological Means (Bio-GtL)


Various catalysts can be used to chemically convert methane to methanol [80–82]. For decades, scientists have developed and examined natural gas to methanol conversion techniques and all chemical conversion processes are exceedingly successful, cost-effective, and environmentally friendly [83–85]. On the other hand, “the conversion of natural methane to important compounds, such as next-generation fuels or chemical products, is a hot topic in the scientific and industrial worlds” [86]. This new technology “effective conversion of natural gas into liquid fuels or other chemical products is able to transform the natural gas industry using a significant portion of the world’s natural gas reserves in remote areas” [86].


Furthermore, the biotechnological synthesis of fuel or chemical compounds relies heavily on more expensive sugars such as glucose as a source of energy and carbon with an estimated cost of around 50% of final products [87–89]. As a result, significant efforts are being conducted to identify alternate carbon sources that will lower the cost of manufacturing gasoline and chemicals [90, 91]. Bio-GtL technology is based on a unique and rapidly evolving phase of microorganisms known as aerobic methanotrophic bacteria, which are capable of converting methane to biomass through a well-known natural mechanism [92]. Methanotrophic bacteria forms the foundation of the methylotrophic bacteria group, which are defined by their “ability to utilise a variety of C1 molecules such as methane, methanol, methylated substances containing sulphur, halomethanes, and methylated amines as carbon and energy sources” [93, 94]. Methanotrophs are small entities (organisms) that can bind methane as a source of energy and carbon. In the hydrotreating process of sustainable diesel production, methanotrophic lipid produced in aerobic agriculture can be used as a fuel precursor, which is compatible with its present infrastructure and newer automobiles [95, 96].


The end products of this methane-based bioconversion process are influenced by the type of methanotrophic bacteria used, the enzymes used for methane oxidation, and the metabolic pathways [97, 98] that regulate the production of intermediate metabolic pathways. Biopolymers, vitamins, antibiotics, single-cell proteins (SCP), and carboxylic acid have all been researched extensively using methanotrophs [99, 100]. However, the prospect of employing the Bio-GtL concept in the generation of liquid fuel has been considered in a number of papers [101]. This was owing to the constraints of complex developmental pathways caused by a lack of highly efficient tools and methods for genetic modification of methanotrophs, as well as a lack of knowledge about their metabolism. Despite a substantial increase in genetic and metabolic knowledge of methanotrophs over the preceding decade [102], only a few studies have reported using methanotrophic bacteria as a bio-catalyst for lipid or petroleum production in the latest Bio-GtL method [103–105]. The reason for this is that no solid, appropriate type of production has yet been found.






Challenges in Bio-GtL Technology


Apart from the numerous possible advantages of methanotrophic renewable diesel, lipid synthesis with a better biomass product from methanotroph cultivation will face numerous technological challenges due to factors associated with methanotroph cultivation, as well as the extraction and improvement of small lipids. Intercultural use, cultural contexts, and enhanced mass transfer and bioreactor building are among the issues of the bio-GtL process [106]. The bulk gas-liquid interface’s transmission is a major stumbling block to the spread of gaseous substrate. Weight transfer, kinetics, cell development, and the creation of desirable products are all linked according to Vega et al. [106]. The association can be summarised as at the start of fermentation, the metabolic reaction with readily available methane and oxygen inhibits mass production of products and as cell size rises, future growth is dependent on the rate of mass transfer [107]. Thus, the limitation of the separation of a carbon dioxide source in liquid sources is evident in high cell density and may result in lower overall productivity [108]. Recently, “a method of adding nanoparticles and active groups to a gas extraction system has been used to exploit the massive marketing capabilities of active nanoparticles to increase mass transfer interaction” [109].


Other Bio-GtL challenges include the bio-process process, the lipid extraction process, and the hydrotreating process. In addition to evaluating the effectiveness of biological control, “real-time monitoring of methane and O2 filters can also help researchers avoid a 5% (v/v) and 15% (v/v) explosive upper (UEL) explosion limit of methane in the air” [110]. An explosion can occur if there is a methane concentration between LEL, UEL, and the heat source.






7.7 Conclusions


This chapter about Gas-to-Liquid technology has highlighted the basic and advanced trends and processes of fuel conversion and extraction in the past and at present. The history emphasized on the origin of GtL fuels by different researchers and conventional means of extraction process points that this technology is not new, rather the advancements in techniques has led the GtL to a great height benefiting a large group of industries, people, and environment or we can say, globally. Moreover, the future of GtL with due challenges reported by researchers in many aspects is pacing its way towards the growth incorporating new components and technologies like Bio-GtL and microalgae use of various catalytic means and surfaces, nano-catalysts, and many more to be reported. As reported by Seddon [111], “the important step in a GtL process is the synthesis of syngas by reforming process, thereby this results in more half of the capital cost and about 20-30% of the total energy losses of a GtL process, whereas the fixed and operating costs of FT synthesis are roughly half of those of reforming” [111]. The remaining costs in the GtL process are accounted for in the product upgrading stage. At last, it can be concluded that the present as well as the future of Gas to Liquid fuel technology seems to be more upgraded with upgradation in tools and technologies with time.
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Abstract


The expeditious demand for energy consumption has drawn global attention towards environmentally benign, renewable, and sustainable energy alternatives. For this, India committed the ‘Intended Nationally Determined Contribution’ (INDC) towards the Paris Agreement of the ‘United Nations Framework Convention on Climate Change’ (UNFCCC). A potential solution is the production of biofuels from non-feed oil crops, agricultural wastes, and aromatic or medicinal plant wastes generated through industrial processes. The utilization of these alternate sources lays out a solution for the food vs fuel dilemma along with the utilization of an abundant amount of waste being generated worldwide. Therefore, a considerable economic value could be generated by converting ‘waste’ into activated carbons; it can also help contribute to a cleaner drive. The Indian Ministry of New and Renewable Material (2019) has reported that around 500 million tons/year of crop residue is generated in the country. Lignocellulosic materials can be converted into biofuels through chemical or biochemical pathways. This book chapter aims to give a complete insight into the chemical and biochemical conversion of lignocellulosic biomasses into second-generation biofuels and extraction techniques of biofuels as a sustainable solution to the rapidly approaching energy crisis. Various approaches towards biofuel formation like pyrolysis and hydrothermal liquification are discussed. Bioethanol is also produced using aromatic lignocellulosic biomass and sugary or starchy crops through enzymatic saccharification. Similarly, the nonfood fatty oils were directly transesterified to biodiesel using homogeneous, heterogeneous, and biocatalysts are also attractive option.
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8.1 Introduction


The seriousness and concern deepen when we observe the rising demand for food and energy in the world today. As per statistics, the Earth will be soon shared by about 8.5 billion people by 2030 and conserving energy and food is going to be an alarming situation [1]. Deteriorating atmospheric quality, diminishing traditional energy resources, and alarming global warming parameters initiate the search for alternative and sustainable sources. Alternative sources like wind, solar, hydrothermal, and biomass were the different ways for which biomass conversion seems to be the better answer for the present scenario [2, 3].


These biomasses could be starchy waste, agro-industrial residues, kitchen leftovers, or hardy lignocellulosic biomasses. Lignocellulosic biomass production occurs globally but the sheathed structure of lignin and crystalline nature of cellulose and hemicelluloses make the lignocellulosic biomass less popular. Digestion through pre-treatment physical (milling, chipping, grinding, and ultrasonication) and chemical (acidic, alkaline, or oxidative) methods require high energy and operational cost and there are observed hazardous effects on the environment, which discourages physical and chemical pre-treatment. Another pre-treatment method is physico-chemical (plasma, hot-water, microwave, supercritical steam explosion) which subjects the material in a way which can affect physical and chemical parameters, as well as intermolecular interactions through a hybrid approach [4]. The biological pretreatment has a low energy need, high yield, and less pollution, which makes it preferable. In the biological pre-treatment, the lignocellulosic enzymes produced from bacteria and fungi help in channelizing the lignin and enzymes reached by the cellulosic sites for disintegration [5]. These pre-treatments provide an easy pathway into the production of bio-ethanol.


Bioethanols are alcohols that are procured by fermenting sugars, starches, or cellulosic biomasses [6]. Lignocellulose is a promising alternative perceived as an agreeable feedstock for production of ethanol in the foreseeable future. In comparison to starchy biomass, lignocellulosic biomass is facing technical and integrated process difficulties in the cost-efficient fabrication of bioethanol, but the development of newer technologies focuses more on utilization of by-products which may bring the cost of production to a minimum. The key parameters such as low-cost pre-treatment, better enzymatic activities, and efficient and effective fermentation might make the process feasible for commercial applications [7].


Many advances have been made to make a promising production and commercialization of biodiesel over the past few years. One of them is the utilization of non-edible or edible fats and oils like used oil after cooking or frying, animal fats, and vegetable oils. Currently, the production of biodiesel is mainly done from conventionally available or grown edible oils such as rapeseed, soybean, palm, and sunflower. The main hurdle in popularization of these products is its expensiveness and low cost-efficiency, along with the food verses fuel controversy. Therefore, biodiesel production from edible oil is not feasible commercially as it could lead to a food crisis. Hence, to solve this issue, non-edible oils and low-cost feedstock can be utilised in the production of biodiesel [8]. Biodiesels are mainly procured by the means of transesterification. Heterogeneous catalysts (like metal oxides or carbonates) or Homogeneous catalysts (like potassium hydroxide (KOH) and sulfuric acid sodium hydroxide (NaOH)) provide an easy pathway for these types of reactions. Depending upon the production of undesirable compounds (such as water and FFA), every catalyst has its own advantages and disadvantages. The most appropriate example considers sodium hydroxide as being extensively accepted and used only due to its low cost and high production yield. Similarly, on comparing both methyl alcohol and ethyl alcohol, methanol is being widely used for a variety of commercial applications only because of its availability at a low-rate cost [9, 10]. On the other hand, enzymes may also play a critical role in the catalysis of different reactions which includes using substances that can be found in nature, such as whole cells or enzymes from biological sources, in order to speed up the chemical reactions; these are called biocatalysts. These enzymatic reactions are generally carried out in milder conditions. Hence, they tend to be environmentally benign, cost effective, and sustainable in nature [11].


Acidic hydrolysis generally proceeds with a comparatively lower temperature (100-200°C) in comparison to the heterogeneous catalytic method. Several homogeneous acid-catalysed methods have been reported in the conversion of 5-hydroxymethylfurfural (HMF), furfural, alkyl levulinate, and levulinic acid (LA). These are well recognised as platform chemicals in the manufacturing of fuels, lubricants, and thermostable plastics [12–18]. LA, also called γ-ketovaleric acid or 4-oxopenta-noic acid, is classified by the US Department of Energy as one of the top 12 promising bio-based intermediate compounds for the synthesis of fuels and fine chemicals [12, 19, 20]. This compound has found applications in additives, polymer solvents, plasticizers, dyes in textiles, fuel extenders, herbicides, antimicrobials, resins, and animal feedstock and food, as well as flavour and fragrance derived products [12, 20]. LA is a bifunctional compound associated with ketone as well as -COOH groups that is imperative in the manufacturing of a variety of commodity products like acrylic acid, angelica lactone, levulinate esters, γ-valerolactone (GVL), δ-amino levulinic acid (DALA), 2-methyltetrahydrofuran (MTHF), 1,4-pentanediol, etc. [12, 21]. Production of LA from reducing sugars such as polysaccharides, glucose, inulin, fructose, and lignocellulosic biomass can be widely explored using heterogeneous or homogeneous catalysts.


This book chapter deals with the implementation of different techniques to produce liquid biofuels and energy from solid biomass. The importance of different types of pre-treatment methods available to explore the best possible combinations and their future prospects in biofuel production are proposed. Biofuel productions by pyrolysis and hydrothermal liquefaction were discussed along with bioethanol production from sugary, starchy, and lignocellulosic biomass using enzymatic saccharification. Challenges related to sustainability and its possible alternatives are mentioned. This chapter also identifies gaps and future research opportunities related to biodiesel production and its applications.






8.2 Pre-Treatment of Lignocellulosic Biomasses


Lignocellulosic biomasses possess complicated structure and inherent recalcitrance which hinders the process of their conversion into biofuels. It is extremely vital to overcome this recalcitrant behaviour and for this purpose, the lignocellulosic biomass is subjected to different kinds of processes termed as pre-treatment, which determines greater than 40% of the total cost for the bioconversion process [22]. The recalcitrant behaviour exhibited by lignocellulosic biomasses is the result of complex hierarchical networking among the three main constituents (hemicellulose, lignin, and cellulose). The aim of any pre-treatment process is to break this complicated networking in order to increase the availability of polysaccharides for the action of chemicals or enzymes in later stages of biofuel production. It should also target reducing cellulose crystallinity, degradation of hemicellulose, lignin removal, and improving surface porosity for further facilitating the bioconversion process [23]. Over the decades, different types of processes have been employed for the pre-treating the lignocellulosic biomasses, which can broadly be classified into four types: biological, physical, physico-chemical, and chemical (Figure 8.1) [24].
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Figure 8.1 Different pre-treatment processes.




8.2.1 Physical Pre-Treatment Methods


Physical pre-treatment methods involve alteration in size of particles, surface area, crystallinity index, and degree of polymerization [23]. The lignocellulosic biomass, when subjected to various kinds of mechanical processes (various kind of millings such as ball, hammer, colloid, two-roll, and extrusion) and irradiation (electron beams, gamma rays, microwaves, ultrasonication, etc.), is said to have undergone physical pre-treatment [25].


The milling technique has been successfully used for pre-treatment of various lignocellulosic biomasses such as oil palm, sugarcane bagasse, etc. [26, 27]. Continuous research towards the improvisation of milling techniques has resulted into different processes like ball-milling, wet-disc milling, hammer milling, etc. A recent study reported the pre-treatment of corn stover biomass using an attrition mill which led to reduced particle size. The glucose production increased with a decrease in particle size. One hour of milling led to less than 100µm size of 73.5% particles. This led to increased availability of cellulose to cellulases, yielding 79.8% glucose [28].


The extrusion process allows heating, mixing, sterilization, pressing, and moulding of lignocellulosic biomass. It lowers the process cost and enhances the biological and nutritional value of biomass [29]. Application of the extrusion process for pre-treatment of lignocellulosic biomasses such as pine woodchips, soybean hulls, douglas-fir, etc., is well documented in literature [30, 31]. The extruded sample could yield 65% more glucose and 48% more xylose than the control sample for douglas-fir feedstock [32].


Microwave and ultrasound are non-traditional methods of pre-treatment involving the irradiation of lignocellulosic biomass with electromagnetic and ultrasound waves, respectively, causing increased production of fermentable sugars. The microwave pre-treatment process causes an explosion inside the particles of lignocellulosic biomass, thereby disrupting their recalcitrant structure. The irradiation power and irradiation time are crucial parameters to be optimized during microwave pre-treatment. Usually, higher yields of bio-oil are achieved by greater increase in time of irradiation and small increase in power of irradiation. Microwave radiations improved the production of bio-oil from Swietenia macrophylla by 46 wt. % at an irradiation time of 8 min and irradiation power of 270 W, whereas the increase at an irradiation time of 5 min and irradiation power of 180 W was only 39 wt. % [33]. The ultrasound pre-treatment process results in acoustic oscillations leading to high frequency, which decomposes water molecules into free radicals (Hº and OHº). These radicals disrupt the glycosidic linkages responsible for the complicated networking of lignocellulosic biomasses [34]. Some other advantages offered by this process are high activation energy, short residence time, and efficient mass transfer for disruption of lignocellulosic biomass. This pre-treatment approach is widely being explored for the production of fermentable sugars from different lignocellulosic biomasses. Groundnuts, coconut coir, and pistachio shells, when subjected to ultrasound pre-treatment, produced 21.3, 23.9, and 18.4 g/L fermentable sugars in comparison to 10.2, 12.1, and 8.1 g/L, respectively, for corresponding controls [35]. The physical methods consume more power and energy, making the process expensive, therefore they are replaced by chemical methods.






8.2.2 Chemical Pre-Treatment Methods


The chemical processes when applied for disintegration of lignocellulosic biomass constituents are termed as chemical pre-treatment. The most commonly used effective and low-cost chemicals for pre-treatment are dilute and concentrated mineral acids and bases [36–38]. Organic acids can also be used. For instance, acetic acid (8.24%) at 107.3°C for 30 min led to 40.408 mg reducing sugar per gram oil palm shell which was much greater than the control [39]. High reducing sugar yields are also obtained on application of alkaline NaOH to biomass like switch-grass and corn stover [40, 41]. Organic solvents (ethanol, glycerol, acetone, methanol, etc.) have also been used for the delignification of biomasses [42, 43]. However, use of mineral acids, bases, and organic solvents are harmful for the environment and require replacement by greener technology.


Novel green solvents like ionic liquids, supercritical fluids, and deep eutectic solvents are being extensively explored for the pre-treatment of lignocellulosic biomasses [44, 45]. The supercritical fluid is well-known for its delignification impact disrupting the complicated biomass structure for biofuel production. The supercritical fluid offers density similar to liquids and diffusivity similar to gases. Out of the different solvent choices available, CO2 is preferred due to being inexpensive, easily available, non-toxic, and non-flammable [46]. Similarly, some advantages proffered by ionic liquids and deep eutectic solvents are high viscosity, high solubility, wide electrothermal window, non-flammability, high thermal stability, and low vapour pressure. Pre-treatment of sugarcane tops using ionic liquid resulted into 181.18 mg, reducing sugar per gram biomass respectively as compared to the untreated sample (75.43mg/g). The improvement is greater than twice for the control sample, indicating effective disintegration or breaking down of complexed biomass structure by the ionic liquids used [47]. The deep eutectic solvent removed 61.40% and 57.58% of lignin and xylan, respectively, resulting in the generation of 37.94g/L total reducing sugar. The effectiveness of the pre-treatment process was also established by the requirement of low-enzyme loading for the hydrolysis process [48]. Supercritical fluid also efficiently causes disruption of lignin from the lignocellulosic matrix by facilitating the interaction between lignocellulosic biomass and fluid used at high pressure condition. In case of supercritical CO2, the water in the biomass along with the CO2 forms carbonic acid which causes disruption of hemicelluloses, further reducing the recalcitrant behaviour of lignocellulosic biomasses. Rice-husk, when subjected to supercritical CO2 at 270 bars and 80°C, reduced the amount of lignin by 90.6% [49]. Proper scale-up can make these green solvents an environmentally and economically preferable pre-treatment technique.








8.2.3 Physico-Chemical Pre-Treatment Methods


The physical processes in combination with chemical reactions, when used for the destruction of lignocellulosic components of biomass, fall into this category. Some examples are steam explosion, ammonia fibre explosion, and hydrothermal processes.


The steam explosion of biomass mainly results in the disintegration of hemicellulose, leaving behind a cellulose-rich solid which can effectively be hydrolyzed to obtain higher yields of fermentable sugars. Usually, the saccharification yield increases with an increase in severity factor. The treatment of wheat straw at 200°C for 9.2 min and agave bagasse at 142°C for 20 min led to maximum glucose yield after enzymatic hydrolysis [50, 51]. Most of the current studies have intense efforts on the application of steam explosion in combination with other processes such as ionic liquid and green liquor for biomass pre-treatment [52, 53]. The use of steam explosion coupled with green liquor for the pre-treatment of bamboo resulted in complete saccharification, yielding 20.3% bioethanol, the highest reported conversion so far for bamboo [54].


Ammonia fiber expansion (AFEX) involves the utilization of ammonia at moderately elevated temperature and pressure conditions. Zheng et al. demonstrated that the reduced recalcitrance of corn distiller dried grains on AFEX pre-treatment is the result of a reduction in crystallinity index as suggested by the disappearance of peak corresponding to amorphous cellulose during analysis of the XRD pattern [55]. The AFEX treated sample produced 4360 L of ethanol per hectare of sugarcane crop residues, indicating the efficiency of the process [56].


Th hydrothermal process involves treatment of biomass to high temperatures, usually ranging between 150-230°C, leading to degradation of hemicellulose. The severity factor plays a crucial role in this process and requires careful optimization. Hydrothermal pre-treatment of Eucalyptus globulus bark at 218°C with an agitation speed of 150 rpm when subjected to enzymatic hydrolysis resulted in 84% glucose, which on further processing yielded 26g/L of ethanol [57]. To further improve the efficiency of bioconversion, current research trends involve a cocktail of pre-treatment processes. Hydrothermal treatment integrated with conventional acidic or alkaline methods, when attempted on biomass such as sugarcane bagasse, cassava peels, etc., provided better output compared to individual processes [58, 59]. The use of acid/alkali brings down the severity of hydrothermal pre-treatment. For example, sugarcane bagasse when subjected to hydrothermal pre-treatment at 175°C for 39 min provides a solid with 63.2% glucan content. An addition of 0.5% (w/w) H2SO4 at the same temperature brings down treatment time to 3.9 min for solids with 61.6% glucan content [60].






8.2.4 Biological Pre-Treatment Methods


The methods of biological pre-treatment inculcate the treatment of lignocellulosic biomasses with various microbes, microbial consortium, or enzymes for the degradation of lignocellulosic components. It is less expensive, environmentally benign, and consumes less energy with no toxic inhibitors being generated. The degradation of lignocellulosic components can be caused by bacterial or fungal producing microbes. The biological process has been applied to different feedstocks successfully [61, 62]. The total reducing sugar production was increased by twenty times for Eucalyptus grandis saw dust by pre-treatment using white-rot fungi [63]. Strains like Cya. stercoreus NRRL-6573, Pyc. sanguineus FP-103506-Sp, Phlebia brevisora NRRL-13108, and Pol. compactus NRRL-A-2351 produced 330-399 mg glucose per gram of pre-treated biomass. All these strains commonly exhibited high lignin loss during pre-treatment [64]. Considering the importance of lignin degradation during pre-treatment, the application of lignin degrading microbes and enzymes such as lac-case is gaining more attention in recent studies [65]. Malik et al. used Mycobacterium smegmatis LZ-K2 strain for pre-treatment of corn stalk. The cellulose and hemicellulose components improved to 53.57% and 18.69% in comparison to 45.57% and 15.73% in the native mass, whereas the lignin content was reduced from 22.23% to 17.84%. Reducing a sugar yield of 285.4mg/g, biomass was produced leading to the final production of 9.40g/L ethanol [66]. Utilization of biological sources from pre-treatment to fermentation results into completely green process for biofuel production, but to access the complete potential of this approach more research and studies are needed.








8.3 Extraction of Biofuel from Lignocellulosic Biomass


Agricultural biomass contains high lignocellulosic components which can be utilized to form biofuel, biogas, and many bio-based products. Biomass can be converted into biofuels via either biochemical or thermochemical pathways. Biomasses containing high moisture value and high cellulose or hemicellulose content were utilized in a biological pathway from biofuel production, while the low moisture and high lignin biomasses were considered for thermochemical pathways. The widely used process for biofuel production is the thermochemical process. The thermochemical process is considered a direct process, as it involves the direct contact of heat to degrade the biomass into biofuel, biochar, and syngas. Nowadays, various thermochemical techniques have been developed for biofuel production. Among them, pyrolysis and hydrothermal liquefaction of biomass provide a suitable way to form liquid fuels.




8.3.1 Pyrolysis


Biomass is an inexhaustive source of energy derived from many sources such as agricultural products, terrestrial plants, aquatic plants, and other wastes. The chemical energy in plants is presented in the form of glucose and other sugars which can be transformed into liquid fuels and gasses using several thermochemical techniques like gasification, liquefaction, pyrolysis, and torrefaction (Figure 8.2). Pyrolysis is a highly advanced thermochemical technology to produce biogas, biochar, and biofuels via degradation of biomass under a low-oxygenated environment at a distinct heating rate. The yield of pyrolytic products depends upon structural and complexity of biomass constituents (cellulose, hemicellulose and lignin) and pyrolysis parameters. The biomass pyrolysis mechanism involves the heating of biomass in an inert environment at varying heating rates. Heating in an inert environment generates the organic vapours which consists of the lignin, cellulose, and hemicellulose polymers present in the biomass. These organic vapours were then condensed to give organic liquid which is called bio-fuel/oil. The non-condensed gases quit the reaction chamber and can be utilized to produce heat for the process of pyrolysis. The left-over residue is termed as bio-char.
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Figure 8.2 Different thermochemical processes for production of biofuel and other products.


Bio-oil product distribution generally depends on the lignocellulosic content of biomass. Yang et al. [67] explored the pyrolysis of individual biomass constituent’s hemicellulose, cellulose, and lignin. They have noticed that hemicellulose was decomposed at 220-315oC and cellulose decomposes at a temperature range of 314-400oC, while the lignin shows a broad range of decomposition in between 160-900oC. The gases evolved during pyrolysis of these three components are quite similar, including CO2, CO, and CH4. They also suggested that the pyrolysis of cellulose takes place due to the cleavage of glyosidic groups, followed by the breakdown of anhydro-glucose units. Shafizadeh and Fu [68] suggested that pyrolysis at lower temperatures give higher biochar yield. They have obtained 34% char yield from pure cellulose when pyrolyzed at 300oC under nitrogen. At higher temperatures, rapid cleavage of glycosidic bonds take place which creates gaseous products.


On the other hand, product distribution in biofuel production is not only dependent upon lignocellulosic components of biomass, but also on the type of interlinkage between these components. Hemicellulose is linked with cellulose via hydrogen bond while lignin and hemicellulose are linked with ester bonds [69]. There are various studies which state the effect of interlinkage of these three components of biomass on pyrolytic products [70–73]. Zhao et al. [69] reported the interaction between major components of biomass (cellulose, hemicellulose, and lignin) during their co-pyrolysis process and observed that the component interaction is highly responsible for various product formation. They have observed that increasing the cellulose percentage in biomass enhances the formation of levoglucosan product and by increasing the hemicellulose content, a modest increase in the yield of furfural and acetic acid was noticed. Also, by increasing lignin content, phenolic component product increases and reduces the furan substance formation which is generally observed during cellulose and hemicellulose pyrolysis. It is also observed that the hemicellulose shows restraint on the formation of carbohydrates (levoglucosan) which is obtained from cellulose pyrolysis. Thus, all extensive components in biomass play an important role in pyrolytic product formation. Higher cellulose content in biomass leads to formation of high liquid yield, high hemicellulose enhanced gaseous product formation, and high lignin content in biomass gives more solid residues.


Depending upon the biomass material, different pyrolysis methods have been designed which include fast pyrolysis, slow pyrolysis, intermediate pyrolysis, and hydro pyrolysis. Among which, fast pyrolysis is mostly preferred for high yield bio-oil production. It is an advanced technique for biofuel production from biomass. The main purpose of this technique is to avert the additional cracking of pyrolyzed products into non-condensed products, which leads to the formation of char. In this process, feedstock is heated at a temperature range of 450-600oC for a very short interval of time and it is observed that heating rate and phase transition phenomenon plays a crucial role in product distribution during the process.






8.3.2 Hydrothermal Liquefaction


Hydrothermal liquefaction (HTL) or Hydrous Pyrolysis is considered to be the most suitable, efficient, and advanced technological process for the valorisation of different types of wet biomasses feed stock like lignocellulosic, algae, organic waste, etc. HTL deals with the depolymerisation process with the production of liquid crude bio-oil as the first product, along with gaseous, aqueous, and solid residue as subsequent by-products. This process undergoes a reaction in presence of water, with organic or biomass materials at hydrothermal conditions in temperatures ranging from 250°C to 450°C and pressures between approximately 100-350 bar. These conditions help water remain in its liquid form or in a relatively denser supercritical state which facilitates in bringing about a homogenous, fast, and productive reaction. Therefore, HTL is especially suitable over normal pyrolysis due to its better compatibility with wet feedstocks, as it eliminates the need of drying the biomass during the process, which makes it cost and energy effective [74]. For comparison, in normal pyrolysis, the water present in the biomass possesses a negative effect due to the requirement of high heat of vaporisation as the biomass must be free of moisture. These conditions put limitations on the use of biomass as a feedstock as well as overall process economy, whereas in the heat transfer and extraction processes subcritical water (374°C) plays an important role as a medium in HTL [75]. The product yield is also impacted initially by process conditions like pressure, biomass to reaction time, solvent ratio, temperature, catalyst, and the kind of feedstock.


The pathway for the HTL process undergoes the following major steps, which include depolymerisation, decomposition, and recombination [76]. Firstly, biomass is depolymerized into small compounds by dissolution of macromolecules with the utilisation of their physical as well as chemical properties. Depolymerisation helps in changing the long chain polymer structures which consist of O2, H2, and C in short chains of hydrocarbons, as biopolymers such as cellulose and hemicellulose contribute towards thermal stability positively and hence inhibit complete exploitation of biomass [77]. Further, this process proceeds through monomer decomposition of the biomass by dehydration, decarboxylation, cleavage, and deamination. At high temperature and pressure, water initiates the formation of glucose monomers by breaking the structure of cellulose. Due to high reactivity of fructose, it rapidly degrades into number of compounds facilitating n-types of reactions which include dehydration, isomerization, rearrangement, reverse-aldol defragmentation, hydrolysis, and recombination reactions [78]. For the last step, the reaction undergoes recombination and repolymerization which is exactly opposite of the above-mentioned steps and occurs due to non-availability of compounds containing hydrogen in the surrounding environment. Otherwise, freely available hydrogen could provide the free radical an ease to attain a stable molecular weight species during the liquefaction process. In certain environments, there could be extremely large unavailability of hydrogen or free radical concentrations and in such conditions the fragments either recombine or repolymerize in order to form a high molecular weight char otherwise taken as formation of coke [79].


During the HTL process, several complex reactions participate where biomass is transformed into crude oils [80]. Basically, two types of feedstocks are used: lignocellulosic as dry feedstock and algal as wet feedstock biomass, where hemicellulose, cellulose, and lignin contribute in a major fraction of the dry/lignocellulose biomass [81]. On the contrary, wet feedstock comprises of lipids, carbohydrates, proteins, and algaenans. Temperature is seen to play a significant role with the liquid yields produced, which is due to the extended fragmentation of biomass. Suitable selection of temperature becomes a crucial task as water has the tendency to rapidly change its properties in near supercritical conditions, hence gas formation is greatly supported at a temperature range higher than 374°C [82]. As per Karagoz et al. [83], total oil yield reported for the liquefaction of sawdust was 3.7%, 7.6%, and 8.5% under a temperature range of 180°C, 250˚C, and 280°C, respectively, which indicates synergetic effect on sawdust liquefaction due to an increase in the temperature. Also, at a 250°C maximum, water solubles are reported as 45% which implies decomposition of the cellulose present. The studies of, Zhou et al. [84], Yin et al. [85], Zhang et al. [86], and Sugano et al. [87] show that the most appropriate temperature range for liquid oil production is in the range of 300-315°C. The feedstocks utilised by them were Enteromorpha prolifa, grassland perennials, cattle manure, and eucalyptus, sequentially, which are alike in type and loose in structure. Also, Zhang et al. [86] reported a maximum 76% liquid oil yield at 300-310°C temperature and the reason given for this higher yield is that they have considered acetone soluble as a liquid oil fraction. Therefore, here the liquid fraction obtained contains both bio-oil and acetone. This study showcased the optimum temperature range in between 300–330°C which was enough for the manufacturing of bio-oil under the hydrothermal liquefaction process. Measurement of optimum liquefaction temperature is based on the alteration in the amount of solid residue which can be considered as a point of reference. By the above discussion, it can be suggested that an approximately 300°C temperature is suitable for the hydrothermal liquefaction process. However, in the case of compact biomasses, higher temperature is required (>300°C) as heterogeneity in biomass impacts the overall yield and liquid products obtained. This is because the lignocellulosic biomass majorly comprises of lignin, hemicelluloses, and cellulose which behave indifferently to different temperature conditions. These major components highly affect the yield (high or low) of bio-oil production, in which the compounds containing cellulose and hemicellulose as the major compound produces high yield compared to the compounds containing lignin as a major compound. One of the proper examples would be of cherry hardwood which contains less lignin content and produces higher oil yield than softwood (cypress) containing high lignin content [88]. Zhong and Wei [82] utilized several woods (like C. lanceolata, Fraxinus mandshurica, Pinus massoniana Lamb., and Populus tomentosa Carr.) to study the temperature effect on aqueous liquefaction and it was observed that the yield of oil was affected by both temperature as well as lignin present in the wood. The maximum yield was produced from Fraxinus mandsurica wood which indicates its low level of lignin contents.


Like temperature, pressure also plays a crucial role in the hydrothermal liquefaction process. It maintains a mono-phase medium comprising of both a subcritical and supercritical liquefaction process. The rate of hydrolysis can be regulated by maintaining the pressure condition above critical pressure of the reaction medium, which can affect the liquid fuel and gaseous yield. Solvent density can be increased with the help of pressure which enhances biomass decomposition [89]. However, after achieving supercritical conditions there is no or very little significant impact from pressure on yield of liquid oils as at supercritical condition, the effect of pressure over water or other solvents is negligible [90–93]. Sangon et al. [90] observed a slight increase in the liquid oil yield by increasing the pressure ranging from 7-12MPa at supercritical conditions. Although, in the same study there is a decrease in the amount of oil yield while catalytic runs with an increase in the pressure, which indicates the blockage of active sites of catalyst by using denser solvents. Kabyemela et al. [93] also observed the effect of pressure on liquefied oil. They stated that by increasing the pressure, the rate constant of glucose degradation decreases and thus lowered the oil yield. In another study, Kabyemela et al. [92] investigated that changing the pressure ranging in between 30-40 MPa at a temperature of 400°C could not affect the rate of hydrolysis of biomass and in fact observed the downfall in the rate of pyrolysis. This is because at higher pressure conditions solvent density increases, which causes a cage effect and inhibits the C-C bond breakage, thus slowing down the fragmentation process. Thus, it can be concluded that at supercritical condition variation in pressure may not be affected much with production of liquid oil yield.








8.4 Bioethanol


A prospective candidate for near future fuel having marvellous physical properties such as boiling point (78oC), enthalpy vaporization (38.5oC), zero carbon credits, and high-octane number (108) can be a 15% (v/v) blend of lignocellulosic bioethanol (bioethanol produced from lignocellulosic biomass). Engines loaded with such a dynamic blend are able to run without much alternation [94]. This blending process meets the current Indian Government target of reduction in the petroleum imports with the additional and major benefit of limiting greenhouse gas emissions due to the fact that bioethanol is carbon neutral. Although a number of bioethanol pilot facilities are running around the globe, most of these facilities are subsidized by the respective Govt. mechanisms. A lot of effort is still needed to bring down the overall production cost [95]. Technology intervention is needed in key steps like the pre-treatment process and for reduction in cost of enzymes, which are still challenging to bring down the cost of production.


Both conventional ethanol and bioethanol are chemically similar but the main difference arrives in the starting material they both are obtained from. Conventional ethanol is simply produced by the anaerobic digestion of the sugar content present in sugary and starchy crops. Later is produced from sugars obtained through saccharification of the cellulose present in lignocellulosic biomass. Mono and disaccharides are readily available in starchy and sugary crops to be consumed by bacteria and ethanol production is much simpler. However, there is a required pre-treatment (Sections 8.2.2 and 8.2.3) and enzymatic saccharification before fermentation of lignocellulosic biomass in order to make sugar available to the yeast. Many waste materials have required ingredient (sugars) present in them. Therefore, they can be utilised for production of ethanol by the fermentation process. These materials are specifically classified below as per the type of sugar source present in them:




	Saccharide Biomass: Sugar cane, beet root, fruits, palm juice, etc. Except for sugarcane (due to over production), the present hurdle with these materials is that they fall under the edible category and are normally difficult for use in the bioethanol sector.


	Starchy Grains: Edible grains such as wheat, barley, rice, sweet sorgum, corn, etc. and root plants like potato and cassava. Though few advanced countries use these for bio-ethanol production, they are still under the debate of Food vs Fuel.


	Lignocellulosic Biomass: Wood and wood waste, cedar, pinewood, etc., agricultural residues, fibres, distillation aromatic biomass.







8.4.1 Aromatic Lignocellulosic Biomass as Potential Candidate for Bioethanol


India produces more than 8 million tons of spent distillation biomass and this biomass is facing disposal issues. Aromatic biomass is most promising for the production of reducing sugars. In the process of isolation of essential oils, the aromatic biomass is generally passed through the hot-water or steam treatment in a distillation tank for several hours. This process is generally known as a pre-treatment process and this biomass can be easily transformed to sugars. Due to essential oil residues in aromatic spent biomass, it is not preferred by fodders. Aromatic spent biomass is complete waste and therefore is a potential candidate to be used for bioethanol production. Dissection of the word ‘Lignocellulosic biomass’ reveals three main structural polymeric units: cellulose, hemicellulose, and lignin. Cellulose is a polymeric form of glucose and hemicellulose is composed of xylose, arabinose, etc. and lignin a mixture consists of polyaromatic compounds such as p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol [96]. Polyphenols present in lignin hinder the hydrolysis of cellulose by inhibiting the enzymes or making cellulose unavailable for utilization. Isolation of biopolymers from lignocellulose has come up as an interesting research problem and a lot of research is has already been published in this field. To establish an economical method, it is mandatory to establish improved processes for the segregation of lignin from other biopolymers, making them available for hydrolysis and a higher yield of conversion of cellulose and hemicellulose to sugar are obtained. The segregation step while processing biomasses helps in removing lignin which inhibits microbes and their produced enzymes during enzymatic saccharification.


Recently, Prakash et al. [97] developed an effective method for complete segregation of lignin, hemicellulose, and cellulose from aromatics of biomass from spent Mentha arvensis biomass. The method was established in such a way that waxy components, fatty acids, and chlorophyll were extracted in a stirred reactor from biomass using hexane:methanol (1:1). Biomass free from any organic matter is further used for the isolation of biopolymers.


Initial bleaching of biomass was done by periodical shaking with 1% of NaClO2 solution at 80°C for 30 min. Lignin precipitates appeared when the bleaching solution with lignin was adjusted at pH 2. Residue biomass was again extracted with a solution of 5% NaOH at 50°C for 15 min and the filtrate was adjusted to pH 5. Hemicellulose precipitate was then recovered by adding ethanol in the solution. The remaining residue was further treated with each of the precooled 7% NaOH solution and pre-cooled 7% urea solution for 30 min to obtain cellulose (38%), hemicellulose (20%), and lignin (8%). Isolated cellulose can be easily hydrolysed into glucose and then the glucose is converted into bio-alcohol by an enzyme known as cellulase.






8.4.2 Enzymatic Saccharification


Agricultural research made it possible to have an extraordinary amount of crop cultivation per hectare and this situation has reached a plateau. Development of an efficient cellulolytic enzyme system is of the utmost importance for the utilisation of exceedingly available lignocellulosic biomass (primarily aromatic spent biomass). A synergistic working action of several enzymes together on the biomass is well known to attain complete degradation of complex biopolymers (cellulose and hemicellulose) and this process is generally referred to as cellulolysis (an enzymatic process performed by the cellulase enzyme group).


Three well known types of soluble extracellular enzymes comprised under the name of a cellulose group are: 1, 4-β-exoglucanase, β-glucosidase, and 1, 4-β-endoglucanase. The nonreducing end of a cellulose chain is cleaved by the hydrolysing action of 1, 4-β-exoglucanase, β-1, 4-glucosidase hydrolyses cellobiose and water-soluble cellodextrin to glucose and the only responsibility of the endoglucanase extracellular enzyme is to randomly cleave β-1, 4-glycosidic bonds of a cellulose chain [98, 99]. Cellulase is a member of the glycoside hydrolase family and is produced by a number of cellulolytic microbes (Trichonympha, clostridium, Actinomycetes, Bacteroides succinogenes, Butyrivibrio fibrisolvens, Ruminococcus albus, and Methanobrevibacter ruminantium) and fungi (Trichoderma, Humicola and Penicillium, and the white-rot fungi) [100, 101].


It is reported that for hydrolysing corn stover and steam pre-treated spruce into reducing sugar, a Novozymes’s Cellic CTec enzyme blend containing aggressive cellulases and a high level of β-glucosidase and Cellic HTec and endoxylanase enzyme can be used. As per the methodology, a pH of 4.8 enzymes was mixed with a 15 ml of 0.05 M sodium citrate and 0.5g of pre-treated biomass (dry basis). After the addition of enzymes Cellic CTec (0-40 FPU/g dry biomass) and Cellic HTec (0-75 FXU/g dry biomass), sodium azide (0.3%, w/v) was added to inhibit microbial growth during the hydrolysis. The samples were incubated in a controlled reciprocal shaking water bath at 50 C and 150 rpm for 72 h [102, 103].


A comparison was drawn in between the commercially procured enzyme Cellic CTec2 (114 FPU/ml) and in-house cultured Trichoderma reesei enzymes (68 FPU/ml) in the shake flask method. Studies showed that Cellic CTec2 is a more suitable enzyme for the production of glucose. The maximum glucose concentration obtained experimentally was 615 mg/g of isolated cellulose, but the laboratory produced enzymes process is cost-efficient and sustainable without much dependence on a few global companies for enzymes [97]. The major share of bioethanol production is enzymes, which need major technical and economic interventions.






8.4.3 Ethanol Conversion Processes


Yeast-based fermentation produces an economical yield of ethanol from starchy crop corn and reducing sugar rich sugarcane and this process has been frequently used in commercial production of ethanol. On the other hand, bioethanol from lignocellulosic biomass completely relies on segregation of structural polymers that means enriching the cellulosic content by isolating lignin and the microbial degradation or enzymatic hydrolysis of cellulose obtained from biomass to produce reducing sugars such as glucose. A process flowchart of bioethanol production from sugar, starch, and cellulose is represented in Figure 8.3 for better understanding. Routes of bioethanol production can vary depending on the choice of starting material taken for the conversion. A list of major steps that must be considered, as given below.
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Figure 8.3 Complete process for the production of bioethanol from different biomasses.




	Grinding/milling followed by sieving of the biomass in order to obtain uniform and reduced particle size, as smaller particle size helps to obtain higher surface area, hence extraction yields obtained are much higher.


	Extraction of cellulose from biomass (refer to section Aromatic Lignocellulosic Biomass as Potential Candidate for Bioethanol).


	Saccharification process for conversion of cellulose (spent aromatic and cellulosic biomass) and starch into fermentable sugar (glucose) in the presence of cellulase.


	Fermentation process in the presence of bacteria, yeasts, or other microorganisms for conversion of sugar into bioethanol and other biproducts such as CO2.









8.4.4 Process for the Production of Ethanol from Sugary Crops


This process is only applicable for crops containing monomeric C6(hexose) sugars. Sugars are extracted from such crops by simply grinding them up. In an anaerobic chamber, yeast is added to the extracted sugar which secretes enzymes that digest the sugar and mainly produce ethanol and CO2 [104].






8.4.5 Process for the Production of Ethanol from Starchy Crops


Saccharification is to be considered as the first step in the process of the production of bioethanol from starchy biomass. Saccharification specifically deals in hydrolyzing starch which consists of many simple long chains of glucose monomers using enzymes. The obtained free monomeric glucose in the fermentation process yields ethanol and CO2 [104].






8.4.6 Process for the Production of Bioethanol from Cellulosic Biomass and Spent Aromatic Crops


Due to the fact that simpler C6 (hexose) are not directly available to be converted by yeast, the production of ethanol from cellulosic biomass is quite a complicated process compared to that of sugar or starch containing crops. Another hindrance arises because of the inhibition of yeast or other enzymes by lignin that is quantitatively present in cellulosic biomasses. An additional pre-treatment of cellulosic materials is generally required before the saccharification and fermentation to produce bioethanol. The pre-treatment process deals with breaking down of lignin and disrupts the crystalline structure of cellulose and enzymatic hydrolysis or acid hydrolysis of cellulosic materials in order to convert them into glucose [105]. Then, the obtained glucose can be easily converted into ethanol by using microorganisms through the fermentation process [106].






8.4.7 Purification of Bioethanol


Bioethanol is usually obtained as a dilute solution of ethanol in water either through fermentation of cellulosic biomass or sugary and starchy crops. Purification of the fermentation mixture containing ethanol and other reaction side products in water is necessary to obtain high quality bioethanol that can be further used in petroleum mixtures. Water and ethanol together make an azeotropic mixture (a mixture having components that have almost similar boiling points). Therefore, the fractional column for distillation followed by purification of vapour permeation membranes is required to concentrate bioethanol [107].








8.5 Biodiesel Production from Fatty Acids


Biodiesel is comprised of long-chain mono alkyl esters obtained from non-edible oil (vegetable oil) or animal fat by the transesterification process. There are many processes available for making vegetable oil amenable, for instance, preheating and blending, micro-emulsion, pyrolysis, catalytic cracking, and transesterification. Among the above, transesterification is the most common process for biodiesel production because it is eco-friendly, less time consuming and operates at very mild condition. The transesterification process involves the conversion of triglycerides into alkyl esters in the presence of alcohols (methanol/ethanol), followed by the addition of acid and base catalysts. The transesterification process can be achieved by using a chemical or biological catalyst.




8.5.1 Chemical Catalytic Process


The chemical catalyst includes homogeneous catalysts (alkali or acid), heterogeneous catalysts (solid acid or solid alkali catalysts), and heterogeneous nano catalysts.




8.5.1.1 Homogeneous Base-Catalysed Transesterification


Basic catalysts are the most commonly used catalysts in the transesterification process. A base catalysed reaction proceeds faster and is less corrosive. The base catalysed transesterification reaction proceeds via four steps (Figure 8.4).


Firstly, the alkaline catalyst reacts with alcohol resulting in generation of alkoxide and protonated catalyst. In the 2nd step, a tetrahedral intermediate is formed by the nucleophilic attack of alkoxide on a carbonyl group of triglycerides. The 3rd step is comprised of the generation of alkyl ester and a corresponding anion of diglycerides and finally, the deprotonation of catalyst takes place to produce active species. Any highly alkaline catalyst such as NaOH, KOH, CH3Ona, and CH3OK can be employed for biodiesel production [108, 109]. Among these, NaOH is mostly preferred because of its high purity and low-price [110, 111]. A base catalysed transesterification reaction should take place in a dry atmosphere, as presence of water causes foam/soap formation by hydrolysing the triglycerides, which decreases the yield and quality of biodiesel [112, 113]. If the FFA% in any oil is >2%, the process may follow the saponification pathway and make product recovery very complicated, hence the two step-transesterification process utilizing both acid and alkali is recommended [114, 115]. Commonly, in the transesterification process, alkaline metal oxides were more effective than hydroxides [116]. Ejikeme et al. [117] reported 90% yield from palm and coconut oil by using an alkali catalyst NaOH with boiler ashes. Al-Sakkari et al. [118] investigated the transesterification of waste vegetable oil by using 1% alkaline catalyst KOH. The optimum condition at which maximum conversion was observed is 65°C temperature, 400 rpm speed, and a 60 min reaction time.
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Figure 8.4 Mechanism for base catalysed transesterification process.


The homogeneous base catalysed process is a very efficient process for biodiesel production, as it gives maximum conversion in lesser time. The only disadvantage associated is the purification of biodiesel and glycerol from base catalyst. Therefore, to avoid this problem, a heterogeneous catalyst has been prepared and utilized for the transesterification process.








8.5.1.2 Homogeneous Acid-Catalysed Transesterification


The acid catalyzed transesterification process provides high yields of alkyl esters [119]. The common acid catalysts are sulphuric, hydrochloric, and sulfonyl acids [120]. Zhang et al. [121] reported the acidic transesterification of Zanthoxylum bungeanum seed oil using sulphuric acid with methanol giving >94% yield in 12h. The performance of acidic catalyst reactions is not affected by the FFAs content. Acid catalysts can produce biodiesel from even high FFA containing feedstocks. The acidic catalytic step is considered as a preliminary step for base-catalysed transesterification to esterify feedstocks having FFAs >2%. The acidic catalyzed reaction aids in lessening the FFAs value to an extent suitable for alkaline transesterification. Pham et al. reported biodiesel formation from candlenut oil by two step processes. The first step involves the esterification using sulfuric acid with acetonitrile as a co-solvent. In the second step, KOH and acetone is used as an alkali catalyst and co-solvent for the alkaline transesterification process. The overall process has achieved 99.3% biodiesel yield [122]. Acid catalysed reactions are less sensitive to moisture and also do not involve soap formation. The complete followed mechanism of an acid catalysed reaction is presented in Figure 8.5.
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Figure 8.5 Mechanism for acid catalyzed transesterification process.


The first step involves the protonation of a carbonyl group of esters, resulting in the carbocation (II). Then, tetrahedral intermediate (III) was formulated by the nucleophilic attack of alcohol on carbocation, which after removing glycerol molecules results in new esters (IV) and H+ catalyst. The reaction rate of acid catalyzed reactions is very low, hence a large amount of catalyst is required for a significant effect. Canakci and Vann Gerpen [123] studied the variation in rate of reaction by using different wt% of catalyst (1-5wt %). This study shows enhancement in reaction rate by increasing the wt% of catalyst. This trend is also confirmed by other studies [124]. Higher catalyst concentration also leads to the requirement of a neutralizing agent (CaO) in higher amounts, thus making the process costly and generating large amounts of waste.


Michael et al. [125] studied the acid esterification of higher FFAs feedstock using various acidic catalysts such as HCl, H2CO2, HNO3, H2SO4, and CH3COOH. It is found that H2SO4 is highly effective compared to others. Ramadhas et al. [126] examine the lowering of FFA content of rubber seed oil by using acid catalyst. Ghadge and Raheman et al. [127] observed the reduction of FFAs in mahua oil using an acid esterification reaction from 19% to <01%. Wang et al. [128] described the acid esterification of WCO, reducing FFAs value from 37.96% to 1.055%. Ritesh et al. [129] studied the biodiesel production from Pongamia pinnata seed oil by using a two-step transesterification process, resulting in good yield at optimum conditions.


As per the above cited literature, the acid catalysed process is a key step for reducing the FFA level in feedstocks which can be further utilized in the alkaline transesterification process.






8.5.1.3 Heterogeneous Catalysts


Heterogeneous catalysts are developed to overcome the limitations of the homogeneous transesterification process such as separation and processing cost. It is an efficient, cost-effective green approach with high selectivity, easy product recovery, and high catalyst reusability [130]. These catalysts have a non-resistance to high FFA value and moisture content. Heterogeneous catalyst does not produce soap during the saponification process and also abolishes attrition issues. Heterogeneous catalysts are intrinsic in harsh states such as high temperature and pressure [131, 132]. The catalyst surface must be in a porous state or hydrophobic in nature [133]. Commonly used solid acid catalysts are alkali earth metal oxides [134], transition metal oxides [135], mixed metal oxides [136], ion exchange resins [137], alkali metal compounds supported on alumina or zeolite, acidic/basic-zeolites [138, 139], heteropolyacids [140], immobilized metal salts, and hydroxide. Biomass derived solid catalysts are considered as ecological alternatives [141]. The vast variety of heterogeneous catalyst enables the selection of the best methods suitable as per the quality and nature of oil to obtain high yields.






8.5.1.4 Alkali Earth Metal Oxides


Alkali earth metal oxides are basic heterogeneous catalysts. The very common basic catalysts are CaO, MgO, SrO, and BaO [142]. The basic sites in these materials are originated by the presence of a metal ion (M2+) that acts as a Lewis acid and oxygen ion (O2-) that acts as a Bronsted basic site [143]. These catalysts are highly active towards a transesterification reaction due to their high basic sites, reusability, non-corrosive nature, and lesser solubility in alcohol. However, the active basic sites of these catalysts can be deactivated by the adsorption of FFA, moisture content, or atmospheric CO2. According to studies, catalytic activity of alkaline earth oxide follows a trend BaO> SrO> CaO> MgO [144]. Moreover, Yan et al. [145] reported the transesterification of rapeseed oil by using these metal oxides at the same reaction condition. The results obtained show the same activity order. BaO and SrO oxides are strong basic catalysts and show high activity, but there are some drawbacks, for example, the BaO catalyst when diluted with methanol generates toxic barium compounds, [146] while SrO leaches into the reaction medium [147]. Thus, CaO and MgO, despite being less active, are cheaper compared to SrO and BaO and can easily be obtained from natural sources. They are also non-toxic and less soluble in methanol.


In order to increase the activity of these metal oxides, they are incorporated with other materials (alumina, silica, metal oxides, metal hydroxides etc.) to have superior perspectives, a high range of active sites, resistance to poisoning, and high stability. Marinkovic et al. [148] studied the transesterification of sunflower oil in the presence of Cao loaded γ-Al2O3 catalyst and proposed 94.3% biodiesel yield. Alkaline metals doped over CaO catalysts were used in transesterification of Karanja oil [149]. Aghilinategh et al. [150] studied CaO/TiO2 nanocatalyst at a supercritical phase to produce biodiesel of Chlorella vulgaris biomass. Lee et al. [151]synthesized the catalyst of CaO-CeO2 by co-precipitation method for biodiesel formation from high FFAs value containing oils like jatropha. Ilgen et al. [152] used the MgO incorporated with KOH catalyst for Canola oil transesterification.






8.5.1.5 Acid/Base Zeolites


The zeolite’s catalyst plays a significant role in esterification and transesterification of vegetable oil (non-edible) for generation of biodiesel. They are typically microporous crystalline aluminosilicates made of aluminum (Al), silicon (Si), and oxygen. Zeolite catalysts are known for their acidic properties and this acidity in zeolite arises as a result of charge imbalance between alumina and silica units. Zeolites can be very attractive in biodiesel production because of easy recovery, reusability, and regioselectivity, as well as for maintenance of pore structures and acid related properties [153]. Chung et al. [154] utilized various zeolite-based catalysts like ZSM-5, FAU, MOR, silicalite, and β zeolites for esterification of WCO in the presence of methanol. The results obtained show that the H-ZSM-5 and H-MOR catalysts reduce the FFA value up to the maximum extent and also retain their acidity and pore structure. In another study, [155] the acidic catalyst (ZSM-5 and H-Y zeolite) has been utilized for esterification of palmitic acid. H-Y zeolite gives the best result. Almost 100% conversion was observed at nominal reaction conditions. Shu et al. [156] used the β-zeolite modified with La3+ catalyst for transesterification of soybean oil in the presence of methanol. The results obtained showed that the modified zeolite gives better activity than β-zeolite. Also, Wu et al. [157] observed that the CaO doped Na-Y zeolite catalyst shows high catalytic activity for soybean transesterification. Borges et al. [158] used the prepared Ce/HUSY catalyst for soybean transesterification and also compared it with the base catalyst HUSY. The result obtained showed that Ce impregnated HUSY zeolite catalyst inflicts higher activity and stability. Even after, 3rd run Ce/HUSY gives approx. 99.5% conversion. Rezayan et al. [159] studied the transesterification of canola oil by the synthesized magnetic mesoporous nanocrystalline catalyst (KOH/ZSM-5-Fe3O4). After completion of reaction, the catalyst was separated out by applying a magnetic field and has been used up to a fifth cycle with no major loss.






8.5.1.6 Heteropolyacids


Heteropolyacid (HPA) catalysts are commonly termed as super acids. They are considered as green catalysts due to their high oxidizing ability, nontoxic nature, high acidity, and heat resistivity. They can act as both homogeneous and heterogeneous catalysts, depending on the reaction medium and HPA composition. HPA acids are strong Bronsted acids like mineral acids (perchloric acid and sulphuric acid), but HPA are preferred over mineral because of their high catalytic activity (after incorporation with other porous materials), non-corrosive nature, and easily separable quality [160]. HPA are soluble in polar solvents like ROH, H20, ROR, etc. In order to improve the catalytic activity of HPA, they are incorporated with support such as Montmorillonite (K-10) clay, mesostructured silica, ZrO2, and Al2O3. Zhang et al. [161] studied the transesterification of oleic acid using Fe(III)-doped phosphomolybdic acid (H3PMo) catalysts (Table 8.1). The reaction parameters were optimized by single factor optimization and also with an RSM module in order obtained high conversion yield. The yield obtained using an RSM module is 95.1% and 89.2% with (SFO) single factor optimization. The catalyst gives 70% conversion even after three-time recycling shows good reusability potential.






Table 8.1 Fatty acids transesterification using heterogeneous catalysts and wastes derived catalyst for biodiesel production.






	Feedstock

	Catalyst

	Reaction condition T (°C)/time

	Conversion%

	MOA:MMEOH

	Catalyst Wt%

	Ref.






	Palm oil

	HNTs-La/Ca

	150/2

	97.5

	1:18

	7

	[226]






	WCO

	La3+/ZnO-TiO2

	35/3

	96.14

	1:12

	4

	[227]






	Oleic acid

	P-ATMS-PS-5 SHIL

	70/2

	96.55

	1:11

	6

	[185]






	Oleic acid

	Fe(III)-H3PMo

	70/7

	89.2

	1:18

	6

	[228]






	WCO

	microwave-modified CaO

	65/1.15

	98.2

	1:8

	4

	[229]






	WCO

	RS-SO3H

	70/6

	91.1

	1:20

	10

	[230]






	Waste corn oil

	KOH/AC

	62.5/1

	92

	1:3

	0.75

	[231]






	Waste oil

	CaO/MgO

	90/2

	96.47

	1:15

	6

	[232]






	Castor oil

	Zn/Mg-γAl2O3

	80/3

	>90

	1:6

	5

	[233]






	Lauric acid

	AFS-CS

	65/2

	100

	1:15

	4

	[234]






	Oleic acid

	PMA/Fe-BTC

	160/3

	72.3

	1:16

	10

	[161]






	Oleic acid

	Ag1H2PMo

	70/3

	91.3

	1:10

	5

	[235]






	Oleic acid

	Acidic chitosan membrane(ACM)

	65/2.5

	98.7

	1:20

	10

	[236]






	WCO & WPO

	Organosulfonic acid functionalized MMTs

	120/2

	100

	1:8

	5

	[237]






	Waste frying oil

	Travertine stone powder

	59.52/3.8

	97.74

	6:11

	1.36

	[238]






	Soybean oil

	Orange peel ash

	RT/7

	98

	1:6

	7

	[239]






	Exploiting waste

	Banana peel ash

	RT/4

	98.95

	1:6

	7

	[240]






	Soyabean Oil

	Snail shell

	RT/7

	100

	1:6

	3

	[241]






	Jupati oil

	MKSB-SO3H

	135/4

	91.8

	1:30

	6

	[242]






	PFAD

	Brewery waste

	65/3

	87.8

	1:21

	8

	[169]





MOA: Mole ratio of fatty oil, MMEOH: Mole ratio of methanol, HNTs: Halloysite nanotubes, P-ATMS-PS-5 SHIL:(3-Aminopropyl) trimethoxysilane-self solidifying hybrid ionic liquids, AFS-CS: Ammonium ferric sulphate-calcium silicate, PMA/Fe-BTC: Phosphomolybdic acid/Iron-bis (trichloromethyl)carbonate, MMTs: Montemorillonite, MKSB: Sulphonated-murumuru kernel shell biochar, WCO: Waste cooking oil, WPO: Waste palm oil, PFAD: Palm fatty acid distillate


Sudhakar et al. [162] reported the transesterification of non-edible neem oil by using HPWA/KIT-6 catalyst. Under nominal reaction conditions, (20wt % loading of HPWA, at 60oC) 90% conversion was noticed. The prepared catalyst can be reused multiple times, as even after its 3rd cycled it showed only 4% loss in activity. Han et al. [163] utilized amino acid functionalized heteropolyacids ([GlyH]1.0H2.0PW12O40) for esterification of palmitic acid. This work showed that the catalyst possesses high catalytic activity with an optimum biodiesel yield of 93.3%. Sunita et al. [164] reported the transesterification of sunflower oil using zirconia supported heteropolyacids. Zhang et al. [165] reported the esterification of oleic acid by employing mesoporous heteropolyacids catalyst (AgN-PW). The catalyst showed 100% activity even with high FFA value oils.






8.5.1.7 Waste Biomass Derived Heterogeneous Catalysts


Recently, the bio-waste derived heterogeneous catalyst for biofuel production is gaining widespread attention. The benefits of using these catalysts are due to their low cost, non-toxicity, eco-friendliness, and renewability and sustainability. The commonly used biomasses are waste shells, industrial wastes, bones, and plant ashes. The bio-waste derived catalyst represents a promising area for continuous biodiesel production processes. The use of bio-waste catalysts makes the biodiesel process highly cost-effective and environmentally friendly.


Wei et al. [166] reported the use of CaO solid catalysts obtained from chicken egg shell for transesterification of soybean oil. The obtained yield of biodiesel is >95%. In their experiment, they have used multiple eggshell catalysts calcined at different temperature ranges (200-1000°C). The results obtained showed that the catalysts calcined above 800°C were highly active catalysts. Niju et al. [167] examined the catalytic activity of commercial CaO catalyst and CaO procured from chicken egg shell for FAME production from WCO. The commercial CaO catalyst showed 67.57% conversion, while eggshell CaO catalyst gave 94.52% conversion under optimized conditions. The CaO catalyst can be procured from eggshells via the calcination-hydration-dehydration process. A one pot transesterification process for the generation of fatty acid methyl esters (FAME) from WCO was developed by using a catalyst synthesized by incorporation of tungsten and molybdenum over CaO. The CaO used in the process was obtained from waste eggshell. The process yielded 96.2% biodiesel under optimum reaction conditions [168]. Arumugamurthy et al. [169] studied the effect of catalyst obtained from brewery waste for biodiesel production using low value oil industrial waste. The waste catalyst showed high catalytic activity with 87.8% conversion in the presence of ultra-sonication and the optimized conditions were given in Table 8.1. The presence of a sulphonyl group on the catalyst surface is responsible for high reusability and activity of the catalyst. Additionally, they have used a sonochemical kinetic model to find the rate and order of reaction.


In another work, Nisar et al. [170] reported the single step process for biodiesel formation from jatropha oil by employing calcined animal bone as a catalyst. The reaction gives 96.1% biodiesel yield at 70°C temperature. Etim et al. [171] studied the two-step transesterification of neem oil by employing a catalyst obtained from ripe banana peel. Currently, various organic waste derived heterogeneous catalysts have been widely investigated in biodiesel productions, including walnut shell [172], rubber seed shell [173], coconut shells [174], cocoa pod husk [175], orange peel [176], sugarcane bagasse [177], and oil palm ash [178].Chouhan et al. [179] studied the biodiesel production from JCO by employing L. perpusilla Torrey ash as a solid catalyst. For ash preparation, waste material is subjected calcining at 550°C for 2h. The prepared catalyst is effective in giving 89.43% biodiesel yield under nominal conditions.






8.5.1.8 Heterogeneous Nanocatalysts


Nanocatalysts have been widely used because of their high catalytic activity and high surface area. The smaller the size of nanocatalyst, the higher the contact area of the catalyst, resulting in enhanced performance of the catalyst. Nanosphere catalysts provide a low ratio of methanol/oil separation and regenerate a large accessible area of the mesoporous silica nanosphere by providing advanced catalytic loading to improve the efficiency of transesterification. Many researchers have utilized nanocatalysts for biodiesel production and observed the improved yield.


Baskar et al. [180] studied the biodiesel formation from castor oil by employing Fe (II) incorporated ZnO nanocatalysts. The prepared catalyst is highly effective in transesterification under mild reaction conditions. In their experiment, they checked the effect of catalyst amount on biodiesel conversion. The obtained result showed that when the catalyst concentration increases from 2wt% to 14wt%, the conversion increases from 4% to 90%. In another study, Baskar et al. [181] reported 95.20% biodiesel yield using RSM optimized parameters on transesterification of castor oil using Ni incorporated ZnO nanocatalyst. Zhang et al. [182] studied the transesterification of palm oil with methanol using heterogeneous nanocatalysts (NaAlO2/γ-Al2O3), resulting in 97.65% biodiesel yield at optimal reaction conditions. Reddy et al. [183] utilized the nanosized CaO catalyst for transesterification of jatropha oil by two step processes. The catalyst showed high activity and enhances the biodiesel yield up to 98.54%, as well as representing high reusability (up to 6th cycle- 95.8% yield). Vardasat et al. [184] investigated the transesterification of sunflower oil by using sono-dispersed CaO on Al-MCM-41 nanocatalyst. The maximum yield obtained was 84.2% at reaction condition: catalyst 10 wt%, oil/methanol molar ratio 1:12, temperature 70°C, time 8 h., and reusability is tested up to 4 cycles. Li et al. [185] has prepared the self-solidifying hybrid ionic liquids (SHILs) as a heterogeneous catalyst for biodiesel production using FFAs feedstocks. The synthesized catalyst showed high potential toward biodiesel production and can be reused up to seven times with no significant loss in activity. It shows high catalytic activity in reduction of FFA level and transesterification of different oils with great potential. They have achieved the highest 96.5% conversion at the optimum reaction conditions given in Table 8.1.


Borah et al. [186] described the transesterification of Mesua ferrea oil using CO doped ZnO heterogeneous nano-catalyst. The synthesized catalyst showed excellent catalytic performance in biodiesel production from Mesua ferrea oil with a maximum yield of 98.03% under only 2.5wt% catalyst loading. Further, the produced biodiesel was characterized by analytical techniques (NMR and GC/MS).








8.5.2 Biochemical Catalysts


Enzymes or micro-organisms present in all living beings work in order to carry out chemical reactions without taking part and stays as it is until the end of the reaction are called natural catalysts and these catalysts are used for organic synthesis reactions termed as biocatalysts [187]. Mainly, biocatalysts are of six kinds: oxidoreductases, transferases, hydrolases, lypases, isomerases, and ligases. There are three major steps of the mechanism of action of the biocatalysts: binding and substrate(s) activation, transition state stabilization, and releasing of product. Chemistry and the purpose of each step is given in Table 8.2.




Table 8.2 Steps involved during catalytic cycle of enzymes (Christopher et al., 2021 [187]).






	Step

	Name

	Chemical

	Grounds






	1

	Substrate Binding

	It may be covalent binding, but always depends upon weak interactions (≥3): π-π-stacking, hydrogen bonding, ionic, and hydrophobic interactions. Enzyme backbone may adapt to a substrate structure.

	Precise positioning of substrates and, if required, cofactors in a productive 3D state to each other; the more interactions, the tighter the binding; Substrate inhibition can also be escaped by not keeping the binding too tight.






	2

	Substrate Activation

	Activation may be reached by acid-base catalysis, metals, cofactors, etc. Enzyme backbone may move during catalysis

	Initiating the reaction






	3

	Transition State Stabilization

	Inappropriate surrounding may be provided by different residues present in the active site

	Lowering energy for transition state






	4

	Releasing of Product

	Lesser binding affinity as compared to substrate

	In order to minimize product inhibition, expelling the product faster after the reaction is completed is crucially. Easier the more the substrate and differ in the product obtained from each other.









In biocatalysts, the water-soluble nature of enzymes makes it difficult as well as costly to recover from the aqueous solutions. Thus, the productions are based on one-time use and discard the effluent to make the process costly. These difficulties were considerably diminished by immobilization of the enzyme to make it free-flowing powder [188]. Immobilization was involved to encapsulate the enzyme on a suitable binding support, such as resinous materials, zeolite, or silica, or coated using the polymeric matrix to give protection to the enzyme. Moreover, the waste materials produced from plants of agro-industries can be used for this purpose. It can be replaced by food grade gums like guar gum, arabic gum, sodium alginate, etc. Hence, the immobilization of enzyme cost may be further reduced for industrial applications. The advantages of this immobilized enzymes were made enzyme ready for subsequent use in the next batches of reaction. This immobilization gave support and protected the enzyme from poisoning at the time of reaction. The immobilized enzymes can be used in 6-7 batches without much losing the activity. Therefore, production cost is drastically reduced and made the process quite simplified by upgrading the product quality and generating lesser waste effluent for cleaner production [189]. Recently, Li and co-workers [190] investigated the synthesis of biodiesel from sunflower oil with the help of a biocatalyst prepared by immobilization of lipase enzyme in biologically-derived metal organic frameworks. This lipase@bio-MOF consists of thermophilic lipase (Enzyme), Zincate ion (as metal ion), and adenine (as ligand), respectively. The hydrolytic activity of immobilized catalyst and free lipase catalyst was checked by hydrolyzing p-NPC8 as a model. The enzyme loaded catalyst reflects high reusability and good catalytic activity under extreme reaction conditions. Another study done by Lee et al. [191] showcased the effect of co-immobilized lipase on the production of biodiesel from oils obtained from soybean and cooking waste. In their experiment, they have observed that co-immobilized catalysts give > 93% conversion in 4hr and 80% conversion even after 20 reuses and this shows high activity and reusability of catalyst. Sarno et al. [192] synthesized the lipase immobilized Fe3O4/Au nanoparticle (catalyst) for the synthesis of biodiesel by the oil obtained from tomato seeds. The immobilized catalyst displayed high activity and improved stability. The result obtained was higher compared to both free enzyme and enzyme immobilized Fe3O4 catalyst. Remarkably, a high yield of 98.5% was obtained at a suitable reaction condition. Also, the catalyst shows a higher percentage of reusability, i.e., 84% conversion was observed after 3 uses.


Thus, we can say that biocatalysts are superior as the process is based on readily available renewable resources. In addition, it is biodegradable and essentially non-hazardous and non-toxic, thus the process is comparatively cleaner. The need for functional-group activation, protection, and deprotection steps are not required as enzymatic reactions are generally performed under milder conditions in water. This encourages it to be more step-economical and gives rise to low waste compared to some traditional organic syntheses. Consequently, biocatalytic methods are more environmentally attractive, more cost-effective, and therefore more sustainable in nature [188, 193]. Moreover, enzymes have shown high selectivity. Also, various industries such as biofuel production, the detergent industry, food and beverage industry, pharmaceutical industry, and starch processing industries have replaced chemical processes with biocatalysts.








8.6 Levulinic Acid (LA)


LA is a value-added organic compound obtained from the lignocellulosic biomass via an acid catalysed process [194]. Presently, lignocellulosic biomass contributes to the widely available biomass resources on the earth, which have been used as a basic raw material in synthesizing high value fuels and chemicals [195]. LA, for decades, has been considered as the building block for various fine and valuable chemicals. It is potentially utilised in the form of a precursor for various industrially dominant chemicals such as ethyl levulinate (used in scent company), aminolevulinic acid (cancer treatment), γ-valerolactone (potential green fuel), and 2-methyl-THF (motor fuel) [196]. Moreover, LA can also be used as a gasoline and biodiesel additive by conversion to valerate ester derivatives [197]. The products obtained from the transformation of LA were widely exploited by various industries, for example, adsorbents, resins, polymers, batteries, plasticizers rubber, cosmetic, solvents, drug delivery systems, electronics, and pharmaceutical products [198].




8.6.1 Extraction of Levulinic Acid (LA) from Waste and Lignocellulosic Biomass


The initial step in the synthesis of LA from lignocellulosic biomass begins with the acid hydrolysis process. The main compositions of lignocellulosic biomass are lignin, hemicelluloses, and cellulose. Where hemicelluloses and cellulose can be subjected to hydrolysis to produce the key intermediates, pentoses and hexoses further dehydrated under an acidic environment to generate furfural and 5-hydroxymethylfurfural (HMF). Consequently, HMF can be rehydrated afterwards under suitable acidic conditions to produce LA [199]. In the course of the acid catalysed transformation of sugars (hexose) into LA, another compound called formic acid is also produced as a side product of low-value which may be again utilised in the production of formaldehydes, pharmaceuticals, textiles, etc. [200]. The role of lignin in biomass is to densely pack the cellulose and hemicellulose via chemical and covalent linkage. During acidic treatment of lignocellulosic biomass, the lignin is converted to humins and reduces the production yield of LA [201]. Therefore, the hydrolysis is under-preferred over pre-treatment of biomass in order to remove cellulose and hemicellulose from lignin. The dilute acid pre-treatment process is the most common biorefinery process. The mechanism of LA production from cellulose is showcased in Figure 8.6.


Several works have reported on the synthesis of LA from sugars, cellulose, and agricultural by-products by using ionic liquids and homogeneous and heterogeneous catalysts. LA is conventionally formed by heating sugars with mineral acids (H2SO4 and HCl) [202]. Various studies have been carried out on LA production using different lignocellulosic biomass. Mascal et al. reported how synthesis of LA from glucose using HCl as a catalyst being done. They have obtained a max. 79% yield of LA in the presence of dichloromethane (DCM) as a solvent. They have also reported that the same catalytic system is suitable for dehydration of 5-chloromethylfurfural to LA, resulting in 91% yield at 190oC in water [203]. Chang et al. investigated the optimization of reaction conditions for producing higher yields of LA. They have observed that that reaction temperature 150-230oC, acid concentration 3.5-10wt%, and high reaction time leads to higher yields of LA [204]. Takeuchi et al. studied the conversion of carbohydrate biomass into HMF and LA, taking mineral acid as a catalyst (HCl). A maximum 55% yield of LA has been obtained at pH-1.5 and a reaction time of 5min [205]. Mukherjee et al. also showed the production of LA from different biomass precursors with the help of various catalytic systems. They introduced that long reaction interval and high mineral acid concentration gives the maximum yield of LA [206]. However, the mineral acid catalysts are very effective in hydrolysis reactions, but these acids are very harsh and corrosive and promote the degradation of used equipment and the separation of these catalysts are very difficult [207]. Therefore, a heterogeneous catalyst has been used in order to overcome the problems that are caused by homogeneous catalysts. Heterogeneous catalysts might come up with an efficient methodology in the synthesis of LA, promoting high reaction rates, easy recyclability, high selectivity, and an environmentally benign system making it viable for the large-scale production process. Upare et al. mentioned sulfonated graphene oxide (GO-SO3H) as a catalyst in glucose conversion to LA. The obtained yield of LA was 50% at 200oC in a 10 h reaction time [208].




[image: Schematic illustration of reaction scheme of Levulinic acid production.]

Figure 8.6 Reaction scheme of Levulinic acid production.


Cellulose plays an important role by being the primary cell wall of green plants and in cotton fibre, the cellulose content is approx. 90%, wood contains around 40-50%, and dried hump is approx. 45%. For LA production, cellulose is first degraded into glucose and further isomerized to fructose. Further, fructose is dehydrated to convert it into LA. Peng et al. studied and reported the formation of LA through cellulose by utilising different metal chlorides including transition metals (Cr, Mn, Fe, Co, Cu and Zn) and alkali and alkaline earth metals (Li, Na, K, Mg, and Ca). Among these metal chlorides, CrCl3 shows the highest conversion percentage from cellulose to LA, up to 67% yield at 200oC for 3h [209]. Efremov et al. also reported the transformation of cellulose to LA utilising metal-sulphate catalysts in water (Co, Fe, Al). Among these catalysts, Al2 (SO4)3 produced the highest yield (18 wt %) [210]. Zuo et al. studied the use of sulfonated chloromethyl polystyrene solid acid catalyst (CP-SO3H-1.69) in the conversion of cellulose to LA. The highest yield obtained was 65.5%. They have proposed that the synthesized catalyst contains both the acidic as well as the cellulose binding sites, which promotes the high catalytic activity of the catalyst [211]. Joshi et al. used the Zirconium dioxide as a solid acid catalyst in the synthesis of LA. Cellulose was fully converted to 53.9% of LA and other products (HMF, furfural, formic acid, and humins) at 180°C for 3h with 2wt% of catalyst [212]. Zhong et al. also studied the single step conversion of cellulose by utilising novel heteropolyacids catalyst. In this one pot experiment, 98.9% conversion with 74.8% of LA was observed at optimal reaction conditions and this heteropolyacids catalyst shows good recyclability without the structural change and weight loss [213]. Yang et al. used the term selective degradation of microcrystalline cellulose using an Fe-resin solid acid catalyst in the reaction condition of 5 wt% NaCl solution through the hydrothermal process. The highest was a 90.9% conversion of microcrystalline cellulose, reported as the highest yield with 33.3% yield of LA [214].


Liu et al. studied direct synthesis of LA using rice straw in the presence of an acidic ionic liquid catalyst [C3SO3Hmim] HSO4. They have reported 96 mol% of LA yield at 180°C for a 30min reaction time. The high activity of catalyst is dedicated to the acidity and hydrogen bonding ability of anions. Moreover, no significant loss in activity was seen while reusing the catalyst up to five times [215]. Chen et al. used the superacid catalyst in order to decompose steam exploded rice straw (SERS) for the synthesis of LA. The results revealed that the addition of superacid catalyst (S2O82−/ ZrO2-SiO2-Sm2O3) enhanced the production of LA. Under optimal conditions of 200°C for 10min with a catalyst load of 13.3 wt%, 70% yield of LA was achieved [216]. Kumar et al. studied the effect of Ga salt of molybdophosphoric acid in the conversion of biomass to LA. The maximum yield of LA obtained is 56 wt%. The synthesized catalyst (Ga@HPMo) showed high selectivity towards LA compared to the parent HPMo catalyst [217]. Zhi et al. studied the LA production by corn stalk using an FeCl3 catalyst. The highest yield of LA obtained was 48.7% at an optimal condition of 23°C for 10 min using a 0.5 mol/L FeCl3 solution [218]. Qing et al. utilized the corncobs for LA production using SnCl4. A kinetic model has been utilised for the prediction of LA yield and other products, which is tally with the obtained experimental results. Also, they have used the RSM model for accurate correlation. A remarkable yield of LA of 76% was obtained at the reaction condition of 193°C for 17 min using 82 mM SnCl4 [219].


Sugarcane bagasse is a large volume by-product of agro-industrial sectors and it produced approx. ~540 million MT per year globally [220]. Sugarcane bagasse contains 20-30% lignin, 30-35% hemicellulose, and 40-45% cellulose [221]; this composition makes sugarcane bagasse a valuable feedstock for second generation biofuel production. There are some studies that involve the uses of sugarcane bagasse as a prominent feedstock for the synthesis of LA. Lopes et al. utilized the pre-treated sugarcane bagasse for LA production. They investigated the effect of acid hydrolysis at different reaction conditions on pre-treated biomass and the highest yield of LA produced was 55% at optimal reaction conditions: 170°C and 75min reaction time [222]. Mthembu et al. studied the optimization of reaction parameters for the highest LA yield production from the biomass of sugarcane bagasse in 1-ethyl-3-methylimidazolium hydrogen sulphate [EMim][HSO4] ionic liquid medium. The reaction parameters were optimized by using response surface methodology based on Box-Behken design. The highest yield of LA obtained was 62% at an optimal condition of 100°C for 7 h, using a 4g ionic liquid [223]. In another study, Mthembu et al. utilized the 1-butyl-2,3-dimethylimadazolium tetrafluoroborate ([BMMin][BF4]) for conversion of sugarcane bagasse into LA. The results revealed that the highest yield of LA was 54.2% with methyl isobutyl ketone as a solvent at the optimal reaction condition and when in an aqueous medium, the yield of LA was 44.8% at the same reaction condition. Without a loss in activity, the catalyst prepared had been reused up to 4 times [224]. Kumar et al. first time reported LA from glucose using Sub-ethanol with a 54% yield [225]. The choice of solvent is determined by various factors including the substrate and catalyst being used in the process. The solvent recovery and recycling possibilities, impact on environment, cost, etc. are certain other important features to be considered.








8.7 Conclusions


First-generation biofuel production technology is already feasible without many technical flaws. The only limitation is the feedstock availability and high price of feedstocks. Most importantly, it is competing with food and practically difficult to use this for fuel production. The shortage of food and ethics to keep away from this feedstock forced researchers and technologies to switch towards second generation biofuel production. Lignocellulosic biomass or crop residues are a rich source of carbohydrates with zero cost of feed and is an ideal alternative for the second generation of biofuels. The process of pre-treatment is among one of the prime steps for enriching the holocellulose with a low percentage of lignin (phenylproepnoids). The selective isolation of lignin is important because it inhibits microbial growth in the saccharisation step. Hot water or steam pre-treatment is the most cost-economic and environment-friendly compared to the other discussed processes. Therefore, the biomass which followed hot-water pre-treatment like food processing residues or spent aromatic distilled biomass (after isolation of essential oils) is the most ideal substrate for the saccharification process. Similarly, third generation biomass, i.e., algae, consists of cellulose and hemicellulose, which is an easy substrate for bio-ethanol production. Cellulosic biomass like bagasse is only produced glucose, whereas other agro-residue contains holocellulose (cellulose and hemicellulose) to produce enriched percentage glucose with C5 sugars like xylose and arabinose. The fermentation of glucose is the most feasible, whereas the mixtures of glucose, xylose, and arabinose are a little tedious, but the modified strain or mix microbial cultures made fermentation possible for C6 and C5 sugars. Further, for re-use of the enzymes and to curtail the water effluent, immobilization of the enzymes is an alternate attractive for multi-use of enzymes with lesser loading of active enzymes.


The formation of biodiesel was discussed in detail through pyrolysis and hydrothermal liquification process. Bioethanol production using starchy, sugary, and lignocellulosic biomasses by processing through enzymatic fermentation. On the other hand, the waste cooking oil and other inedible oil may be utilized in the synthesis of biodiesel. Homogeneous catalysts are used as the most practiced process for transesterification in commercial scale production. A two-step process such as dilute acid treatment followed by alkali-transesterification is the most suitable for high acid value oil. Thus, the alkali or acid-alkali process is the most practised process by the industries. A good volume of publication is available using different solid acid catalysts or a mixture of metal oxides for transesterification of fatty oils in a batch process or continuous process for the production of biodiesel in a bench-scale set-up. The feedstocks, pre-treatment, design of catalysts, immobilization of enzymes or lipases, and fermentation techniques are addressed for practically making this second-generation biofuel feasible. For the future, research of this type for an eco-friendly approach can save our planet and provide sustainable production of biofuel from renewable agro-residues.
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Abstract


Fossil fuels make up 60% of the total fuel consumption worldwide in the transportation sector and are increasing day by day. It emits carbon dioxide and carbon monoxide and its increasing level in the environment has been a major concern for its protection. The use of natural gas instead of fossil fuels is an important strategy to reduce environmental impact. Biomass chemical reactions include bioalcohol biofuels, carbohydrates, and lignin. Bioethanol and biobutanol are commonly used in bioalcohol fuel. Some bio-alcohols, on the other hand, can be processed by biochemical processes. The composition, purification, and distribution of biomethanol, biopropanol, bioglycerol, bioethylene glycol, and branched-chain bioal-cohols are included in this chapter. The purification methods used for bioalcohols (Distillation, Adsorption, Ozonation, Gas striping, Pervaporation, Vacuum fermentation, and Solvent extraction) are described. Gas Chromatography, highly efficient Liquid Chromatography, Infrared Spectroscopy, and Olfactometry Techniques have been widely defined for the classification, identification, and volume of biological alcohol.
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9.1 Introduction


Bioalcohols are alcohols based on biomass and the following continuous mechanisms of the internal combustion engine. Biomass is gaining momentum as carbon dioxide resources are depleted and environmental and social concerns about their widespread use are growing [1]. The United States Renewable Fuels Standard (RFS2) demands that by 2022, at least 36 billion gallons of renewable fuel, including 16 billion gallons of cellulosic ethanol, be incorporated into transit gasoline [2].


The global energy demand currently stands at about 13 terawatts per year (TW) [3] and by 2050, 10TW more power will be needed to maintain the current standard of living [4]. According to a Statistical Review of World Energy (2009) by British Petroleum (BP), most of the oil depots are likely to be depleted by 2050, natural gas reserves may be used by 2070, and coal mines may last up to 2080.


Biomasses are the third major source of energy after coal and oil [5]. Many technologies have been studied to convert biomass into biofuel. Several methods can be used to convert biomasses to fuel products including biological, Physico-chemical, and thermochemical techniques. Generally, thermochemical techniques are used to produce oil and gas [6, 7], whereas biochemical processes are utilized to produce products such as bioethanol from target stock [8–10].


Techniques such as liquid-solid extraction, liquid-liquid extraction, partitioning, acid-base extractions, ultrasound extraction (UE), microwave-assisted extraction (MAE), etc. can be used for biomass extraction [11]. The potency of various extraction methods has been studied, such as dissolving solvent [12] and enzyme-assisted extraction [13]. However, these extraction techniques are somewhat negative.


The decision of the extraction process depends on the perception of common objects and the components to be separated. The basic traditional method of operation is a liquid solution and a solid extract. To extract the liquid, two different solvents are used: one of them is water-soluble, namely water-dichloromethane, and the other is a water-hexane solvent. The disadvantages of this strategy are cost, toxicity, and inflammation [14–17]. There are several strategies and processes used to extract natural liquids from different stocks. With the advancement of analytical technology, various bio-alcohols are extracted, separated, and analyzed using different extraction and purification processes and analysis tools. In this chapter, the process of extracting bioalcohols, namely biomethanol, bioethanol, biopropanol, bioglycerol, bioethylene glycol, and branched-chain bioalcohols, is discussed as well as their purification and analysis.






9.2 Biomethanol Extraction


Biomethanol, also known as wood alcohol, was once manufactured from wood as a byproduct of charcoal production. Biomethanol is now being produced worldwide by conversion of syngas, natural gas, refinery off-gas, coal, or petroleum. The following are some of the extraction methods for Biomethanol:




	Thermochemical conversion process


	Biochemical conversion process







9.2.1 Thermochemical Conversion Process


The thermochemical conversion process is used for biomethanol extraction. This extraction method involves chipping, drying of woody biomass or decontamination of liquid feedstock, gasification, gas cleaning, reforming of high hydrocarbons, water-gas shift, hydrogen addition, and/or CO2 removal, and methanol synthesis and purification (Figure 9.1) [18].




[image: Schematic illustration of biomethanol extraction from biomass through thermochemical conversion process.]

Figure 9.1 Biomethanol extraction from biomass through thermochemical conversion process.




The feedstock is gassed at a temperature of more than 700°C for synthesis gas (syngas), comprising mainly of a mixture of carbon monoxide (CO) and hydrogen (H2) and to some extent other gases such as carbon dioxide and water (H2O) and other compounds such as hydrocarbon, etc. After gas ingestion, impurities (e.g., tar, dust, and inorganic materials) are removed before the gas is transferred for a few steps to improve the composition of the methanol. The goal of the syngas stage is to construct syngas with hydrogen molecules at least twice as much as carbon dioxide molecules [19]. The initial formation of syngas depends on the carbon source and the airway [20]. The concentration of CO and H2 can be adjusted in several ways. First, untreated syngas can contain small amounts of methane and other simple hydrocarbons with high energy content. These are converted to CO and H2 [21] by either a high-temperature steam switch or by an auto thermal switch (ATR). These conversion processes can lead to the formation of carbonaceous residues that reduce the activity of catalysts [21]. Second, the initial hydrogen concentration in the syngas is usually very low in the synthesis of proper methanol. To reduce CO to share and increase H2’s share, a water gas shift reaction (WGSR) can be used which converts CO and H2O into CO2 and H2. CO2 can also be extracted directly through the absorption of chemicals by amines. Other CO2 removal technologies (e.g., fluid infusion, cryogenic dissociation, and membrane permeability) are being developed, but more time is needed to implement the material [22]. Third, Industrial hydrogen produced by the conversion of methane fumes or liquid electrolysis hydrogen is added to syngas. The syngas obtained is then conditioned and a catalyst based on copper oxide, zinc oxide, or chromium oxide is used to convert syngas to methanol by a catalytic process [21]. Water produced during methanol synthesis can be removed by the distillation process. The reactions involved are:


[image: ]






9.2.2 Biochemical Conversion Process


The biochemical bioethanol extraction processes include anaerobic digestion, fermentation, and photo-biological modification of biomasses. Methane gas (65-70%) is mainly produced by anaerobic digestion of biomasses and various gases are also formed such as CO2, H2, H2S, etc. Methane content mainly depends on the types of biomass used as stock and operating conditions of the process. Methane and ammonia are present alongside biogas obtained by anaerobic processes and are used by several other methanotrophic microbes and ammonia-oxidizing as a metabolite or co-metabolite, respectively, to extract methane [23]. Part of the compounds such as CH4, H2O vapor, CO2, and CO can be processed to a level that can be used by competent bacterial colonies as part of methane emissions [24]. Several types of bioreactors, for example, single-stage, double-stage, low-pressure, wet bed, and anaerobic slop bed digesters are primarily planted to treat BOD anaerobic contaminants. Its sensitivity to biomass emissions analysis by farming and mechanical exercise requires further evaluation, particularly in waste management and the simplification of effective biogas boundary gases with significant methane fixation, gas formation, and sewage disposal for proper nutrition step conversion methanol. Methanotrophs use methane as the sole carbon stock for their metabolic needs in these lines that create CO2 as the ultimate source of oxidation through continuous biochemical reactions [25–27].






9.2.3 Anaerobic Digestion


The basic reaction along with several enzymes involved in methanol extraction from methane and further conversion to this methanol to carbon dioxide is shown below:


[image: ]


Methane monooxygenase (MMO), methanol dehydrogenase (MDH), formaldehyde dehydrogenase (FDH), and formate dehydrogenase (FMDH) are the enzymes involved in this pathway. MMO enzyme converts methane to methanol, MDH converts methanol to formaldehyde, FDH converts formaldehyde to formate, and FMDH converts formate to carbon dioxide [28].


Using specific inhibitors, the above route can be changed to produce methanol as the end product [29]. In the rate-limiting stage, biological catalyst such as methane mono-oxygenase enzyme (MMO) is used by methanotrophs to convert methane to methanol at ambient pressure and temperature [30]. However, to prevent further oxidation of CH3OH to HCHO an inhibitor for enzyme methanol-dehydrogenase (MDH) is necessary to obtain the methanol produced as the final product [31]. Enzyme methane monooxygenase is supplemented with reducing equivalents to give electrons for the initial oxidation phase and to provide the necessary support for the catalytic activity of the enzyme. Methane is now mostly obtained from natural gas fields, petroleum refineries, and shale gases as the raw substrate for methanol manufacture via the thermochemical process [32]. Because these fossilized carbon-based resources are finite, methane produced by anaerobic digestion of biomass could be used as a long-term feedstock [24] for methanol extraction. Methane monooxygenase is found in two forms: membrane-bound particulate MMO (pMMO) and soluble cytoplasmic MMO (sMMO) (Figures 9.2(a) & (b); having different mode of interactions Figures 9.2(c) & (d)) [33–35].


Methanotrophs can be divided into three classes based on the type of monooxygenase enzyme present (Figure 9.3).




[image: Schematic illustration of crystal structure of membrane-bound particulate MMO (pMMO) and soluble cytoplasmic MMO (sMMO).]

Figure 9.2 (a & c) Crystal structure of membrane-bound particulate MMO having active site residues as Cu, HIS, VAL, PHE, GLU, LEU, and GLN; (b & d) crystal structure of soluble cytoplasmic MMO having active site residues as Fe, GLU, ASP, HIS, and VAL.








[image: Schematic illustration of classification of methanotrophs based on monooxygenase enzyme exhibit.]

Figure 9.3 Classification of methanotrophs based on monooxygenase enzyme exhibit.




Type I Methanotrophs: These are part of Gammaproteobacteria that have a pMMO form and use a ribulose monophosphate cycle to use methane. Type II Methanotrophs: These are part of alphaproteobacteria, which have both pMMO and sMMO forms and use a serine cycle to make methane. Type X Methanotrophs: They are similar to those of Type I and Type II species [25, 32, 35, 36]. Because copper is present in the metal active site of pMMO, copper deficiency can result in sMMO overexpression [37, 38]. The active metal base in sMMO is composed of divalent iron [39]. The concentration of various transition metals such as gold and copper in the growing media can be modified to set up or down to regulate the production of both types of MMO enzymes [40]. It is generally known that dissecting the sMMO version of the MMO enzyme is easier than separating the pMMO form. SMMO has higher substrate preferences than pMMO because the active pMMO site is highly restricted [41]. To achieve complete methanol production, a basic understanding of the structure and enzymatic mechanisms involved in oxidation via MMO is required to be successfully converted and to produce more methanol. This natural biomass mutation to bring methanol is currently largely based on the principle that it can replace the normal action of an object as it is more important due to the chemical clarity of the biocatalyst MMO and is less expensive because of its completed responses. A few experts have considered the potential of different methanotrophic agents in creating biomethanol. Every expert has tried to come up with a type of methanotroph that can cause high-density methanol for a small price. This investigation also aimed to promote a higher understanding of the cycle, further discussed in the next section. Inhibitors of the protein methanol dehydrogenase that may be used to create methanol by the methane oxidation referred to by several workers [31] and growth of Methylophilus methylotrophs is inhibited by using EDTA (metal-chelating agent) due to inactivation of the respiratory unit of Methylophilus methylotrophs. The action of methanol oxidase is complete, although its action of methanol dehydrogenase is in part. Frank et al. showed that in high concentrations cyclopropane and cyclo-propanol act as reversible antidepressants for MDH [42]. Takeguchi et al. and Furuto et al. showed that cyclopropanol had a very high inhibitory effect [30, 43]. Lee et al. examined the effect of Cu2+ concentration on Methylosinus trichosporium OB3b in the biosynthesis of methanol from methane [44]. Show them at 25°C in methane:air 1: 4 (v/v) and bacterial centralization 0.6 mg dry mL per 12.9 mM phosphate cushion (pH 7) and 20 mM of sodium formate (continuous as a reducing) and 200 mM NaCl (running almost as an MDH inhibitor) 7.7 mM methanol can be delivered in 36h. As an inhibitor following MDH, NaCl enjoys a higher hand than cyclopropanol because it is less expensive and more stable. In their study using Methylosinus sporium, Yoo et al. produced the most significant group of methanol (6.25 μmol mg−1 h−1) at 35°C, pH 7, biogas concentrations of 0.4% (v/v), 40 mM phosphate, and 100 mM NaCl [45]. They also hypothesized that in the past certain modification MDH inhibitors have an impact on the sMMO movement that results in lower methanol formation. The conversion of methane to methanol was concentrated in clump mode by Hwang et al. who used all cells of Methylosinus trichosporium OB3b [35]. Use of micro-organisms refined in the NMS medium and air produced a component of methane 7: 3 at 30°C. For the optimal production of methanol, the MDH inhibitors and their preparations were 100 mM and 0.5 mM of potassium phosphate and EDTA, respectively. Sodium formate (40 mM) was taken as a selective reducing agent as it promotes the acquisition of the NADH cofactor required for high MMO movements. A significant increase in the development rate of methanol was obtained when refining was performed before 5μM CuSO4 because the presence of copper influences the normal expression of MMO particles and soluble cells as cell development. Under ideal conditions, they found a methanol efficiency of 49.0 mg L−1 h−1. Mardina et al. used all immobile cells as a biocatalyst to create methanol [27].


They use alginate-typified cells of Type II methanotroph and Methylocella tundrae. These cells can move and show higher stability and reuse (e.g., up to 5 cycles) compared to free cells. Suitable conditions were calculated as: incubation period (24 hours), methane concentration (half), pH (7), RPM (15), temperature (30°C), phosphate cradle concentration (100 mM), concentration of sodium formate (50 mM), and inoculum load (18 mg mL−1). As a result of these efforts, the production of methanol improved from 0.66 to 5.18 mM. Patel et al. showed that the manipulation of methanotrophic improved the sensitivity of methanol creation [33]. They inhibit type II methanotroph, Methylosinus sporium by adding sodium-alginate and silica gel. Cells modeled for sodium-alginate provided methanol utilization of 3.43 mM and retained the ability to create methanol at 61% initial production even after 6 recycling patterns, while in the case of silica gel the aid was 3.73 mM and the creative performance after 6 cycles were 51.6% of production start-up. However, in the case of free cell occurrence, only 11.5% of the creative results were achieved which indicates that the sample cells performed better compared to free cells. In the above tests, pure methane was used as a substrate. In their later experiments, Patel et al. investigates the suitability of filtered biogas as a fraction of the cost [24]. They have used all the immovable cells of Methylosinus sporium and additionally regulated gas formation to achieve improved methanol yield. The use of raw biogas is beneficial as it takes the demand for expensive pure methane as food stock. Their results showed that both CH4 and CO2 used.


M.sporium in creating methanol. Their results also recommended that biogas pollutants were unsuitable for the creation of methanol, which may have been a direct result of improper components of methane, carbon dioxide, and hydrogen or due to the presence of H2S inhibitory gas in the polluted environment. By the time a fraction of CH4: CO2: H2 in biogas was detected by insufficient gases, the increased methanol utilization was discovered. The addition of H2 to the unprocessed biogas has brought about 3.5 accumulations in the formation of methanol. Zhang et al. cut off bacterium and Methylocaldum sp. SAD2 also demonstrated its ability to create methanol using biogas without purifying H2S [46]. They complete the formulation of methanol 276–343 mg L−1 even when they observed 500 ppm H2S in biogas supply. In this way, direct use of biogas will reduce the cost of methanol production. In their new study, Su et al. studied ther-motolerant methanotrophic consortia [47]. The thermophilic MC-AD3, a methanotrophic consortium, has been extracted from a processed wall of anaerobic compound frames. It was estimated that at 47°C, 0.33 gL−1 of methanol was created by MC-AD3, which was in the range of produced methanol from other methanotrophic strains at lower temperatures. These results have shown MC-AD3 as a promising form of methanol synthesis. The ability of different types of methanotroph to deliver methanol under various simple conditions is evident in these effects. From the previous discussion, it appears that several attempts have been made to convert biogas into methanol. Impacts of pollutants such as H2S, NH3, acetic acid exposure, etc., the H2, CO, and CH4 component in the feed supply, inhibitors, and reductions are calculated. However, the results are not yet clear and sufficient for use in a large methanol delivery area. Adding details of the types of bacteria that are equipped to create greater methanol concentration and proper temperature is also lacking. Furthermore, no data is available on the assumption and application of the various standard or advanced classification methods necessary to restore methanol in stock. However, the techniques used to replace methanol created by synthetic studies can help in selecting the right grounding system.








9.3 Bioethanol Extraction


Bioethanol emissions as biofuels have become increasingly important around the world. In Brazil, bioethanol extraction is based on the fermentation of sugar cane juice and is well established. Following the introduction of the Brazilian Alcohol Program (Proalcool, in Portuguese) in 1975, ethanol production increased dramatically from 600 million gallons in 1975 to 11.8 billion gallons in 1986. With about 50 billion liters of ethanol by 2030, there are a few options: expanding regional development, agricultural or modern agricultural development, the introduction of new mechanical systems that commemorate the first development (sugar change) or the second era (lignocellulosic biomass transformation), and the handling of ethanol equipment [48]. Ethanol can be produced using active or continuous cell regeneration methods (the Melle-Boinot process) with various units which are the output unit, the treatment unit, the fermentation unit, and the heat and energy unit.


Bioethanol is usually extracted from refined agricultural products containing sugar. This information can be referred to as first-year items (including sugar and starch) and second-year items (including lignocellu-losic sugar). Sugar (e.g., from sugarcane, molasses, beetroot, and organic products) can be fermented using yeast to make ethanol. It should be noted that if sugar substances, for example, molasses and sugarcane juice are used for aging, then processing such as digestion, pre-treatment, hydrolysis, and, detoxification are not recycled. To produce fermented sugar from starchy substances, measures such as processing, immersion of liquefaction, and saccharification are used, but in the event of lignocellulosic material, processing, pre-treatment, and hydrolysis are required.




9.3.1 Extraction of Bioethanol from the Waste Flower (Starchy Material)


Bioethanol can be extracted from dirty flowers ground with the right amount of water in a grinder.


Seed cultures were made of yeast cells Saccharomyces cerevisiae 1308 and a medium containing 10 g/L yeast extract, 20 g/L peptone, 30 g/L glucose, 1.5 g/L KH2PO4, 4 g/L (NH4) 2SO4, and 0.5 g/L MgSO4 [3, 4, 49, 50]. Yeast cells were stored in malt juice agar slants at 4°C for 2 days at 30°C before being used in malt juice agar slants. Acid hydrolysis was performed by mixing 6M H2SO4 to destroy flowering insects and the pH was adjusted at about 4.5 [51]. Fermented broth can be made by mixing a small amount of fermented yeast with 250gm of acid flower flowers soaked in broth and fermented for 7 days in a bio-incubator (FAO, Global) [52].






9.3.2 Analytical Methods for Determination of Bioethanol


Different analytical methods can be used to determine bioethanol. Immersion by distillation can be done in a distillation flask sensed with a thermocouple after fermentation with a hydrolyzed flower pest and heated to maintain a distillation ratio between 4 and 5mL/min. The received volume is measured with a digital volume sensor after the cooled and thickened steam is collected in a cool test tube (13–18°C). According to ASTM-D86 (standard distillation output test) [53], distillation output curves (distillation temperature vs. obtained volume) were created after adjusting the ambient pressure-temperature reading and volume loss after measuring residual volume. Bioethanol extracted from starchy substances can be tested for its performance, identification, and concentration using various tests (Figure 9.4).




Iodoform Test


The iodoform test can be used to check for the presence of ethanol at different pH levels and color intensities [54]. The presence of ethanol is indicated by cloudy formations in the test tube, as well as yellow precipitate and an antiseptic odor.




[image: Schematic illustration of analytical tests used for bioethanol identification, exhibit, and its concentration.]

Figure 9.4 Analytical tests used for bioethanol identification, exhibit, and its concentration.








Specific Gravity


To estimate the specific gravity of bioethanol, the sample is placed in an oscillating sample tube and the variation in oscillation frequency induced by the change in tube mass is utilized in conjunction with calibration data to establish the specific gravity of the sample (Stabdard Test) [55].






Spectrophotometry


The concentration of ethanol in a solution can be determined by preparing standard and sample solutions and recording and comparing absorbance to calculate the concentration of ethanol in the solution using a plot of absorbance and concentration [56].








9.3.3 Bioethanol Extraction from Sugarcane


Bioethanol extraction from sugarcane includes the following steps:




	Pretreatment of biomass


	Enzymatic hydrolysis of cellulose,


	Fermentation of hexose/pentose sugars


	Recovery of ethanol





Pretreatment technologies of biomass are categorized into 4 types: physical (mechanical), physicochemical, chemical, and biological pretreat-ments (Table 9.1).




Table 9.1 Classification of pretreatment technologies and processes exploited for bioethanol extraction from sugarcane.








	Pretreatment of sugarcane






	Physical

	Physiochemical

	Chemical

	Biological

	[57–60]










	Milling

	Steam Explosion or Hydrothermal

	Acid Pretreatment

	Wood degrading microorganisms like bacteria and brown rot, white rot, and soft rot fungi are employed

	






	Pyrolysis

	Ammonia Fiber Explosion

	Alkaline Pretreatment






	Microwave

	CO2 Explosion

	Oxidative Delignification






	Hot Water

	Ozonolysis






	Organosolv






	Wet Oxidation











Wong et al. used a fermentation process to extract bioethanol from sugarcane bagasse and to study the effect of pH and temperature in the bioethanol yield [61]. To break the cellulose in sugarcane bagasse, alpha-amylase and glucoamylase were used. Fertilization is also done with Saccharomyces cerevisiae (yeast). To test the pH, five samples were produced at different pH levels: 3, 3.5, 4, 4.5, and 5. Five other samples were prepared to determine the effect of temperature on ethanol production, with a pH of 4.5. The fermentation of sugarcane continued for 48 hours and was later evaporated at 80 degrees centigrade to obtain bioethanol. The concentration of bioeth-anol is estimated by High-Performance Liquid Chromatography (HPLC). The highest concentration of bioethanol was obtained at pH 4.5 and 35°C, which means that this is the ideal yeast formula for creating ethanol.








9.4 Biopropanol Extraction


Biopropanol is often used as a fuel and widely used as a chemical solvent. It is less toxic and stable than methanol. Using new catalysts, bio-propanol (n-propanol) is synthesized from biomass from syngas. Syntec Biofuels sell technology developed by the University of British Columbia to produce biopropanol [62]. Several traces of iron phosphate platinum have been created to make bio-propanols from glycerol by hydrogenolysis (Pt/AlP, Pt/TiP, Pt/ZrP, and Pt/NbP) (Figure 9.5) [63].


Another way to produce biopropanol is microbial fermentation of biomass (cellulose), however, this does not work due to the low amount of propanol produced in the past and the fact that propanol is toxic to humans. Several genetically modified bacteria are used to produce propanol. The genes from the Clostridium varieties that make acetone have been used to gene engineer E. coli to produce propanol [64–66]. The threonine method [67], citramalate method [68], succinate pathway [69], and 1,2-propane-diol pathway [70] are all synthetic methods which can cause in-PA. There are several natural and synthetic methods for the production of biopropa-nol in which different microorganisms and different substrates were used and their yields ranged from 0.10 mole/mol to 0.73 mol/mole (Table 9.2).




[image: Schematic illustration of synthesis of biopropanol in one-step hydrogenolysis from biomass using catalyst.]

Figure 9.5 Synthesis of biopropanol in one-step hydrogenolysis from biomass using catalyst.








Table 9.2 Biopropanol generation from various microorganisms, substrate, and different pathways and their yield.








	Substrate

	Microorganism

	Pathway

	Yield (mol/mol)

	References










	Glucose

	Clostridium beijerinckii

	Acetone to isopropanol

	0.36

	[57]






	Glucose, Glycerol, Peptone

	Propionibacterium acidipropionici

	Wood workman

	0.04 – 0.13

	[62]






	Glucose, Yeast Extract, Aspertate

	Clostridium acetobutylicum

	Acetone Pathway

	0.34

	[57]






	Glucose, Yeast Extract

	E.coli

	Acetone Pathway

	0.43

	[60]






	Glucose, Yeast Extract

	E.coli

	Acetone Pathway

	0.51

	[61]






	Glucose, Yeast Extract

	E.coli

	Acetone Pathway

	0.73

	[63]






	Glucose, Yeast Extract

	E.coli

	Acetone Pathway

	0.67

	[63]






	Glucose

	E.coli

	Acetone Pathway

	0.48

	[64]






	Glucose, Yeast Extract

	E.coli

	Threonine Pathway

	0.11

	[65]






	Glucose, Yeast Extract

	E.coli

	Citramalate Pathway

	0.54

	[66]






	Glucose, Yeast Extract

	E.coli

	Succinate Pathway

	0.10

	[67]






	Glucose, Yeast Extract

	E.coli

	1,2-propanediol Pathway

	nr

	[68]















9.5 Bioglycerol Extraction


Transesterification of lipids, e.g., vegetable oil, soybean oil, crude oil, etc., with methanol produces Bioglycerol. Bioglycerol is a byproduct and methyl esters are a product in this process. Approximately 100 kg of glycerol is formed as a byproduct per ton of biodiesel produced. It can be used to produce glyceric acid and dihydroxyacetone. The biodiesel process uses low-energy bioalcohol (methanol) to produce high bioalcohol (bioglycerol), which is different from using carbohydrates to produce bioalcohols.






9.6 Bioethylene Glycol Extraction


Bioethylene glycol is a biomass-based product. Bacteria such as Pseudomonas syringae and Penicillium digitatum can produce ethylene in carbohydrates. Thereafter, ethylene glycol can be synthesized by the bio-ethylene produced. However, biomass pyrolysis can also produce eth-ylene glycol. Despite its toxicity, ethylene glycol is relatively easy to work with due to its low consistency and other soluble properties, making it easy to convert and have high strength. The use of oxidation of the period followed by reductive hydrolysis to produce ethylene glycol from biomass such as cellulose and xylan has also been proposed. This one-step method is efficient in producing bio-ethylene glycol directly from corn residue as it does not require separation or purification.






9.7 Branched-Chain Bioalcohols Extraction


Branch alcohol can be extracted from bacteria made of glucose as a source of carbon [71]. 2-ketoacid metabolic intermediate is converted to aldehydes by 2-ketoacid decarboxylase, which is also converted to alcohol by alcohol dehydrogenase. This new process for the production of branched-chain alcohols was also proven to form 2-methyl-1-butanol, 3-methyl-1-butanol, and 2-phenyl ethanol and the technology was licensed to Gevo (Pasadena, CA) and is commercially viable [72].






9.8 Purification of Bioalcohol


There are several purification processes for bioalcohol. Some of them are:




	Distillation


	Adsorption


	Ozonation


	Gas striping


	Pervaporation


	Vacuum fermentation


	Solvent extraction







9.8.1 Distillation


Distillation is the process of analysis in which the selected compound is separated from the mixture based on different boiling points. These technologies are used in the chemical industry to clean product and chemical environments, as well as for the separation of materials and chemical preparations. When a liquid sample fluctuates, water vapor is produced, which is then condensed to produce a rich liquid in the most flexible parts of the original sample. The flexibility process involves heating the liquid but can also be accomplished by reducing pressure or by combining both. China, Egypt, and Mesopotamia used water immersion as early as 2000 BC, when various beverages, namely tarasun, were created by refining and fermenting rice [73]. In prehistoric times, oil reserves were introduced by refining and fermenting cedar, cypress, ginger, and myrrh (alcohol-filtering history) [74]. Today, there are many filtration processes in different buildups, water, and compounds. The most commonly used procedures are direct distillation, fractional distillation, steam distillation, and vacuum distillation.


Tgarguifa et al. used pollution testing to model and develop a digestive column to produce bioethanol [75]. To improve performance parameters and improve bioethanol production, a study of the parameter sensitivity of the column tray feed and reflux rate was performed. The location of the distillation column feed tray was separated from 8 to 18, while all other parameters remained unchanged. The reflux rate varied from 2 to 10 and some parameters were adjusted to assess the effect of the reflux rate on the production of ethanol and the required decomposition activities and condenser. Pollution effect was also performed, testing the effect of acetal-dehyde, glycerol, and acetic acid on distillate quality and the molar portion of acetaldehyde varied from 1.81 10-4% to 1.43 10–3%, close to half what it is in industrial wine ,that is 6.6710–4 % [76], and the molar composition of glycerol varied from 2.06 10–2 % to 2.46 10–2 % with approximately 8.24 10–2 % of industrial wine [77]. The molar fraction of acetic acid also varied from 1.09 10–3 % to 3.24 10–3 % with its share of industrial wine at 1.36 10–2 % [76]. The results of this study show that acetaldehyde has an additional effect in the separation of binary water/ethanol compared to acetic acid and glycerol. In addition, working with optimal working conditions increases ethanol production by 2.88 percent. In the breakdown of bioethanol, Errico et al. optimize the extractive distillation system with a simple column. A complete list of options was proposed and researched in detail, starting with the recently proposed four-column design in the literature [78]. To reduce the number of devices, a combination of component and partial condensers was investigated. Two three-column series have been found to consistently reduce energy demand and high costs among all the simple designs created. The results obtained are the first step in creating a complex configuration sequence.


Many researchers [79–91] have offered several energy-saving approaches to this issue, including thermal integration, membrane-based membranes, feed-splitting, and ohmic-assisted distillation methods, as distillation is one of the most energy-intensive processes. The ethanol production process is shown in Table 9.2. However, further research is needed to determine long-term performance and energy-efficient techniques. Other relevant factors are the need to improve the consistency of flexible process units and to establish an appropriate balance between traditional technologies. Complete comparisons of traditional energy-saving methods including vapor pressure, multi-temperature-linked columns, and thermal integration systems, were previously performed by Collura et al. [92]. Therefore, this section mainly focuses on novel energy-saving techniques for bioeth-anol production.






9.8.2 Adsorption


Adsorption is the process of separation when atoms, ions, or molecules from electricity, liquid, or soluble solids adhere to a specific location. Certain adsorbates are transported selectively from the liquid phase to the surface of the insoluble and solid particles are suspended in the vessel or packaged in a column during this filtration process. The separation phase is important during the bioethanol production process as it utilizes a lot of energy. Adsorption is one of the most common bioethanol separation technologies. When selecting an adsorbent, the nature of the combination is important. In the case of bioethanol purification, a nonpolar adsorbent can be selected as the chemical nature of the bioethanol is polar. Bioethanol contains various particle sizes such as impurities, so in this absorption, it should be a non-environment with a wide range of holes. The commercially available method is a molecular filter based on the advertising process [75, 93]. The molecular sieve system is based on molecular size and the difference between water and ethanol. Adsorption occurs in small molecules that can pass through holes, but not in large molecules. The cell membrane used for dehydration of ethanol usually has a diameter of 3 Å, which allows it to advertise water 2.5–2.8 Å, but not ethanol with a diameter of 4–4.4 Å [94]. Activated carbon [95] and activated alumina [96] are highly anticipated ads when treated with water.






9.8.3 Ozonation


Ozonation (also known as ozonization) is a process of chemical water treatment that involves injecting ozone into water. Ozonation is a form of advanced oxidation that produces highly efficient forms of oxygen that can destroy many chemical reactions and all microorganisms. Due to its strong oxidation power, ozone can decompose a variety of compounds. Decomposition of compounds can lead to alterations in the physical and chemical properties of these compounds such as reduced toxicity, biode-gradability decay, etc. Although the oxidation of ethanol can be anticipated by oxidation, it does not occur under the air conditioning process [97]. Thus, ozone can remove impurities without further damaging the ethanol, but some problems still persist with non-oxidizable compounds, and the by-products produced during ozonolysis. It is expected that some other compounds cannot be depleted of ozone. These compounds will remain post-ozonation. As ozonation is an oxidation process, it does not remove physical compounds. Thus, ozonation may produce new compounds as byproducts of ozonolysis. These compounds require removal after ozonation by post-ozonation treatment.


Dziugan et al. reported that ozonation is an effective means of stabilizing new fossil fuels used in the biotechnological production of liquid fuel additives [98]. Sugar beets are considered an attractive stock for ethanol fermentation due to their high content of fermented sugar, but it is not a biologically stable process and needs to be sterilized. This study throws light on the effect of ozone treatment on the activity of small cells from Bacillus subtilis, Leuconostoc mesenteroides, Geobacillus stearothermo-philus, Candida vini, and Aspergillus brasiliensis in green beetroot juice. 105 beetroot juice is contaminated with 105 cfu/mL of microbial species treated with ozone gas (ozone concentration in oxygen stream 0.1 g O3/L O2, flow rate 6 L/h, 10-30 min, 18-20 °C). The microflora level dropped to 0 cfu/mL after 30 minutes of ozone treatment in all samples tested. Ozonation is suitable for use in the fermentation process for the medium prepared from raw sugar beet juice.






9.8.4 Gas Striping


Gas extraction is a method of separation based on the variability of variability between compounds. The effectiveness of the separation is governed by Henry’s Unchanging Law [99].




H = Pvap/Csat


When H = of Henry (moles/L atm)


Pvap = pressure that is part of a pure compound (atm), once


Csat = saturated concentration of the pure compound in the liquid phase (mols/or mg/L)





Henry’s Law is consistent with vapor and liquid phases and varies accordingly. It is predicted that several compounds having low boiling points can be easily removed as acetaldehyde, which is considered as one of the major pollutants of ethanol [100]. For the first time, Ennis et al. used this process to obtain butanol in fermented broth [101]. This process is often used in ethanol fermentation [102–107]. In this process, N2 or CO2 gas is extracted by fermentation broth at room temperature. It absorbs volatile substances such as ethanol before it is cooled. It thickens into a liquid with ethanol vapor, collected from the recipient. After thickening, the ethanol-depleted gas is then re-diverted back to the fermenter to hold more storms and circulate the process. The disadvantage of this system is that it requires a large amount of gas to circulate. Peeling can be done on a separate stripper or in a fermentation vessel and this process has been applied to integrated systems where product return and fermentation are combined. In addition, this process may be associated with enzymatic hydrolysis of cellulosic biomass, fermentation, and product restoration.






9.8.5 Pervaporation


Pervaporation is a highly promising separation technique widely used for the separation of azeotropic mixtures/compounds, organic-organic compounds, and solutions and can be applied to dissolve organisms in aqueous mixtures [108]. The mining system may contain several parts such as:




	feed


	feed tank


	pump


	heater


	membrane module


	vacuum pump


	cold condenser trap





Pervaporation differs in terms of the possibility of using a perforated membrane. Therefore, separation by using a membrane is based on the expression of the membrane and the chemical properties of the mixture such as the diffusivity of the components in the membrane and the ability to bind hydrogen. In vapor separation, the concentration gradient created by vacuum pressure is the force driving the separation.






9.8.6 Vaccum Fermentation


This process was first developed by Cysewski and Wilke to limit the effects of ethanol inhibition during the fermentation process [109]. They have proven that rapid and complete fermentation was achieved using sugar-concentrated compounds by keeping the bioreactor under vacuum conditions at fermented temperatures and subsequently condensed using condensing water condensation of the cooling system. During the vacuum fermentation system, ethanol saturation can be controlled at low levels that limit or reduce the effect of ethanol inhibition on yeast metabolism and the fermentation process [110].






9.8.7 Solvent Extraction


Another system is proposed by Minier and Coma which combines the fermentation of alcohol with a separate unit that operates through the dissolving process [111]. This process involves both the plug flow reactor and the extraction of the liquid to continuously extract ethanol from the fermentation broth. During the liquid extraction process, the fermentation broth is reconstituted by the extraction unit to interact with the mass transfer and the dissolving solvent and the concentrated product will be returned and both the fermentation broth and solvent will be transferred to the fermentation. Ethanol extraction in the area by the integration of the solvent extraction process offers many benefits such as increasing the fermentation rate, the possibility of fermentation at high substrate concentrations, saving water consumption, etc. [112]. Offeman et al. reported that the conditions for the effective extraction of ethanol in fermentation brushes are as Follows: (1) a major factor in the separation of ethanol, (2) the high absorption capacity of ethanol to reduce the use of the extracted solvent, (3) the low solubility of the solvent in water to avoid loss of solvents, (4) the difference in density between the water phase and the biological phase to facilitate rapid disintegration, (5) chemical stability, (6) the effective method of ethanol detection and re-use of dissolved solvent, and (7) solvent should not have a toxic or preventative effect on yeast growth and metabolism [113].








9.9 Quantification of Bioalcohols


Some of the analytical techniques used for separation and identification of bioalcohols are:




	Gas Chromatography


	High-performance Liquid Chromatography


	Infrared Spectroscopy


	Olfactrometry







9.9.1 Gas Chromatography (GC)


Gas chromatography (GC) is a method of analysis used to identify, classify, and measure dynamic and volatile compounds. In GC analysis, a known volume of gaseous analyte or liquid analyte is injected into a hot tube, which is controlled by the temperature attached to the column by a rubber disc [114]. Network gas carries the analyte atoms in the column, resulting in a split [114]. The different components of the analyte mixture are separated as they move closer to the column and reach the end of the column at different times because each type of molecule has a different level of continuity (end time). A detector is used to track the time each part takes to reach the exit, allowing the value of that part to be calculated [115]. The sequence in which the chemicals come out of the column and the length of the analyte term in the column are used to identify the objects correctly [114]. Ethanol volume measurement was achieved by GC combined with a suitable detector [116–118]. Gas chromatography-mass spectrometry (GC-MS) is an integrated system of two analytical instruments. Analytics were classified using gas chromatography and identified using mass spectrometry. Quan et al. limited ethanol in bioethanol using gas chromatography compliant with the Flame Ionization Detector (FID) [119]. The GC-FID method was developed and validated when the relative deviation of the recurrence of accuracy was 4.5% and 5.5%, respectively, with 99% acquisition. Acquisition limits (LOD) and volume (LOQ) are set to 10 μg g−1 and 30 μg g−1, respectively.


Hessami et al. produced bioethanol from red sea agarophyte, Gelidium elegans, using a novel preparation method for the analysis of bioethanol content by gas chromatography [120]. To determine the best saccharification settings, several conditions are considered including temperature, acid saturation, and duration of incubation. For hydrolysis of seaweed biomass, 2.5% (w/v) H2SO4 at 120°C for 40 minutes was selected, followed by filtration and fermentation for ethanol. In G. elegans hydrolysate, galactose and glucose were the most depleted sugars; under ideal conditions for dilute acid hydrolysis, 39.42 percent sugar reduction is produced and fermentation yields an ethanol concentration of 13.27 ± 0.47 g/L. A modified method of sample preparation for the determination of ethanol content by gas chromatography (GC) was tested. In GC samples, the solvent mixture of acetonitrile and dissolved iso-butanol biological residues with water content reduced by at least 90%. The results showed that this technology for producing bioethanol from marine plants could be used effectively.






9.9.2 High-Performance Liquid Chromatography (HPLC)


HPLC (the most effective liquid chromatography), formerly known as high-pressure liquid chromatography, is a chemical analysis method for the separation, identification, and measurement of each component in a mixture. Pumps are used to deliver a compressed solvent of a liquid containing a sample mixture with a solid column filled with an adsorbent material. Each component in the sample interacts with the adsorbent material in a slightly different manner, resulting in different flow rates and segmentation as they flow out of the column. There have been numerous studies on ethanol analysis using HPLC [121–123]. Sariñana et al. have developed an HPLC method for determining bioethanol saturation in coffee mucilage [124]. Bioethanol concentrations were calculated using the HPLC-based concentration of the HPLC using a column (Phenomenex, Inc. USA) extracted at 60°C and 0.0025 M H2SO4 at a flow rate of 0.5 mL/min and fitted with a refractive-reference detector. The pycnometer and HPLC method provided similar bioethanol concentrations (pycnometer method: 12.010 g/L, 18.242 g/L, and 25.821 g/L; HPLC: 11.146 g/L, 17.570 g/L, and no-24.776 g/L).






9.9.3 Infrared Spectroscopy (IR)


The rate at which infrared radiation interacts with objects in absorption, extraction, or exposure is known as infrared spectroscopy. It is used to research and identify chemical compounds or functional groups present in solid forms, liquids, or gases. An infrared spectrometer is used to perform a process that produces an infrared spectrum. The infrared light (or transmission) absorption graph at a vertical axis compared to the frequency or wavelength of the horizontal axis can be used to visualize the IR spectrum. Liebmann and Varmuza determined the ethanol concentration in bioethanol production using near-infrared spectroscopy [125]. The transreflectance probe was used to capture the NIR spectra at a wavelength range of 1100-2300 nm in liquid samples. A genetic approach was used to select variables for retrospective models and small-scale square segmentation (PLS) was used to create linear models. Duplicate verification was used to provide the exact measurement performance of the models (rdCV). Compared to 235 variable models, only 15 variables showed improved speculative features, especially in determining ethanol concentration in distillation residue in reduced data sets. In ethanol in silence, the relative correlation coefficient, R (2), between concentrations obtained by HPLC analysis and that generated by NIR data (using 15 selected wavelengths, test set samples) was 0.999. From the samples of the test set, the standard deviation of predictive errors, SEP, was 0.6 g L (-1) of ethanol (2 percent of the average ethanol value). The equipment is inexpensive and the analysis is straightforward and fast. As a result, it is widely used for quality assurance and differentiation [126, 127]. Perston and Baldwin analyzed bioethanol contamination with a spectrum of two FT-IR spectrometers.






9.9.4 Olfactometry


Olfactometry is a sensory study commonly used in conjunction with the GC. The GC column is integrated with a separator in the standard GC-Olfactometry (GCO) system, where analyzers are divided into two modes: olfactometry and detectors such as FID, PID, or MS. Olfactometry is a basic technique that consists of an open-end column and inhaled analysts from which it emerges. The panel of panels marks the analyst’s characteristic scent and intensity, which is associated with a high chromatogram value. Instead of stoichiometric chemical data, olfactometry brings taste data. It is used to enhance the taste of alcoholic beverages through analysis.








9.10 Recent Perspective of Bioalcohol Production


The effectiveness of biomass conversion to bioalcohol is influenced by several factors, including the biomass source used for biofuel production, the premature treatment process, the enzyme delivery, and the enzyme mixture used for enzymatic hydrolysis. Nowadays, high-grade biofuels can be found in biomass. Inexpensive biomethanol production can be achieved through the use of raw biogas instead of natural gas and the development of methane-based bacteria through genetic engineering. On a laboratory scale, the production of methanol by biologically modifying processes has shown promise. However, a combination of traditional and metabolic engineering techniques is needed to achieve the integration of industrial methanol. To produce methanol, methane-oxidizing bacteria are frequently used. Identification of acceptable methanol-producing species is the first step. Genomics, proteomics, and metabolomics-based techniques can be used in this initial experiment [127]. Currently, to augment the process of lignocellulosic conversion, all these factors are considered. Early treatment options were considered to improve sugar and the next biofuel yield.


Algae have the properties to absorb CO2 for development which helps to reduce the impact of the greenhouse, does not require much space for development compared to other food plants, can adapt to saline solution, and in addition, lipid content is high. Algae processing separates expansion into the feed industry, bioplastics, drugs, unique synthetics, natural dung, and the biofuel industry. More recently, targets aimed at benefiting from green growth in converting convertible fuels have become astonishing and they can completely close the Generation 1 and Generation 2 biomass space. The lipids in green growth can be converted to biodiesel by a concise method used to convert vegetable oil into biodiesel. Although bioethanol and biobutanol are good sources of algae carbohydrates, Nanomatadium, such as nanotubes and nanoparticles, can help reduce the cost and harmful effects of bioalcohol production while also improving their use in commercial systems. The degradation of lignocellulosic biomass is aided by nanoparticles that can travel through several types of enzymes. Their interaction with nanoparticles through covalent bonding improves the stability and function of these enzymes. Nanoparticles made of certain ions of iron enhance the activity of metalloenzymes in bacteria involved in the synthesis of organic alcohol [128].






9.11 Conclusion and Future Trends of Bioalcohol


Another important energy strategy is bioalcohol. Even though bioethanol and biodiesel are considered to be the most commercial and scientific biofuels today, other biofuels will be considered. As we move forward to build energy solutions for future generations, we should pay special attention to bioglycerol, biomethanol, and branching long-chain bioalcohols. Bioalcohols are hard to compare as they have their own set of benefits and drawbacks. Although a few bio alcohols may be tested in the next two decades, biomethanol will likely reach commercial sales. In the present case, synthetic nanoparticles have a significant impact on the production and utilization of bioalcohol.
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Abstract


Fossil fuels are the most commonly used energy sources in various sectors. These are non-renewable and not environmentally friendly. Combustion of fossils results in increased CO2 concentration along with various other pollutants. As the trend of eco-friendly and renewable energy sources is increasing, research for finding energy alternatives has also increased. Hydrogen gas has gained certain attention as an alternative to fossil fuels. The production process of hydrogen also includes the use of fossils as a carbon source, whereas various studies discovered that bio-logical methods along with renewable carbon sources can produce hydrogen which is further termed as bio-hydrogen. Bio-hydrogen is a clean source of energy and is eco-friendly. Various micro-organisms produce bio-hydrogen by different fermentation processes by utilizing the organic acids or biomass as carbon sources. Various new technologies are also introduced to enhance the yield of bio-hydrogen, like the integrated fermentation process or use of genetically modified microbial species.
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10.1 Introduction


Energy demand is increasing as industrialization and globalization are progressing [1]. Fossil fuels fulfill the energy necessities of the world [2]. 87% of energy demand is fulfilled by fossils [3]. Increased use of fossils is the reason for their scarcity and some major environmental issues like greenhouse gas emissions [4–6]. Particulate matter and other impurities released after the burning of fossil fuels are responsible for water and soil pollution and further their degradation [7]. Burning fossils also emits CO2 on combustion [8–10]. The recommendation to level down the global CO2 emissions is above 50% to keep the levels at 550 parts per million volume to lower down the environmental issues [9]. Depending on the carbon content and hydrogen to carbon ratio of fuels, they emit CO2. It is recommended to use a higher hydrogen to carbon ratio to lower down the CO2 emissions and for higher energy efficiency. Bio-fuels are the best source of higher hydrogen to carbon ratio. Hydrogen, if used as fuel, will help in achieving the goal of full decarbonization [11, 12].


Hydrogen gas is a vital source of energy; on ignition it emits H2O and is considered as clean source of energy [13]. It has advantages like no pollution after combustion, high energy density, and is a renewable source of energy [14]. Hydrogen always occurs in a combined state with elements like oxygen, carbon, and nitrogen and not as gas, it exists in water, biomass, and fossil fuels. Hydrogen needs to be extracted or separated to get it into useful form [15]. By using natural gas as a starting material, about half of the H2 is produced from the thermocatalytic and gasification process; heavy oils and naptha are the second most important raw materials after coal and with the help of water and electricity 4% of hydrogen is prepared [1]. Despite the fact that the majority of hydrogen is produced by utilizing fossil fuels, attempts to make bio-hydrogen from various organic wastes such as bio-waste or waste water appear to be rising [5]. Disadvantages of producing bio-hydrogen are lower yields and rates of hydrogen production when compared with thermo-chemical or electro-chemical methods. The bio-hydrogen producing reactions are based on fact that these processes are controlled by hydrogen producing enzymes like hydrogenase and nitrogenase, which act as a catalyst [15].


The basic chemical reaction of hydrogen production is given as:


(10.1) [image: Image]






10.2 Bio-Hydrogen Production Process


Renewable energy production mainly includes techniques for biohydrogen production, mainly involving fermentation processes like dark fermentation, light fermentation, direct and indirect bio-photolysis, and bio-electrochemical methods like microbial electrolysis, as shown above in Figure 10.1 [5, 14].




10.2.1 Fermentation


Fermentation can be defined as the technique of energy generation involving an endogenous electron acceptor from the oxidation of organic waste materials utilizing a number of different microorganisms [5]. It can be classified either as photo fermentation (fermentation under the influence of light with wavelengths in the UV-VIS spectral range) or dark fermentation (first stages of anaerobic fermentation with the product formation of hydrogen, carbon dioxide, and lower organic acids) [16].




[image: Schematic illustration of bio-hydrogen production methods.]

Figure 10.1 Bio-hydrogen production methods.






10.2.1.1 Dark Fermentation


Dark fermentation is a type of anaerobic process where the microbes break down the carbohydrates by the process of fermentation to hydrogen and other substitutes like volatile fatty acids and alcohol [3, 16]. This method has some unique characteristics like rapid growth of the cells, it does not require light for fermentation, and is an economically feasible method because waste materials can be utilized as substrate [17]. Hydrogen-producing microbes in this method are classified depending on their sensitivity with regards to oxygen and temperature. They are classified as obligate anaerobes which grow strictly in anaerobic conditions and facultative anaerobes that can sustain the aerobic conditions. Further, based on the temperature they are classified as mesophiles, thermophiles, and extremophiles. Theoretically, it is reported that thermophiles give the highest yield of 4g/g of glucose, but practically it is hard to maintain the high temperature for large-scale production [12]. Bacterial species of Enterobacter, Bacillus, and Clostridium are widely used for hydrogen production [2, 18]. These bacteria cause bacterial oxidation of the substrate to supply a building block and energy for growth, resulting in the formation of electrons and to maintain neutrality, these electrons need to be disposed of. Oxygen acts as an electron acceptor in aerobic fermentation and water is obtained as the product, whereas in anaerobic conditions compounds like protons act as an electron acceptor and are further reduced to H2, other electron acceptors are nitrates and sulfates which give nitrogen gas and dihydrogen sulfide as reduced product, respectively. Organic compounds can also act as electron acceptors like in the process of microbial production of butanol by reducing butyric acid [1, 9]. This process of fermentation is affected by pH range, temperature, type of substrate and its composition, organic load, and hydraulic retention time [12, 18].


pH is an important factor of fermentation and it is responsible for the changes in metabolism and growth of the micro-organisms and many scientists have reported this shift when pH lowers to 4.5 or less. Volatile fatty acids formed in the reaction are also responsible for changes in the pH. Maintenance of pH range is important to maintain the hydrogen production rate and microbial population [1]. Different temperature ranges are important depending on the type of micro-organism. These ranges are further classified as ambient, mesophilic, thermophilic, hyperthermo-philic, and extreme thermophilic with temperatures of 15-30°C, 30-49°C, 50-64°C, and > 80°C, respectively [3].


In contrast to photo-fermentation, dark fermentation is easier and more affordable as there is no need for photon energy processing units [19]. These reactors used in dark fermentation are mainly immobilized reactors and suspended reactors which are less expensive than photo-bioreactors [1, 20]. The immobilized bioreactor had four types: fixed or packed bed bioreactor, up-flow anaerobic sludge blanket reactor (UASB), expanded anaerobic sludge bed reactor (ESBR), and anaerobic fluidized bed reactor (AFBR). Likewise, a suspended bio-reactor is of two different types: continuous stirred tank reactor (CSTR) and anaerobic membrane reactor (AnMBR) [1].


The preferred carbon feedstock for bio-hydrogen production is glucose, which results in the production of acetic acid and butyric acid along with hydrogen gas, as shown in Equations 10.2, 10.3, and 10.4. According to the reaction stoichiometry, conversion of 1 mol of glucose into acetate gives 4 mol of H2 gas per mol of glucose and when butyrate is formed as a product, it gives 2 mol of hydrogen gas per mol of glucose. Also, propionic acid is found along with acetic acid in some cases [2, 5].


(10.2) [image: Image]


(10.3) [image: Image]


(10.4) [image: Image]


Different physical and chemical pretreatments are done to increase the productivity of hydrogen gas. In physical treatment, there is an application of heat for removing the obnoxious species. Aeration and ultrasonication methods are also applied to subdue hydrogen consumers, whereas in chemical pretreatments, 2-bromoethanesulfonate and iodopropane are used to inhibit the methanogenesis in fermentation. Integrated dark fermentation with electrolysis shows a good increase in hydrogen production. Also, utilization of co-cultures instead of a single culture has shown an increase in hydrogen production [17].






10.2.1.2 Photo Fermentation


Photo-heterotrophic bacteria, like sulfur and non-sulfur purple bacteria, turn organic acids into hydrogen and carbon dioxide under anaerobic conditions in the presence of light, as shown in Figure 10.2 [4, 5]. Purple sulfur bacteria use a very little amount of sulfide as electron donors in pho-toautotrophic growth and thus, they are called non-sulfur bacteria [21]. This method is advantageous as it is a gentle reaction, gives a high amount of hydrogen as a product, uses solar energy, and waste can also be used for hydrogen production [22]. Purple non-sulfur bacteria utilized in this method are the best bacterial species for hydrogen production, these include Rhodobacter spheroids, Rhodobacter sulfidophilus, Rhodopseudomonas palustris, Rhodobacter capsulate, and Rhodospirillum rubrum species of bacteria [4, 5, 17, 21]. Organic acids like acetic acid, propionic acid, butyric acid, lactic acid, and malic acid are preferred by these bacteria as carbon sources, as shown in Equations 10.6–10.9, whereas other materials can also be used such as other carbohydrates like sugars, as shown in Equation 10.5, and industrial waste material like olive mill waste, dairy, and brewery waste. There are disadvantages to using industrial effluents like the color of wastewater can reduce the penetration of light and the high amount of ammonia can inhibit the nitrogenase activity, resulting in lower yield. Pre-treatments are required to reduce impurities like toxic compounds and high organic matter [4, 5].




[image: Schematic illustration of photo fermentation.]

Figure 10.2 Photo fermentation.




Photo fermentation is dependent on various factors like pH range, reaction temperature, intensity of light, and carbon and nitrogen sources used as substrate [1]. The observed optimum values of temperature and pH are 30-35°C and 7.0, respectively. The rate of hydrogen production is dependent on these factors and also on the type of microbial strains used. Studies showed that the maximum hydrogen production is obtained from lactic acid when used as a carbon source [4].


Theoretical yield of hydrogen gas obtained by the process of photo fermentation differs based on the type of carbon source used and the ranges of yield vary from 4 mol H2/mol of carbon source to 12 mol H2/mol of carbon source. Enzymes help purple bacteria in the production of H2 and these enzymes are mainly hydrogenase and nitrogenase [5], whereas in anaerobic conditions, nitrogenase are considered an important enzyme responsible for hydrogen production [23].


The reactions of hydrogen production can be given as:


(10.5) [image: Image]




(10.6) [image: Image]


(10.7) [image: Image]


(10.8) [image: Image]


(10.9) [image: Image]


Photo-bioreactors developed for hydrogen production are tubular reactor, flat-panel reactor, and bubble column reactor. In the photo fermentative hydrogen production process, there are two types of processes employed: single-stage and two-stage. The single-stage process yield of hydrogen is better than that of dark fermentation. Hydrogen yield by dark fermentation utilizing crude glycerol as a substrate is 1 mol H2/mol glycerol, whereas by photo fermentation with the bacteria R. palustris CGA009, the yield obtained was 6.1 mol H2/mol crude glycerol [21].






10.2.1.3 Sequential Dark and Photo Fermentation


Sequential dark and photo fermentation is a recently developed approach in bio-hydrogen production. There are only a few studies carried out on this method [4]. In a single-stage dark fermentation reaction, the production of hydrogen is not efficient, as only part of the substrate gets converted to hydrogen. In the dark fermentation, there is a production of volatile fatty acids along with hydrogen, such as acetic acid, propionic acid, butyric acid, as shown in Equation 10.10. So, they need to be treated first before their release in the environment, whereas these volatile fatty acids can be used by photo-heterotrophic purple non-sulfur bacteria for the production of additional hydrogen gas as given in Equation 10.11 [24].


1 mol of glucose gives 4 mol of hydrogen, along with volatile fatty acid and carbon dioxide after fermentation [2]. The undesired volatile fatty acids are further used in photo fermentation by photosynthetic bacteria and thus, the dark fermentation is carried out along with photo fermentation which is termed as a sequential dark and photo fermentation process, as shown in Figure 10.3 given below [22].






[image: Schematic illustration of sequential dark and photo fermentation.]

Figure 10.3 Sequential dark and photo fermentation. This is a two-step reaction which is given as:






	Dark fermentation in anaerobic condition

(10.10) [image: Image]





	Photo fermentation by photosynthetic bacteria





(10.11) [image: Image]










10.3 Bio-Photolysis


Bio-photolysis is the method of hydrogen production where oxygenic photosynthetic micro-organisms are bred under suitable parameters like temperature, pressure, nutrient, pH, etc. [5, 16]. Two different types of micro-organisms are involved in this method: eukaryotic green algae and prokaryotic cyanobacteria [1, 25]. The ability of cyanobacteria to split water to hydrogen was known from 1896, however in the case of algae it is has only been reported since 1942. After the energy crisis, the research of production of hydrogen by utilizing photoautotrophic organisms started in the 1970s [17].


There two types of bio-photolysis:




	Direct bio-photolysis


	Indirect bio-photolysis







10.3.1 Direct Bio-Photolysis


This method of bio-photolysis of water for hydrogen production is a biological process similar to the process of photosynthesis used by plants [2, 17]. Here, the solar energy is converted into hydrogen by the photo-synthetic reaction, as given in Equation 10.12 [2].


(10.12) [image: Image]


The produced hydrogen ions are transformed into hydrogen gas by the hydrogenase enzyme present in the cells [2]. This reaction is accomplished by two photosystems, PSI and PSII, which are used in photosynthesis by plants [18]. The light energy is absorbed by micro-organisms like algae and cyanobacteria and solar radiation absorbed by these organisms is around 400-700nm wavelength for the cell growth. Water splitting in a direct photolysis reaction occurs at 680nm wavelength and produces protons, electrons, and oxygen molecules [5]. As shown in Figure 10.4, the electrons generated in this reaction are transferred through an electron carrier known as ferredoxin (Fd) to enzyme hydrogenase where hydrogen gas is produced [15]. Here, the ferredoxin transfers the electron from PSII to PSI, then the reduced ferredoxin reduces the hydrogenase enzyme NADP+ to NADPH and results in hydrogen gas generation [5]. Hydrogen gas is generated as shown in Equations 10.13 and 10.14 given below.


(10.13) [image: Image]


(10.14) [image: Image]
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Figure 10.4 Direct bio-photolysis.




Chlamydomonas reinhardtii is reported as a well-known hydrogen-producing algae and it shows conversion efficiency of 22% of solar energy to molecular hydrogen. Other known algae for hydrogen production by bio-photolysis are Scenedesmus obliquus, Chlorococcum littorale, Platymonas subcordiformis, and Chlorella fusca [1, 4].


This method is advantageous as the substrate used here is water, which is ubiquitous and cheap in nature. There are also disadvantages such as the need for high light intensity. This method is appealing by principle, but in practice, it is limited by factors like: (1) solar energy conversion efficiency of the apparatus, (2) design of bioreactor and its cost, and (3) the process of hydrogen production, i.e., the requirement of methods to separate H2O from H2 synthesis [2, 17].






10.3.2 Indirect Bio-Photolysis


In this type of reaction, the electrons are offered by the reserve source of carbon, which is produced by fixing carbon dioxide using the Calvin cycle during the process of photosynthesis [1]. Indirect photolysis consists of two steps in series: in the first stage, there is generation of oxygen, as show in Equation 10.15, and carbohydrates like glycogen or starch by cyanobacteria and green algae, respectively, and in the second stage, carbon sources are fermented to produce molecular hydrogen, as given in Figure 10.5 and Equations 10.16 and 10.17. By this method, the evolutions of oxygen and hydrogen are temporally separated. This separation of hydrogen and oxygen is a natural remedy to the incompatibility of their evolution and this is one of the limitations of dark fermentation [5, 26, 27].
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Figure 10.5 Indirect bio-photolysis.


(10.17) [image: Image]


This method mainly utilizes Heterocystous cyanobacteria. These bacteria consist of enzymes hydrogenase and nitrogenase which help in the generation of hydrogen. These cyanobacteria species consist of Anabaena sp., Spirulina sp., Calothrix sp., Synechococcus sp., and Geobacter sp. Above all, the most widely used cyanobacterium species is Anabaena cylindrical because of its high hydrogen production ability [15, 28, 29]. Mutant strains of Anabaena are produced to increase hydrogen production by increasing the activity of hydrogen-producing enzymes. Observed yield of hydrogen by the mutant strain of Anabaena variablis has reported a production rate of 0.355 mmol/h per liter [17, 26].








10.4 Microbial Electrolysis Cell


For the past few years, the trend for production of hydrogen gas by bioelectrochemical or electrohydrogenesis process is increasing [17]. Recently, the microbial electrolysis of a cell as a new method is getting popular for production of hydrogen. Biocatalysed electrolysis cells or electrofermentation, electrohydrogenesis, and bioelectrochemical system (BES) are other terms used for microbial electrolysis of the cell [5, 29]. This method is similar to microbial fuel cells through which electric current is produced when the degradation of organic compound by microbial cells is carried out [26]. Various substrates are used in MEC and the most common of them are glucose, acetate, glycol, and butyrate. Also, waste matter like waste water from poultry farming, domestic and industrial waste water, and waste activated sludge can also be used [5].


This method converts the electron equivalent in an organic substrate to hydrogen by an oxidation-reduction reaction, which is catalyzed by microbes. These micro-organisms are known as electroactive microorganisms, as their metabolic activity is linked with electrodes [13, 17]. Different types of waste water can be used in this method. Microbial electrolysis cells consist of anodes and cathodes which are separated by a membrane with a potential voltage of 0.3 or higher applied across the electrodes. These electrodes are either kept in a single chamber or in two different chambers individually; these systems are known as single-chamber MEC and two-chamber MEC, respectively. In two-chamber MEC, a proton exchange membrane is used for chamber separation and other separation membranes which can be used are charge-mosaic membrane, cation or anion exchange membrane, and bipolar membrane. In the two-chamber system, the waste matter/substrate and electrochemically active bacteria are filled in the anode chamber, while in cathode chamber different solutions are present like acidified water, phosphate buffered solution, bio-carbonate buffers, and salt solutions. The bacteria present in the anode chamber oxidize the organic material and produce CO2, electrons, and protons. Electrons are transported to the anode and protons migrate to the cathode region through the proton exchange membrane. Electrons are passed from anode to cathode and at the cathode, the protons are reduced to generate hydrogen gas as given below in Figure 10.6 [1, 5].


The performance of MEC is dependent on parameters like biocatalyst, membrane used, electrode material, applied potential, type of substrate, and its loading rate. In a two chamber system, the CO2 and H2 are captured separately and fouling of the cathode by bacteria is inhibited. Combining the waste water treatment with microbial electrolysis of cells is gaining a lot of interest recently to generate economically feasible bio-hydrogen [25]. Equation 10.18 shows anode reactions, whereas Equations 10.19 and 10.20 show cathode and overall reaction, respectively.
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Figure 10.6 Microbial electrolysis of cell.
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10.5 Conclusion


Fossil fuels are most commonly used as energy sources in different sectors, which are responsible for increased CO2 concentration in the environment, along with various other pollutants. The need and demand for clean energy sources is increasing and thus hydrogen is introduced as a renewable clean source of energy. Hydrogen produced from renewable carbon sources and bio-logical methods is termed as bio-hydrogen. Various methods of bio-hydrogen production are discussed in this article. Micro-organisms used in the fermentation process and different carbon substrates for their growth are highlighted. The use of waste material as carbon sources is also suggested to decrease the production cost. New technologies for increasing the production such as sequential dark and photo fermentation can be used and the genetically modified micro-organisms can help to increase the production of hydrogen.






References




	1. Pandit, S., & Das, D. (2017). Biohydrogen. January 2013. https://www.researchgate.net/publication/312977475_Biohydrogen_chapter_15


	2. Gürtekin, E. (2014). Biological Hydrogen Production Methods. 2Nd International Symposium on Environment and Morality, c, 463–471. http://i-sem.info/PastConferences/ISEM2014/ISEM2014/papers/A10-ISEM2014ID80.pdf


	3. Preethi, Usman, T. M. M., Rajesh Banu, J., Gunasekaran, M., & Kumar, G. (2019). Biohydrogen production from industrial wastewater: An overview. Bioresource Technology Reports, 7(July), 100287. https://doi.org/10.1016/j.biteb.2019.100287


	4. Kapdan, I. K., & Kargi, F. (2006). Bio-hydrogen production from waste materials. Enzyme and Microbial Technology, 38(5), 569–582. https://doi.org/10.1016/j.enzmictec.2005.09.015


	5. Osman, A. I., Deka, T. J., Baruah, D. C., & Rooney, D. W. (2020). Critical challenges in biohydrogen production processes from the organic feedstocks. Biomass Conversion and Biorefinery. https://doi.org/10.1007/s13399-020-00965-x


	6. Perera, F. (2018). Pollution from fossil-fuel combustion is the leading environmental threat to global pediatric health and equity: Solutions exist. International Journal of Environmental Research and Public Health, 15(1). https://doi.org/10.3390/ijerph15010016


	7. Chmielewski, A. G. (1999). Environmental Effects of Fossil Fuel Combustion. Interactions: Energy/Environment, December, 56–74. http://www.eolss.net/sample-chapters/c09/e4-23-02.pdf


	8. Kumar, A., & Sarkar, S. (2011). Biohydrogen production from bio-oil. Biofuels, 481–497. https://doi.org/10.1016/B978–0-12-385099-7.00022-X


	9. Wijffels, R. H., Barten, H., & Reith, R. H. (2003). Bio_methane & Bio-hydrogen.


	10. Vohra, K., Vodonos, A., Schwartz, J., Marais, E. A., Sulprizio, M. P., & Mickley, L. J. (2021). Global mortality from outdoor fine particle pollution generated by fossil fuel combustion: Results from GEOS-Chem. Environmental Research, 195(July 2019), 110754. https://doi.org/10.1016/j.envres.2021.110754


	11. Chader, S., Mahmah, B., Chetehouna, K., Amrouche, F., & Abdeladim, K. (2011). Biohydrogen production using green microalgae as an approach to operate a small proton exchange membrane fuel cell. International Journal of Hydrogen Energy, 36(6), 4089–4093. https://doi.org/10.1016/j.ijhydene.2010.07.117


	12. Gopalakrishnan, B., Khanna, N., & Das, D. (2019). Dark-Fermentative Biohydrogen Production. In Biohydrogen. https://doi.org/10.1016/b978-0-444-64203-5.00004-6


	13. Mohan, S. V., & Pandey, A. (2013). Biohydrogen Production: An Introduction. Biohydrogen, 1–24. https://doi.org/10.1016/B978-0-444-59555-3.00001-5


	14. Wang, H., Xu, J., Sheng, L., Liu, X., Lu, Y., & Li, W. (2018). A review on bio-hydrogen production technology. International Journal of Energy Research, 42(11), 3442–3453. https://doi.org/10.1002/er.4044


	15. Antonopoulou, G., Ntaikou, I., Stamatelatou, K., & Lyberatos, G. (2011). Biological and fermentative production of hydrogen. In Handbook of Biofuels Production: Processes and Technologies. Woodhead Publishing Limited. https://doi.org/10.1533/9780857090492.2.305


	16. Sołowski, G. (2018). Bioprocessing and Biotechniques Biohydrogen Production - Sources and Methods : A Review. International Journal of Bioprocessing and Biotechniques, 2018(01), 1–22. https://doi.org/10.20911/IJBBT-101.


	17. Kumar, S., Sharma, S., Thakur, S., Mishra, T., Negi, P., Mishra, S., Hesham, A. E.-L., Rastegari, A. A., Yadav, N., & Yadav, A. N. (2019). Bioprospecting of Microbes for Biohydrogen Production: Current Status and Future Challenges. Bioprocessing for Biomolecules Production, November, 443–471. https://doi.org/10.1002/9781119434436.ch22


	18. Veeravalli, S. S., Shanmugam, S. R., Ray, S., Lalman, J. A., & Biswas, N. (2019). Biohydrogen production from renewable resources. In Advanced Bioprocessing for Alternative Fuels, Biobased Chemicals, and Bioproducts: Technologies and Approaches for Scale-Up and Commercialization. Elsevier Inc. https://doi.org/10.1016/B978-0-12-817941-3.00015-2


	19. Acar, C., & Dincer, I. (2018). Hydrogen Production. In Comprehensive Energy Systems (Vols. 3–5). https://doi.org/10.1016/B978-0-12-809597-3.00304-7


	20. Hallenbeck, P. C. (2010). Biohydrogen - The microbiological production of hydrogen fuel. Encyclopedia of Life Support Systems, 24.


	21. Reungsang, A., Zhong, N., Yang, Y., Sittijunda, S., Xia, A., & Liao, Q. (2018). Hydrogen from photo fermentation. In Green Energy and Technology (Vol. 0, Issue 9789811076763, pp. 221–317). Springer Singapore. https://doi.org/10.1007/978-981-10-7677-0_7


	22. Dalena, F., Senatore, A., Tursi, A., & Basile, A. (2017). Bioenergy production from second- and third-generation feedstocks. In Bioenergy Systems for the Future: Prospects for Biofuels and Biohydrogen. Elsevier Ltd. https://doi.org/10.1016/B978-0-08-101031-0.00017-X


	23. Mishra, P., Krishnan, S., Rana, S., Singh, L., Sakinah, M., & Ab Wahid, Z. (2019). Outlook of fermentative hydrogen production techniques: An overview of dark, photo and integrated dark-photo fermentative approach to biomass. Energy Strategy Reviews, 24(June 2018), 27–37. https://doi.org/10.1016/j.esr.2019.01.001


	24. Rai, P. K., & Singh, S. P. (2016). Integrated dark- and photo-fermentation: Recent advances and provisions for improvement. International Journal of Hydrogen Energy, 41(44), 19957–19971. https://doi.org/10.1016/j.ijhydene.2016.08.084


	25. Zhang, Q., & Zhang, Z. (2018). Biological Hydrogen Production From Renewable Resources by Photofermentation. In Advances in Bioenergy (1st ed., Vol. 3). Elsevier Inc. https://doi.org/10.1016/bs.aibe.2018.03.001


	26. Ntaikou, I. (2021). Microbial production of hydrogen. In Sustainable Fuel Technologies Handbook. INC. https://doi.org/10.1016/b978-0-12-822989-7.00011-1


	27. Ghiasian, M. (2019). Biophotolysis-Based Hydrogen Production by Cyanobacteria. January 2007, 161–184. https://doi.org/10.1007/978-3-030-14463-0_5


	28. Mahidhara, G., Burrow, H., Sasikala, C., & Ramana, C. V. (2019). Biological hydrogen production: molecular and electrolytic perspectives. World Journal of Microbiology and Biotechnology, 35(8), 1–13. https://doi.org/10.1007/s11274-019-2692-z


	29. Cardeña, R., Cercado, B., & Buitrón, G. (2019). Microbial Electrolysis Cell for Biohydrogen Production. In Biohydrogen. Elsevier B.V. https://doi.org/10.1016/b978-0-444-64203-5.00007-1







Note




	* Corresponding author: chandumadankar@gmail.com











  
    





11
Valorization of By-Products Produced During the Extraction and Purification of Biofuels


Subodh Kumar*, Tinku Casper D’ Silva, Dushyant Kumar, Adya Isha, Sameer Ahmad Khan, Ram Chandra, Anushree Malik and Virendra Kumar Vijay


Centre for Rural Development and Technology, Indian Institute of Technology Delhi, New Delhi, India






Abstract


Biofuel production from renewable organic feedstocks is emerging as a sustainable solution for increasing energy consumption, declining fossil fuel reserves, and deteriorating environmental health. Different thermochemical and biochemical routes utilize the different organic feedstocks depending upon the suitability of that feedstock for biofuel production via a particular route. Byproducts produced during the extraction of biofuels (biodiesel, bioethanol, and biogas) are the primary concern in the way of the waste to wealth approach. Discarding the byproducts in the open environment may again hamper the idea of sustainable development. On the other hand, utilizing the byproducts to produce value-added (biofuels and chemicals) products may boost the whole process in the perspective of a circular economy and clean environment. This chapter discusses the recent studies exploring various approaches of utilizing the by-products of biodiesel production, bioethanol, and biogas fermentation.
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11.1 Introduction


Deteriorating climatic conditions, energy insecurity due to increasing population, and inappropriate utilization of energy sources raise the need of searching for sustainable and renewable sources of energy. Biofuels such as biogas, bioethanol, biodiesel, etc. derived from various organic residues are emerging as promising alternatives to petroleum-based fuels [1]. These biofuels provide the way to utilize miscellaneous organic waste such as agricultural crop residues, animal excreta, aquatic weeds, organic fraction of municipal solid waste (OFMSW), vegetable and food waste, waste spent cooking oil, non-edible oilseeds, etc. [2, 3]. Biofuel production through various thermochemical and biochemical conversion processes has become a favorable method for managing organic waste in recent years. However, these conversion processes also generate a huge number of byproducts that are again a threat to the environment, hence requires parallel utilization. For instance, glycerol obtained during biodiesel production is a potential liquid organic waste that may pollute the environment if it is dumped openly.


Similarly, bioethanol fermentation and anaerobic digestion (AD) also produces different byproducts, which require further remediation to reduce their hazardous impact on the environment. To reduce the load of these organic byproducts, various sustainable approaches such as integrated biodiesel and biogas production [4], integrated bioethanol and bio-gas [5], close loop biomethane and biomass production utilizing the CO2 of raw biogas, and digestate of biogas plant, have emerged as new trends in the field of bioenergy production [6]. This chapter thoroughly discusses the various approaches of utilizing the by-products of biodiesel production, bioethanol, and biogas fermentation and discusses the recent studies performed in this direction.






11.2 Biodiesel Production Process and Its Byproducts


Biodiesel is methyl esters of long-chain fatty acids produced during transesterification of various food crops such as palm, rapeseed, corn, and soybean and non-edible oil seeds such as Karanja, Mahua, Jatropha, and Polanga [7]. Various technologies such as homogeneous, heterogeneous, transesterification catalyzed with base, acid, or lipase catalyst, and non-catalytic supercritical process are utilized for synthesizing the biodiesel [8, 9]. Different alkalies (i.e., NaOH, KOH), acids (i.e., H2SO4, HCl), and enzymes are also utilized for catalyzing the reaction rate and subsequently improving the biodiesel yield [10, 11]. Biodiesel derived from all these organic substrates can directly be utilized as a substitute of conventional diesel with minor engine modification. Furthermore, better lubrication properties of free fatty acids and monoglycerides present in the biodiesel, enhances engine life [12]. Besides the inherent quality of producing bio-genic CO2, biodiesel in place of diesel benefits the environment by producing a lesser amount of unburnt hydrocarbons, shoots, and sulfur [13, 14]. However, the high cost associated with biodiesel production limits its utilization as an alternative fuel to fossil-based diesel [15]. Due to these concerns, research has been slightly shifted towards producing biodiesel from waste vegetable oils, spent cooking oils, animal fats, greases, and algal biomass [13, 16].


During the transesterification of triglycerides as well as esterification of free fatty acids, methyl esters are produced as major products with minor co-products such as crude glycerol, soaps, free fatty acids, and methanol. Further, spent water is produced during the washing of crude biodiesel [9]. Also, the extraction of oil from oilseeds provides oil cakes that can further be valorized in different useful products. Among all the byproducts, crude glycerol is the major byproduct, separated as a heavy liquid during the purification of biodiesel. Generally, in the processing of every 100 kg of biodiesel, about 10 kg of glycerol is obtained as a rich organic substrate. The dominant contaminants in crude glycerol are: salts of sodium (Na) and potassium (K), soap, methanol, heavy metals, fatty acids, water, and traces of organic impurities [17, 18]. The impurities of crude glycerol and other physicochemical parameters such as concentration of organic matter, density, pH, and color depend upon the type of biomass utilized for biodiesel production [19]. For instance, the crude glycerol obtained in the synthesis of biodiesel from rapeseed oil contains 98% glycerine and almost no ash as well as no inorganic elements [9, 20]. Recently, an exponential increase in biodiesel production has introduced the production of a large quantity of crude glycerol. Pure glycerol generated from the refining of crude glycerol is utilized in pharmaceutical, cosmetic, and food industries. However, refining crude glycerol to get highly pure glycerol for small and medium-scale biodiesel production has not been an economical option [21]. In this regard, Singhabhandhu and Tezuka [21] reported that the cost of construction and start-up operation of crude glycerol refining might go up to 65 million Euros for the industries of biodiesel production capacity of 1.4 – 2 ML/y. Therefore, other alternative options such as animal fodder, combustion, composting, burning, thermochemical, and biochemical conversion were also explored for utilizing crude glycerol [21]. Among all these alternative options, biochemical conversion of crude glycerol into biomethane has emerged as a preferred route due to its additional advantages, including economic and energy-efficient process and soil amendment by providing nutrient-rich digestate [18, 23]. Valorization of different byproducts of biodiesel production is discussed in the following section.




11.2.1 Valorization of De-Oiled Seed Cakes


Extraction of oil from non-edible oilseeds provides an enormous amount of de-oiled cake, which is inexpensive feedstock compared to edible oilseed cake [24]. De-oiled cakes obtained from various non-edible oilseeds (i.e., Karanja oilseed, Rapeseed, Jatropha curcas seed, Castor seed, Mahua, etc.) cannot be used as animal feed due to the presence of some poisonous elements [25]. Hence, this enormous organic residue may be profitably utilized for biofuel production using various conversion routes.




11.2.1.1 Valorization of De-Oiled Cake via Anaerobic Digestion Route


Oil extraction from Pongamia pinnata (P. pinnata) oilseed produces approximately 120000-130000 tonnes/annum of de-oiled cake (bulk density approx. 300-350 kg/m3), which has the potential to deliver almost 2200024000 tonnes of bioethanol annually. The rich carbohydrate composition (almost 42%) of Pongamia de-oiled cake makes it a prominent organic source for other biofuels (bioethanol and biogas) production [26, 27].


Biogas production from non-edible de-oiled seedcakes has been explored in many studies. Chandra et al. [28] studied the AD of Jatropha and Pongamia de-oiled cake with different combinations of cow dung and different HRT. The batch experiments showed that biogas production ranges between 220-250 L/kg of cake for Jatropha de-oiled cake and 240265 L/kg of cake for Pongamia de-oiled cake. AD process instability due to long-chain fatty acids and scarcity of inherent bacteria were noted as the significant challenges in AD of de-oiled seed cake [28]. Considering these challenges in batch scale AD of de-oiled cake, Chandra et al. [29] conducted a pilot-scale mesophilic AD of Jatropha and Pongamia de-oiled cake in a floating drum digester of 20 m3/d capacity. AD of Jatropha seed cake showed the specific methane yield of 0.42 m3/kg VS while the specific methane yield of Pongamia seed cake was almost 0.45 m3/kg VS for HRT of 30 d [29]. In another study, Prateek et al. [30] evaluate the anaerobic co-digestion (AcoD) of Jatropha cake and buffalo dung in a continuous laboratory scale (5 L capacity) digester at 6% TS loading for 180 d. Jatropha cake mixed with buffalo dung (6% TS of Jatropha cake and 24% TS of buffalo dung) resulted in 139.20% higher biogas production than control of buffalo dung with a methane content of 71.7% [30]. Schmidt [31] examined the effects of iron additives on process stability and gas composition while increasing OLR in AD of Jatropha de-oiled cake. Enhancing the OLR from 1.3 to 3.2 g VS/L/d in the reactor running without iron additive was noted to decrease the biogas production from 512 to 194 L/kg VS.


On the other hand, the reactor running on iron additive showed the reduction in yield of biogas from 530 to 462 L/kg VS. It was concluded that OLR of 2.4 g VS/L/d for efficient AD of jatropha and iron additive can be utilized to reduce the H2S content in biogas [31]. Raheman and Mondal [32] investigated the AD of Jatropha seed cake at different TS (15-25%) and C/N ratios (9-32). The highest biogas yield of 170 L/kg TS was obtained at 20% TS loading. C/N ratio from 22 to 27 was suggested for a higher yield of biogas. Moreover, the digested slurry of Jatropha cake seed was noted to be useful for enhancing the growth of tomato and maize crops [32]. Sinbuathong et al. [33] evaluated the AD of Jatropha seed cake in two-stage digesters (acidogenic and methanogenic). Acidogenic digesters were supplied at an OLR of 2.5-20 kg COD/m3/d with jatropha seed cake and water in the ratio of 1:10. The study demonstrated that an improved methane yield of 340 L/kg COD could be obtained in the two-stage AD of Jatropha seed cake without pH adjustment [33]. Sen et al. [34] examined the effect of co-digestion of Jatropha seed cake with bagasse and Fe2+ ion addition. Co-digestion at an adjusted C/N ratio of 26.5 resulted in a biogas yield of 203 L/kg VS. At the same time, the addition of Fe2+ improved the biogas yield by 3.2 times compared to biogas yield from mono digestion of Jatropha seed cake [34]. Jabłoński et al. [35] performed the thermal and acid pretreatment of Jatropha seed cake to deactivate the inhibiting effect of protease and subsequently enhance the methane yield. Pretreatment with NaCl and HCl was noted for improvement in biogas yield, however, thermal pretreatment was observed to be ineffective for the improvement in biogas yield. Further, dry AD is recommended for the AD of the protein-rich substrate from analyzing the results obtained in the experiment [35].


Barik and Murugan [36] investigated AcoD of Karanja de-oiled cake and cow dung at different mixing ratios and examined the fertilizer value of digestate. Karanja de-oiled cake and cow dung mixed in the ratio of 25:75 (C/N ratio of 24.74) were noted to produce an improved biogas yield of 5.26 L/kg TS (with CH4 content of 73%). Additionally, the digested slurry of the mixed substrate may also be utilized as organic fertilizer due to rich composition of nitrogen (N) 6.8%, phosphorus (P) 3.1%, and potassium (K) 3.8% [36]. Bateni et al. [37] studied the AD and bioethanol fermentation of two types of Eruka savita seed cakes obtained from mechanical extraction and solvent extraction processes. Both types of seed cakes were pretreated with NaOH before their utilization for biogas and bioethanol production. The NaOH pretreatment improved the bioethanol and biogas yield for both kinds of seed cake, however, the better ethanol (almost 302% improvement) and biomethane (almost 105 % improvement) production was obtained for seed cake obtained from mechanical extraction [37]. Deshpande et al. [38] investigated the biogas potential of de-oiled seedcakes obtained from Mahua (Madhuca indica) and Hingan (Balanites aegyaptiaca), which are among the broadly available species of tree in India. Biogas yield was observed to be 200-225 L/kg of seed cake for Mahua de-oiled seedcake and 200-220 L/kg of seed cake for Hingan de-oiled seedcake. The digested slurry of both oilseed cakes was proposed to be utilized as organic fertilizer due to rich composition of nitrogen, and secondary as well as tertiary nutrients [38]. Singh and Mandal [39] studied the AD of different proportions of Jatropha, Safflower and Karanja de-oiled seed cakes and cow dung using cocktail of different inocula. AD of Jatropha, Karanja, and Safflower mixed cow dung in the ratio of 1:1 resulted in 513, 523, and 512 L/kg VS of biogas, with a corresponding methane yield of 324, 363, and 337 L/kg VS, respectively [39].








11.2.2 Valorization of Glycerol




11.2.2.1 Valorization of Glycerol via Anaerobic Digestion Route


Glycerol is a promising substrate for utilizing as a primary substrate and co-substrate for biomethane production due to its high calorific value, easy digestibility, and storage ability for a longer time [40]. As glycerol is a liquid byproduct, it requires simple equipment for addition to the digester. Highly concentrated organic content and high biodegradability (almost 100%) of glycerol provide the benefits of a higher organic loading rate (OLR) without significant impact on hydraulic retention time (HRT) [41, 42]. Various studies reported the chemical properties of glycerol as volatile solid (VS) 72-99%, purity 40-80%, chemical oxygen demand (COD) 9121760 g/L, and pH 5-12.6 [43]. Many researchers [18, 40, 43–50] studied AD of glycerol as mono substrate and co-substrate.


Siles López et al. [18] studied batch scale AD of glycerol. Before AD, glycerol was treated with H3PO4 to recover the KOH as potassium phosphate to utilize it as agricultural fertilizer. The AD of treated glycerol inoculated with granular sludge was reported to achieve a methane yield coefficient of 306 L CH4/kg with a biodegradability of 100% [18]. Considering the concentrated organic carbon and high solubility in water, Astals et al. [51] demonstrated the AcoD of crude glycerol and pig manure in mesophilic AD conditions. Pig manure supplemented with 4% of glycerol (weight basis, wb) was noted to produce 400% more biogas compared to mono digestion of pig manure. In another experiment, pig manure was co-digested with 3% glycerol (wb), which yielded 180% more biogas than the control of pig manure in thermophilic conditions [50]. The improved biogas yield of co-digestion in both the studies [50, 51] was attributed to double of the OLR, higher biodegradability of crude glycerol, balanced C/N ratio, and reduced free ammonia concentration [50]. To reduce the load of organic waste on the environment, Martín et al. [49] performed AcoD of orange peel waste and surplus glycerol at a mixing ratio of 1:1 (in COD). Both the substrates were found to produce a synergistic effect by providing the required nutrient balance and reducing the toxic effect of inhibitory compounds. These benefits of codigestion resulted in an improved biomethane yield of 330 L/ kg VS, at a mean OLR of 1.91 kg VS/m3/d and HRT of 8.5-30 days [49]. Similarly, Athanasoulia et al. [48] conducted the performance evaluation of a cascade of two continuous stirred tank reactors (CSTR) running on sewage sludge with different glycerol loading. Co-digestion was performed by supplementing glycerol at different loading 0-4% (v/v) in feed mixtures of sewage sludge at HRT of 12.3-19.7 days. Codigestion with 2% and 3% glycerol improved biogas yield by 3.8 and 4.7 times, while co-digestion with 4% glycerol was found to be failed due to overloading of feed substrate [48]. In another study, Nartker et al. [47] performed AcoD of glycerol and sewage sludge at glycerol loading of 0-60% of the OLR. The optimum range of glycerol loading was noted to be 25-60% of OLR, which enhanced the specific biogas production up to 82-280%. It was noted that the slow addition of glycerol allows the bacterial community to adjust their metabolic activity properly and with this approach, glycerol loading can be enhanced to a higher level [47]. In another study, Rivero et al. [46] performed the AcoD of sewage sludge and glycerol using a two-phase digestion method to evaluate the effect of OLR on biohydrogen and biomethane production. AcoD conducted at an OLR of 1.94 -2.79 gVS/L/d resulted in 200 L H2/kg VS and 127 L CH4/ kg VS with a volatile solid removal efficiency of 88-92%. The best OLR was noted to be 1.01 g VS/d, resulting in a hydrogen yield of 500 L/ kg VS, methane yield of 148 L/ kg VS and VS removal efficiency of 89% [46]. Serrano et al. [40] studied the mesophilic AcoD of the strawberry extrudate, fish waste, and crude glycerol mixed at a ratio of 54/5/41 (in VS). The addition of crude glycerol improved the biodegradability to 96.7% and methane yield to 308 L/kg VS (at STP). Glycerol utilized as co-substrate implied a net profit of 25.5-42.1 €/t compared to landfill disposal [40]. Meier et al. [44] evaluated the effect of different temperatures (37-43°C) and concentration (1-5%) of residual glycerol as an additive on the anaerobic degradation of cassava wastewater. The maximum biohydrogen yield of 861 L/L of residue was noted for the optimum temperature of 38.5°C and 4% glycerol loading [44]. Alves et al. [43] monitored the various AD parameters such as COD, VS, C/N ratio, pH, volatile acid/alkalinity ratio to assess performance and AD stability of sewage primary sludge supplemented with crude glycerol. The addition of 1% and 3% glycerol resulted in methane production of 223 L/kg VS and 368 L/kg VS, respectively, which represents the enhancement of 61% and 167% compared to mono digestion of primary sludge [43].


Byproducts of anaerobic digestion of glycerol may further be utilized for various purposes, as shown in Figure 11.1.


Glycerol obtained from the waste stream of the biodiesel industry could also be utilized to synthesize different chemicals and biofuels via different conversion routes. Various conversion routes such as biological, chemical, thermochemical, and catalytic were explored for utilization glycerol [52].




[image: Schematic illustration of parallel waste management in biodiesel production process.]

Figure 11.1 Parallel waste management in biodiesel production process.








11.2.2.2 Valorization of Glycerol via Biological Conversion Route


Biological routes include utilizing microorganisms (such as microalgae, bacteria, and fungi) and enzymes for converting the glycerol into valuable chemicals and biofuels in anaerobic or aerobic conditions [53]. 1,3-pro-panediol, lactic acid, citric acid, glyceric acid, succinic acid, eicosapentaenoic acid, docosahexaenoic acid, polyhydroxyalkanoates, and trehalose are the major chemicals that are produced during the biological conversion of glycerol [52]. 1,3-propanediol is obtained through microaerobic or anaerobic fermentation of glycerol. It is primarily utilized as an additive in solvents and adhesives [54]. Lactic acid is produced by microbial fermentation of glycerol and it is potentially utilized in cosmetic, pharmaceutical, agricultural, and food industries [55]. Glyceric acid is a type of multifunctional monomer obtained in bioconversion of glycerol [53]. Citric acid which is a widely utilized preservative in food industries, may also be produced from fermentation of glycerol [53]. Similarly, succinic acid is produced from the anaerobic fermentation of glycerol and it is potentially utilized as an intermediate additive in the synthesis of organic chemicals [52]. Docosahexaenoic acid (DHA) is also a glycerol-based chemical used as a sun tanning agent in the cosmetic industry and a vital chemical in synthesizing environment-friendly biopolymers [56]. Polyhydroxyalkanoates (PHA) are mainly produced during fermentation conducted by specific microbial consortia using glycerol as a feedstock [57]. Biogas and bio-hydrogen are the biofuel gases produced by anaerobic digestion and dark fermentation of glycerol, respectively [58]. Figure 11.2 depicts the different microorganism involved in the biological conversion of glycerol into useful products.
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Figure 11.2 Synthesis of useful products from crude glycerol via biological conversion pathway (reconceptualized and redrawn from [52]).








11.2.2.3 Valorization of Glycerol via Chemical Conversion Route


Chemical conversion comprises of the different chemical reactions for the valorization of glycerol. Polyglycerol, ethers, C-8 chain ethers, esters, solketal, 1,3-propanediol, ketals, epichlorohydrin, malleated glycerides, and glycerol carbonates are the key value-added products obtained from the valorization of glycerol through the chemical conversion route (Figure 11.3). Polyglycerol is produced by polymerization of glycerol and it is widely utilized as a non-ionic surfactant in the cosmetic, food, and detergent industry [59]. Solketal is commonly utilized as an oxygenated fuel additive, flavoring agent, and surfactant. It is generally produced by acetalization or condensation of glycerol [60]. Methyl tert-butyl ether (MTBE), ethyl tertiary butyl ether (ETBE), di-tert-butyl glycerol ether (DTBG), and tri-tert-butyl glycerol ether (TTBG) are the common ethers that are obtained by etherification of glycerol. On the other hand, acylated esters, glyceryl diacetate (DAG), glyceryl triacetate (TAG), and polyglycerol esters are the major esters obtained by esterification of glycerol [61]. Dehydroxylation of glycerol produces 1,3-propanediol, which is widely utilized to produce polytrimethylene tere-phthalate (PTT) polymer [62]. On the other hand, the ketalisation of glycerol produces ketals that are utilized as anti-knock agents and ignition accelerators in automobiles engines [63]. Mallenization is one of the important chemical processes for the synthesis of malleated glycerides. These glycerides are utilized as renewable precursors in plastic production [54]. The epicerol process is used for the synthesis of epichlorohydrin (ECH) from glycerol. ECH is majorly utilized for production of epoxy resin [64]. Glycerol carbonate (GC) are synthesized from glycerol using carboxylation sources. GC is commonly utilized as a solvent and electrolyte in batteries [65]. Besides the products mentioned above, glycerol is also utilized to produce C-8 chain ethers by the telomerisation process. C-8 chain ethers are majorly used as surfactants in various industries [64].
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Figure 11.3 Synthesis of useful products from crude glycerol via chemical conversion pathway (reconceptualized and redrawn from [52]).








11.2.2.4 Valorization of Glycerol via Catalytic Conversion Route


Homogeneous or heterogeneous conversion of glycerol using basic or acidic catalysts is known as catalytic conversion. Generally, heterogeneous catalysts are utilized for commercial applications due to lower operation costs and simple separation of catalyst from the mixture [66].


Propylene glycol (or 1,2-propanediol) is generally synthesized by dehydroxylation of glycerol as well as hydrolysis of propylene oxide. It can be utilized as a deicing and antifreeze agent and an alternative to toxic ethylene glycol. Some typical applications of propylene glycol are detergents, functional fluids, enamels, polyester resins, foods, pharmaceuticals, etc. [67]. Acrolein is synthesized by dehydration of glycerol using a heterogeneous catalyst (i.e., zeolite) and solid acid catalysts. Acrolein is potentially utilized for making efficient absorber polymers used in pads and diapers [68]. Dihydroxyacetone (DHA), mesoxalic acid (MA), Glyceric acid (GA), and tartronic acid (TA) are mainly synthesized by oxidation of glycerol with catalyst. DHA is broadly utilized in the alcohol, beverages, and dietary supplement industries. Although GA has no commercial uses, it is a main intermediate chemical for synthesizing MA and TA. TA has applications in the pharmaceutical industry for treating patients suffering from obesity and osteoporosis [52]. Glycerolysis, alcoholysis, esterification, and enzymatic synthesis are the major chemical processes utilized to synthesize monoglycerides from glycerol. Monoglycerides are mainly utilized as a defoamer in the different industries [69]. Figure 11.4 shows the catalytic process involved in valorization of crude glycerol.
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Figure 11.4 Synthesis of useful products from crude glycerol via catalytic conversion pathway (reconceptualized and redrawn from [52]).








11.2.2.5 Valorization of Glycerol via Thermochemical Conversion Route


Thermochemical conversion comprises of pyrolysis, gasification, steam reforming, and partial oxidation of glycerol to transform it into useful biofuel (Figure 11.5). Gasification or pyrolysis of glycerol provides products in three forms: syngas as gaseous product, char as solid product, and bio-oil as a liquid product. Pyrolysis, partial oxidation, aqueous phase reforming, steam reforming, catalytic steam reforming, and auto-thermal reforming are common pathways to synthesizing hydrogen from glycerol [52, 53].
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Figure 11.5 Thermochemical conversion of crude glycerol into value-added products.












11.3 Biorefinery Concept Based on Utilization of Whole Oilseed Plant


Recently, Hashemi et al. [70] proposed an idea of developing a biorefinery to utilize the whole Safflower plant which is composed of 79.6% straw and 20.4% oilseed. The oilseeds were subjected to extraction of oil which was subsequently utilized for biodiesel synthesis, and the remaining de-oiled cake was subjected to AD for biogas production. Before bioethanol fermentation, straw was given hydrothermal pretreatment at a temperature of 120-180°C for 1-5 h to extract the maximum possible bioethanol from straw. After the completion of all processes, it was noted that one kg of Safflower plant might produce 46.6 g biodiesel, 22.4 L methane, and 97.2 g bioethanol, which are combinedly equivalent to 0.168L of gasoline per kg of a Safflower plant [70]. Gupta et al. [71] also examined the use of different parts (flowers, oil, and seed caked) of the Mahua plant. In the process of extraction of oil from Mahua (Madhuca indica) oilseeds, almost 60% of seed remains as de-oiled seed cake which may further be utilized as a low-grade organic fertilizer and biopesticide, in dye removal from wastewater, in animal feed and biogas production, and mushroom cultivation after detoxification. With detoxified de-oiled seed cake (processed by simple water treatment), the mushroom yield was improved by 128% and biogas yield by 93% [71].


Further, Gupta et al. [72] evaluated the biomethane potential of raw and detoxified Mahua de-oiled seed cake. Both raw and detoxified de-oiled seed cakes were anaerobically digested with different combinations of cow dung. Detoxified cake co-digested with the cow dung in the ratio of 1:1 produced the highest biogas (442 L/kg TS) with a methane content of 58.560%. Moreover, the fraction of N, P, and K was found to be improved in the digestate of de-oiled seed cake due to reduced cellulose and hemicellulose content. Hence, the digested slurry contains more nutrition than the raw de-oiled seed cake [72].


Similarly, Bateni and Karimi [73] proposed the biorefinery concepts for utilizing the whole Eruca savita plant composed of 48.5% of oilseed and 51.5% straw. The oil extracted from seed was utilized for the synthesis of biodiesel, while the remaining de-oiled seed cake was used for biomethane production. On the other hand, the straw was subjected to simultaneous saccharification and fermentation (SSF) after pre-treating with NaOH for ethanol production. At the optimized conditions, 140 g biodiesel, 16.8 g glycerol, 60 L of biomethane, and 76.2 g ethanol were obtained from one kg of Eruca savita plant [73]. Moreover, many multiple value-added products may be produced using the biorefinery concept based on Eruca savita plant feedstock. Figure 11.6 shows the concept of biorefinary development utilising the whole non-edible oilseed plant as feedstock. The dotted box in Figure 11.6 shows the future recommendation of including de-oiled cakes and glycerol for biofuel production to boost the sustainability and circular economy of biorefinery based on whole oilseed plant. Table 11.1 summarizes the studies conducted on utilising the whole oilseed plant for biofuels production.
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Figure 11.6 Biorefinery development based on whole non-edible oilseed plants (reconceptualized and redrawn from [70, 73]).






Table 11.1 Whole oilseed plant-based biofuel production.








	Plant

	Straw: Oilseeds

	Biofuels extracted from 1 kg of whole plant

	Reference






	Biodiesel
(g)

	Bioethanol
(g)

	Biomethane
(L)










	Safflower

	79.6: 20.4

	46.6

	97.2

	22.4

	[70]






	Eruca Savita

	51.5: 48.5

	140

	76.2

	60

	[73]















11.4 Valorization of Byproducts Obtained in the Bioethanol Fermentation Process


Pilot-scale bioethanol production in refineries releases a large amount of residue in the form of stillage. Stillage is composed of easily digestible organic compounds released during the distillation of bioethanol [74]. Due to the easy digestibility, stillage can be used as a feedstock for biomethane production. However, the suitability of stillage for biomethane production depends on the substrate used for bioethanol production [75]. For example, Tian et al. [76] investigated the biomethane potential of stillage separated from cellulosic ethanol production in thermophilic AD conditions. The biomethane yield of 200 L/kg VS and soluble chemical oxygen demand (sCOD) removal efficiency of 75-80% in this research confirms the suitability of stillage for biomethane production.


Similarly, Moraes et al. [75] noted a biomethane yield of 267 L/kg VS for AD of sugar beet stillage. Co-digestion of stillage and other organic feedstocks was recommended for improving energy balance in biorefineries. In another study, Westerholm et al. [77] showed the methane yield of 310 L/ kg VS from the co-digestion of whole stillage and cattle manure mixed in the ratio of 85:15 (VS/VS). Jazmín Edith et al. [5] studied the co-digestion of corn stover and washing water containing a rich amount of lignocellu-lolytic enzymes, which was previously generated during the pretreatment of corn stover in the process of bioethanol production. Wastewater co-digested with corn stover was noted to improve the corn stover biomethane yield by 42%. Similarly, Liu et al. [78] suggested the use of sugars released from alkali pretreatment of sugarcane bagasse for sequential bioethanol and biogas production. The residual stillage after ethanol extraction was found to produce 307 L/kg VS of methane. Sequential bioethanol and bio-methane production were noted for maximizing the utilization of feedstock biomass. The idea of parallel waste management in biomethane production (Figure 11.7) can also be employed for various lignocellulosic biomass.
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Figure 11.7 Parallel waste management in bioethanol production process.








11.5 Valorization of Byproducts Obtained in Anaerobic Digestion Process


Biogas is mainly a blend of methane (40-65%), carbon dioxide (35-55%), and small amounts of moisture, hydrogen sulfide, and hydrocarbons. The composition of biogas may vary depending upon the type of biomass (i.e., agricultural residue, animal excreta, food waste, municipal solid waste, algal biomass, energy crops, etc.) and process parameters such as temperature, pH, HRT, OLR, alkalinity, etc. Other than the gaseous product, AD produces solid by-products in the form of nutrient-rich digestate [79]. The methane content of biogas has fuel properties that can be utilized for cooking or as a vehicular fuel after up-gradation in the form of compressed biogas or liquid biomethane [80]. CO2 and digestate are the major by-products of the AD process that require alternative utilization to boost the biogas production process’s economic viability and environmental friendliness. Figure 11.8 shows the alternative utilization of the byproducts of the AD process.
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Figure 11.8 Parallel waste management in anaerobic digestion process.






11.5.1 Valorization of CO2 Content in Biogas


Upgradation of biogas produces CO2 as a major by-product [80]. CO2 in its purified form can be utilized in the greenhouse for efficient crop production, grain fumigation for protecting grain seeds from insects, algae cultivation, and chemical production [81].


CO2 is an essential gas for the photosynthesis process in plants. Plants fulfil their requirement for CO2 from the environment. However, in the greenhouse, the requirement of CO2 is fulfilled either by burning of carbon-based fuels or by supplying CO2 from the cylinder. Burning of carbon-based fuel results in emissions of harmful gases due to incomplete combustion [82]. In contrast, CO2 separated from biogas can be utilized after eliminating the traces of H2S from it. Purity of CO2 obtained from biogas upgradation is a crucial parameter, as impurities of H2S greater than 0.02 wt% may produce a harmful impact on plants as well as humans [81].


CO2 can also be utilized for fumigation on grain seed to protect them from insects. Chemicals such as phosphine and methyl bromide utilized for fumigation on grain seeds are noxious to humans, as well as to the environment. On the other hand, CO2 as a fumigant increases the self-life of grains without leaving chemical residues on grain. Other than fumigation, CO2 can be utilized for modified atmospheric packaging in which oxygen content in packets of food items is reduced by supplying CO2. The reduced amount of oxygen deaccelerates the oxidation rate which prevents the food items from rotting [81]. CO2 solidified in the form of dry ice can also be utilized as a refrigerant to preserve food items that are transported in frozen form. However, the refrigeration industry requires a highly purified (up to 99.99%) form of CO2 that limits the usage of CO2 separated from biogas [82]. CO2 generated in a biogas plant can also be utilized to generate more methane through the in-situ operation of reacting CO2 with externally supplied H2 [83]. In this process, the CO2 and H2 are consumed by the hydrogenotrophic bacteria to synthesize methane [84]. Besides, the CO2 separated from biogas during enrichment can very well be utilized for algal cultivation [85].






11.5.2 Valorization of Digestate


Digestate of a biogas plant can be utilized as organic manure due to its rich macro (nitrogen, phosphorus, and potassium) and micro (manganese, calcium, magnesium) nutrients composition. Many researchers reported the fertilizer values of slurry obtained from biogas plants running on a different organic substrate. The N, P, and K content in the kitchen waste-based biogas plant digestate were reported to be 2.3-2.6%, 0.7-0.9%, and 0.7-1.1%, respectively [2]. Utilization of this nutrient-rich digestate as organic manure may boost the productivity of crops by improving the soil quality and subsequently provides extra-economic advantages [79]. Mdlambuzi et al. [87] recently demonstrated the application of biogas slurry as manure to support the growth of maize crop. Other than increasing crop productivity, the application of biogas plant slurry was found to enhance the labile organic carbon in the topsoil, the recalcitrant organic carbon in the subsoil, soil bacterial community, and stimulate the bacterial and fungal organic carbon cycle [87]. However, extensive use of biogas slurry may produce a harmful impact on the environment due to the emission of nitrous oxide (N2O), therefore Rahaman et al. [88] recommended the use of biogas slurry combined with chemical fertilizers to reduce the emission of N2O.


Utilization of biogas slurry for microalgae cultivation has become a great deal of interest as it not only facilitates nutrient management but also provides algal biomass for biofuel production [89]. Apart from the N, P, K, Ca, Mg, and Fe, biogas plant digestate comprises of an adequate amount of Cu, Mn, and Zn and the availability of these elements can fulfil the nutrient requirement of microalgae during cultivation [90].


Prajapati et al. [91] demonstrated a novel “closed loop process” for algae to biomethane production integrating AD of Chroococcus sp. and application of liquid digestate for algal biomass production. The results showed promising algal biomass yield (0.8 g dry biomass/L) at 30% liquid diges-tate concentration. Higher algal biomass yield (1.29–1.42 g dry biomass/L) was noted when liquid digestate diluted with rural sector wastewater. Cultivation of algal biomass on liquid digestate provides the additional benefits of reduction in nutrient/pollutant in the effluent below discharge limits. However, digestate often poses challenges due to the presence of high concentrations of NH3, colour, complex organics, and particulate matter resulting in poor light penetration in suspension cultures [91]. To overcome these issues, Choudhary et al. [92] developed a novel algal bio-film reactor with nonwoven fabrics supporting algal growth followed by low energy intensive in-situ harvesting. The neat and undiluted digestate showed the algal biomass productivity of 3.10 g/m2/d with harvested high protein (44%) biomass suitable for application as livestock fodder supplement and organic fertilizers [92].








11.6 Conclusion


Management of organic waste generated from various sources has become the primary need of the present time. Biomass is being utilized to produce a different type of biofuels depending upon their characteristics and chemical composition. The conversion of biomass to biofuel again generates different types of byproducts and the organic fraction of these by-products can further be utilized for biofuel production. Biodiesel, bioethanol, and biogas production processes generate glycerol, stillage, and CO2 and digestate as a major byproduct. Various integrated routes for utilising these residues have been studied, still there is a need for energy and economic evaluation of these routes for promoting the idea of parallel waste management and cyclic economy.






Acknowledgment


Authors are highly thankful to the Indian Institute of Technology Delhi for providing all the research facilities and fellowship.






References




	1. S. Kumar, P. Gandhi, M. Yadav, K. Paritosh, N. Pareek, and V. Vivekanand, “Weak alkaline treatment of wheat and pearl millet straw for enhanced bio-gas production and its economic analysis,” Renew. Energy, vol. 139, pp. 753–764, 2019.


	2. A. Isha, S. Kumar, B. Jha, P. M. V. Subbarao, R. Chandra, and V. K. Vijay, “Development of stabilization methods using a pilot scale anaerobic digester for seasonal variations in kitchen wastes for improved methane production with zero breakdowns,” Clean. Eng. Technol., vol. 1, p. 100015, 2020.


	3. S. Kumar, K. Paritosh, N. Pareek, A. Chawade, and V. Vivekanand, “De-construction of major Indian cereal crop residues through chemical pretreatment for improved biogas production: An overview,” Renew. Sustain. Energy Rev., vol. 90, pp. 160–170, 2018.


	4. L. M. González-González, D. F. Correa, S. Ryan, P. D. Jensen, S. Pratt, and P. M. Schenk, “Integrated biodiesel and biogas production from microalgae: Towards a sustainable closed loop through nutrient recycling,” Renew. Sustain. Energy Rev., vol. 82, no. May 2016, pp. 1137–1148, 2018.


	5. M. H. Jazmín Edith, L. Octavio, M. H. Edna Madai, H. Esperanza, and S. C. Nicolás Óscar, “Coupling energy-production processes: The use of residues from bioethanol production to improve the anaerobic digestion of corn stover,” Biomass and Bioenergy, vol. 128, p. 105322, 2019.


	6. R. Ganesan et al., “A review on prospective production of biofuel from microalgae,” Biotechnol. Reports, vol. 27, p. e00509, 2020.


	7. M. W. Azeem, M. A. Hanif, J. N. Al-Sabahi, A. A. Khan, S. Naz, and A. Ijaz, “Production of biodiesel from low priced, renewable and abundant date seed oil,” Renew. Energy, vol. 86, pp. 124–132, 2016.


	8. Z. Helwani, M. R. Othman, N. Aziz, W. J. N. Fernando, and J. Kim, “Technologies for production of biodiesel focusing on green catalytic techniques: A review,” Fuel Process. Technol., vol. 90, no. 12, pp. 1502–1514, 2009.


	9. N. Kolesárová, M. Hutan, I. Bodík, and V. Špalková, “Utilization of biodiesel by-products for biogas production,” J. Biomed. Biotechnol., vol. 2011, p. 15, 2011.


	10. K. Jacobson, R. Gopinath, L. C. Meher, and A. K. Dalai, “Solid acid catalyzed biodiesel production from waste cooking oil,” Appl. Catal. B Environ., vol. 85, no. 1–2, pp. 86–91, 2008.


	11. B. X. Peng, Q. Shu, J. F. Wang, G. R. Wang, D. Z. Wang, and M. H. Han, “Biodiesel production from waste oil feedstocks by solid acid catalysis,” Process Saf. Environ. Prot., vol. 86, no. 6, pp. 441–447, 2008.


	12. K. Bencheikh et al., “Fuels properties, characterizations and engine and emission performance analyses of ternary waste cooking oil biodiesel–diesel–propanol blends,” Sustain. Energy Technol. Assessments, vol. 35, pp. 321–334, 2019.


	13. A. E. Abomohra, W. Jin, R. Tu, and S. Han, “Microalgal biomass production as a sustainable feedstock for biodiesel: Current status and perspectives,” Renew. Sustain. Energy Rev., vol. 64, pp. 596–606, 2016.


	14. M. Mohamed Musthafa, “Synthetic lubrication oil influences on performance and emission characteristic of coated diesel engine fuelled by biodiesel blends,” Appl. Therm. Eng., vol. 96, pp. 607–612, 2016.


	15. S. Bellou, M. N. Baeshen, A. M. Elazzazy, D. Aggeli, F. Sayegh, and G. Aggelis, “Microalgal lipids biochemistry and biotechnological perspectives,” Biotechnol. Adv., vol. 32, no. 8, pp. 1476–1493, 2014.


	16. A. E. F. Abomohra, M. El-Sheekh, and D. Hanelt, “Pilot cultivation of the chlorophyte microalga Scenedesmus obliquus as a promising feedstock for biofuel,” Biomass and Bioenergy, vol. 64, pp. 237–244, 2014.


	17. A. Rywińska, W. Rymowicz, B. Zarowska, and M. Wojtatowicz, “Biosynthesis of citric acid from glycerol by acetate mutants of Yarrowia lipolytica in fedbatch fermentation,” Food Technol. Biotechnol., vol. 47, no. 1, pp. 1–6, 2009.


	18. J. Á. Siles López, M. de los Á. Martín Santos, A. F. Chica Pérez, and A. Martín Martín, “Anaerobic digestion of glycerol derived from biodiesel manufacturing,” Bioresour. Technol., vol. 100, no. 23, pp. 5609–5615, 2009.


	19. M. B. Viana, A. V. Freitas, R. C. Leitão, G. A. S. Pinto, and S. T. Santaella, “Anaerobic digestion of crude glycerol: a review,” Environ. Technol. Rev., vol. 1, no. 1, pp. 81–92, 2012.


	20. L. Bournay, D. Casanave, B. Delfort, G. Hillion, and J. A. Chodorge, “New heterogeneous process for biodiesel production: A way to improve the quality and the value of the crude glycerin produced by biodiesel plants,” Catal. Today, vol. 106, no. 1–4, pp. 190–192, 2005.


	21. C. Santibáñez, M. T. Varnero, and M. Bustamante, “Residual glycerol from biodiesel Manufacturing, waste or potential source of Bioenergy: A review,” Chil. J. Agric. Res., vol. 71, no. 3, pp. 469–475, 2011.


	22. A. Singhabhandhu and T. Tezuka, “A perspective on incorporation of glycerin purification process in biodiesel plants using waste cooking oil as feedstock,” Energy, vol. 35, no. 6, pp. 2493–2504, 2010.


	23. Y. Yang, K. Tsukahara, and S. Sawayama, “Biodegradation and methane production from glycerol-containing synthetic wastes with fixed-bed bioreactor under mesophilic and thermophilic anaerobic conditions,” Process Biochem., vol. 43, no. 4, pp. 362–367, 2008.


	24. A. Kumar and S. Sharma, “Potential non-edible oil resources as biodiesel feedstock: An Indian perspective,” Renew. Sustain. Energy Rev., vol. 15, no. 4, pp. 1791–1800, 2011.


	25. L. Sunil, P. Appaiah, P. K. Prasanth Kumar, and A. G. Gopala Krishna, “Preparation of food supplements from oilseed cakes,” J. Food Sci. Technol., vol. 52, no. 5, pp. 2998–3005, 2015.


	26. S. Sangwan, D. V. Rao, and R. A. Sharma, “A Review on Pongamia Pinnata (L.) Pierre: A Great Versatile Leguminous Plant,” Nat. Sci., vol. 8, no. 11, pp. 130–139, 2010.


	27. M. Radhakumari, A. Ball, S. K. Bhargava, and B. Satyavathi, “Optimization of glucose formation in karanja biomass hydrolysis using Taguchi robust method,” Bioresour. Technol., vol. 166, pp. 534–540, 2014.


	28. R. Chandra, V. K. Vijay, and P. M. V Subbarao, “A Study on Biogas Generation from Non-edible Oil Seed Cakes : Potential and Prospects in India,” in The 2nd Joint International Conference on “Sustainable Energy and Environment (SEE 2006)” 2006, pp. 1–5.


	29. R. Chandra, V. K. Vijay, P. M. V. Subbarao, and T. K. Khura, “Production of methane from anaerobic digestion of jatropha and pongamia oil cakes,” Appl. Energy, vol. 93, pp. 148–159, 2012.


	30. S. Prateek, R. Gopal, S. Mayur, and D. Shilpkar, “Biomethanation potential of Jatropha (Jatropha curcas) cake along with buffalo dung,” African J. Agric. Res., vol. 4, no. 10, pp. 991–995, 2009.


	31. T. Schmidt, “Anaerobic digestion of Jatropha curcas L. press cake and effects of an iron-additive,” Waste Manag. Res., vol. 29, no. 11, pp. 1171–1176, 2011.


	32. H. Raheman and S. Mondal, “Biogas production potential of jatropha seed cake,” Biomass and Bioenergy, vol. 37, pp. 25–30, Feb. 2012.


	33. N. Sinbuathong, P. Sirirote, B. Sillapacharoenkul, J. Munakata-Marr, and S. Chulalaksananukul, “Biogas production from two-stage anaerobic digestion of Jatropha curcas seed cake,” Energy Sources, Part A Recover. Util. Environ. Eff., vol. 34, no. 22, pp. 2048–2056, 2012.


	34. K. Sen, S. Mahalingam, and B. Sen, “Rapid and high yield biogas production from Jatropha seed cake by co-digestion with bagasse and addition of Fe2+,” Environ. Technol. (United Kingdom), vol. 34, no. 22, pp. 2989–2994, 2013.


	35. S. J. Jabłoński, M. Kułażyński, I. Sikora, and M. Łukaszewicz, “The influence of different pretreatment methods on biogas production from Jatropha curcas oil cake,” J. Environ. Manage., vol. 203, pp. 714–719, Dec. 2017.


	36. D. Barik and S. Murugan, “Assessment of sustainable biogas production from de-oiled seed cake of karanja-an organic industrial waste from biodiesel industries,” Fuel, vol. 148, pp. 25–31, May 2015.


	37. H. Bateni, F. Bateni, and K. Karimi, “Effects of Oil Extraction on Ethanol and Biogas Production from Eruca sativa Seed Cake,” Waste and Biomass Valorization, vol. 8, no. 6, pp. 1897–1905, 2017.


	38. N. V. Deshpande, N. W. Kale, and S. J. Deshmukh, “A study on biogas generation from Mahua (Madhuca indica) and Hingan (Balanites aegyaptiaca) oil seedcake,” Energy Sustain. Dev., vol. 16, no. 3, pp. 363–367, 2012.


	39. R. Singh and S. K. Mandal, “The utilization of non-edible oil cake along with cow dung for methane-enriched biogas production using mixed inoculum,” Energy Sources, Part A Recover. Util. Environ. Eff., vol. 33, no. 5, pp. 449–458, 2011.


	40. A. Serrano, J. A. Siles, A. F. Chica, and M. A. Martin, “Improvement of mesophilic anaerobic co-digestion of agri-food waste by addition of glycerol,” J. Environ. Manage., vol. 140, pp. 76–82, 2014.


	41. M. S. Fountoulakis, I. Petousi, and T. Manios, “Co-digestion of sewage sludge with glycerol to boost biogas production,” Waste Manag., vol. 30, no. 10, pp. 1849–1853, 2010.


	42. P. D. Jensen, S. Astals, Y. Lu, M. Devadas, and D. J. Batstone, “Anaerobic codigestion of sewage sludge and glycerol, focusing on process kinetics, microbial dynamics and sludge dewaterability,” Water Res., vol. 67, pp. 355–366, 2014.


	43. I. R. F. S. Alves, C. F. Mahler, L. B. Oliveira, M. M. Reis, and J. P. Bassin, “Assessing the use of crude glycerol from biodiesel production as an alternative to boost methane generation by anaerobic co-digestion of sewage sludge,” Biomass and Bioenergy, vol. 143, p. 105831, 2020.


	44. T. R. W. Meier, P. A. Cremonez, T. C. Maniglia, S. C. Sampaio, J. G. Teleken, and E. A. da Silva, “Production of biohydrogen by an anaerobic digestion process using the residual glycerol from biodiesel production as additive to cassava wastewater,” J. Clean. Prod., vol. 258, p. 120833, 2020.


	45. A. C. Paulo et al., “Comparison between biodegradable polymers from cassava starch and glycerol as additives to biogas production,” Semin. Agrar., vol. 37, no. 4, pp. 1827–1843, 2016.


	46. M. Rivero, R. Solera, and M. Perez, “Anaerobic mesophilic co-digestion of sewage sludge with glycerol: Enhanced biohydrogen production,” Int. J. Hydrogen Energy, vol. 39, no. 6, pp. 2481–2488, 2014.


	47. S. Nartker, M. Ammerman, J. Aurandt, M. Stogsdil, O. Hayden, and C. Antle, “Increasing biogas production from sewage sludge anaerobic co-digestion process by adding crude glycerol from biodiesel industry,” Waste Manag., vol. 34, no. 12, pp. 2567–2571, 2014.


	48. E. Athanasoulia, P. Melidis, and A. Aivasidis, “Co-digestion of sewage sludge and crude glycerol from biodiesel production,” Renew. Energy, vol. 62, pp. 73–78, 2014.


	49. M. A. Martín, R. Fernández, A. Serrano, and J. A. Siles, “Semi-continuous anaerobic co-digestion of orange peel waste and residual glycerol derived from biodiesel manufacturing,” Waste Manag., vol. 33, no. 7, pp. 1633–1639, 2013.


	50. S. Astals, V. Nolla-Ardèvol, and J. Mata-Alvarez, “Thermophilic co-digestion of pig manure and crude glycerol: Process performance and digestate stability,” J. Biotechnol., vol. 166, no. 3, pp. 97–104, 2013.


	51. S. Astals, V. Nolla-Ardèvol, and J. Mata-Alvarez, “Anaerobic co-digestion of pig manure and crude glycerol at mesophilic conditions: Biogas and digestate,” Bioresour. Technol., vol. 110, pp. 63–70, 2012.


	52. J. Kaur, A. K. Sarma, M. K. Jha, and P. Gera, “Valorisation of crude glycerol to value-added products: Perspectives of process technology, economics and environmental issues,” Biotechnol. Reports, vol. 27, p. e00487, 2020.


	53. F. Yang, M. A. Hanna, and R. Sun, “Value-added uses for crude glycerol-- A byproduct of biodiesel production,” Biotechnol. Biofuels, vol. 5, no. 13, pp. 1–13, 2012.


	54. X. Luo, X. Ge, S. Cui, and Y. Li, “Value-added processing of crude glycerol into chemicals and polymers,” Bioresour. Technol., vol. 215, pp. 144–154, 2016.


	55. A. A. Hong et al., “Strain isolation and optimization of process parameters for bioconversion of glycerol to lactic acid,” J. Chem. Technol. Biotechnol., vol. 84, no. 10, pp. 1576–1581, 2009.


	56. P. K. Dikshit, S. K. Padhi, and V. S. Moholkar, “Process optimization and analysis of product inhibition kinetics of crude glycerol fermentation for 1,3-Dihydroxyacetone production,” Bioresour. Technol., vol. 244, pp. 362–370, 2017.


	57. V. K. Garlapati, U. Shankar, and A. Budhiraja, “Bioconversion technologies of crude glycerol to value added industrial products,” Biotechnol. Reports, vol. 9, pp. 9–14, 2016.


	58. M. Anitha, S. K. Kamarudin, and N. T. Kofli, “The potential of glycerol as a value-added commodity,” Chem. Eng. J., vol. 295, pp. 119–130, 2016.


	59. N. S. M. N. M. Din, Z. Idris, Y. S. Kian, and H. A. Hassan, “Preparation of polyglycerol from palm-biodiesel crude glycerin,” J. Oil Palm Res., vol. 25, no. 3, pp. 289–297, 2013.


	60. V. C. Eze and A. P. Harvey, “Continuous reactive coupling of glycerol and acetone – A strategy for triglyceride transesterification and in-situ valorisation of glycerol by-product,” Chem. Eng. J., vol. 347, pp. 41–51, 2018.


	61. M. Srinivas, R. Sree, G. Raveendra, C. R. Kumar, P. S. S. Prasad, and N. Lingaiah, “Selective etherification of glycerol with tert-butanol over 12-tungstophosphoric acid catalysts supported on Y-zeolite,” Indian J. Chem. - Sect. A Inorganic, Phys. Theor. Anal. Chem., vol. 53, pp. 524–529, 2014.


	62. K. Wang, M. C. Hawley, and S. J. DeAthos, “Conversion of glycerol to 1,3-propanediol via selective dehydroxylation,” Ind. Eng. Chem. Res., vol. 42, pp. 2913–2923, 2003.


	63. Y. Zong et al., “Highly efficient acetalization and ketalization catalyzed by cobaloxime under solvent-free condition,” Catalysts, vol. 8, pp. 1–10, 2018.


	64. M. Olga Guerrero-Pérez, J. M. Rosas, J. Bedia, J. Rodríguez-Mirasol, and T. Cordero, “Recent inventions in glycerol transformations and processing,” Recent Patents Chem. Eng., vol. 2, pp. 1–11, 2009.


	65. Z. I. Ishak, N. A. Sairi, Y. Alias, M. K. T. Aroua, and R. Yusoff, “Production of glycerol carbonate from glycerol with aid of ionic liquid as catalyst,” Chem. Eng. J., vol. 297, pp. 128–138, 2016.


	66. P. Sudarsanam, R. Zhong, S. Van Den Bosch, S. M. Coman, V. I. Parvulescu, and B. F. Sels, “Functionalised heterogeneous catalysts for sustainable biomass valorisation,” Chem. Soc. Rev., vol. 47, pp. 8349–8402, 2018.


	67. M. R. Monteiro, C. L. Kugelmeier, R. S. Pinheiro, M. O. Batalha, and A. da Silva César, “Glycerol from biodiesel production: Technological paths for sustainability,” Renew. Sustain. Energy Rev., vol. 88, pp. 109–122, 2018.


	68. H. Zhang et al., “Dehydration of Glycerol to Acrolein over Hierarchical ZSM-5 Zeolites: Effects of Mesoporosity and Acidity,” ACS Catal., vol. 5, no. 4, pp. 2548–2558, 2015.


	69. N. R. Rarokar, S. Menghani, D. Kerzare, and P. B. Khedekar, “Progress in Synthesis of Monoglycerides for Use in Food and Pharmaceuticals,” J. Exp. Food Chem., vol. 3, pp. 1–6, 2017.


	70. S. S. Hashemi, S. Mirmohamadsadeghi, and K. Karimi, “Biorefinery development based on whole safflower plant,” Renew. Energy, vol. 152, pp. 399–408, 2020.


	71. A. Gupta, R. Chaudhary, and S. Sharma, “Potential applications of mahua (Madhuca indica) biomass,” Waste and Biomass Valorization, vol. 3, no. 2, pp. 175–189, 2012.


	72. A. Gupta, A. Kumar, S. Sharma, and V. K. Vijay, “Comparative evaluation of raw and detoxified mahua seed cake for biogas production,” Appl. Energy, vol. 102, pp. 1514–1521, 2013.


	73. H. Bateni and K. Karimi, “Biorefining of Eruca sativa plant for efficient biofuel production,” RSC Adv., vol. 6, no. 41, pp. 34492–34500, 2016.


	74. B. S. Moraes et al., “Anaerobic digestion of vinasse from sugarcane biore-fineries in Brazil from energy, environmental, and economic perspectives: Profit or expense?,” Appl. Energy, vol. 113, pp. 825–835, 2014.


	75. B. S. Moraes, J. M. Triolo, V. P. Lecona, M. Zaiat, and S. G. Sommer, “Biogas production within the bioethanol production chain: Use of co-substrates for anaerobic digestion of sugar beet vinasse,” Bioresour. Technol., vol. 190, pp. 227–234, 2015.


	76. Z. Tian, G. R. Mohan, L. Ingram, and P. Pullammanappallil, “Anaerobic digestion for treatment of stillage from cellulosic bioethanol production,” Bioresour. Technol., vol. 144, pp. 387–395, 2013.


	77. M. Westerholm, M. Hansson, and A. Schnürer, “Improved biogas production from whole stillage by co-digestion with cattle manure,” Bioresour. Technol., vol. 114, pp. 314–319, 2012.


	78. Y. Liu et al., “Sequential bioethanol and biogas production from sugarcane bagasse based on high solids fed-batch SSF,” Energy, vol. 90, pp. 1199–1205, 2015.


	79. S. Kumar, T. C. D’Silva, R. Chandra, A. Malik, V. K. Vijay, and A. Misra, “Strategies for boosting biomethane production from rice straw: A systematic review,” Bioresour. Technol. Reports, vol. 15, no. September, p. 100813, 2021.


	80. R. Chandra et al., “Potentials and Challenges of Biogas Upgradation as Liquid Biomethane,” in Biogas Production, Springer, Cham, 2020.


	81. R. Kapoor et al., “Advances in biogas valorization and utilization systems: A comprehensive review,” J. Clean. Prod., vol. 273, p. 123052, 2020.


	82. K. Hoyer, C. Hulteberg, M. Svensson, J. Jenberg, and Ø. NØrregård, Biogas Upgrading – Technical Review. 2016.


	83. T. C. D’ Silva et al., “Enhancing methane production in anaerobic digestion through hydrogen assisted pathways – A state-of-the-art review,” Renew. Sustain. Energy Rev., vol. 151, p. 111536, Nov. 2021.


	84. M. Usman et al., “Current status of biogas upgrading for direct biomethane use: A review,” Renew. Sustain. Energy Rev., vol. 149, no. May, p. 111343, 2021.


	85. S. K. Prajapati, P. Kaushik, A. Malik, and V. K. Vijay, “Phycoremediation coupled production of algal biomass, harvesting and anaerobic digestion: Possibilities and challenges,” Biotechnol. Adv., vol. 31, no. 8, pp. 1408–1425, 2013.


	86. T. Mdlambuzi, P. Muchaonyerwa, M. Tsubo, and M. E. Moshia, “Nitrogen fertiliser value of biogas slurry and cattle manure for maize (Zea mays L.) production,” Heliyon, vol. 7, no. 5, p. e07077, 2021.


	87. Y. Tang, L. Luo, A. Carswell, T. Misselbrook, J. Shen, and J. Han, “Changes in soil organic carbon status and microbial community structure following biogas slurry application in a wheat-rice rotation,” Sci. Total Environ., vol. 757, p. 143786, 2021.


	88. M. A. Rahaman, Q. Zhang, Y. Shi, X. Zhan, and G. Li, “Biogas slurry application could potentially reduce N2O emissions and increase crop yield,” Sci. Total Environ., vol. 778, p. 146269, 2021.


	89. S. Kumar, A. Isha, R. Chandra, A. Malik, and V. K. Vijay, “Algal Biomass: A Promising Source for Future Bioenergy Production,” in Bioenergy Engineering, 1st ed., CRC Press, 2021, pp. 131–152.


	90. L. Zhu, C. Yan, and Z. Li, “Bioresource Technology Microalgal cultivation with biogas slurry for biofuel production,” Bioresour. Technol., vol. 220, pp. 629–636, 2016.


	91. S. K. Prajapati, P. Kumar, A. Malik, and V. K. Vijay, “Bioconversion of algae to methane and subsequent utilization of digestate for algae cultivation: A closed loop bioenergy generation process,” Bioresour. Technol., vol. 158, pp. 174–180, 2014.


	92. P. Choudhary, S. K. Prajapati, P. Kumar, A. Malik, and K. K. Pant, “Development and performance evaluation of an algal biofilm reactor for treatment of multiple wastewaters and characterization of biomass for diverse applications,” Bioresour. Technol., vol. 224, pp. 276–284, 2017.









Note




	* Corresponding author: kumarsubodh238@gmail.com











  
    





12
Valorization of Byproducts Produced During Extraction and Purification of Biodiesel: A Promising Biofuel


Gunjan1, Radhika Singh1* and Subhalaxmi Pradhan2


1 Biohydrogen Production Lab, Department of Chemistry, Faculty of Science, Dayalbagh Educational Institute, Dayalbagh, Agra, India


2 Division of Chemistry, School of Basic and Applied Sciences, Galgotias University, Greater Noida, UP, India






Abstract


Biodiesel is a green fuel that is another promising source as a renewable energy source for economic development and environmental sustainability. It is produced by the conversion of oil by short-chain alcohol or by the intensification of untreated fats. Glycerol (GLY) is probably the most important product produced during the production of biodiesel. Several methods have been developed to convert GLY into value-added compounds like glycerol carbonate (GLC), epichloro-hydrin, 1,3-propanediol, etc. GLC is one of the most important raw and renewable chemicals with low toxicity, non-flammability, and a good biodegradable solvent in the biodiesel industry. Its use is being investigated in various fields such as ingredients in paints, coatings, cosmetics, and as a green solution in the pharmaceutical, chemical, and food industries. The transformation of GLY to GLC has been broadly examined through the transesterification reaction in the presence of a catalyst such as homogenous, heterogeneous, and enzymes has recently gained importance. GLC production utilizing GLY with DMC via the transesterification route in the presence of heterogeneous catalyst has been demonstrated to be most promising path. The purpose of this chapter presents a successful transformation approach and evaluated chemo-and biocatalytic transesterification reaction of GLYs by various carbonates source and a detailed explanation of the impact of the catalyst and working conditions of GLC yield.
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List of Abbreviations








	CALB

	Candida Antarctica lipase B






	DG

	diglyceride






	DMC

	Dimethyl carbonate






	DABCO

	1, 4-diazabicyclo [2.2.2] octane






	DEC

	Diethyl carbonate






	DBU

	1, 8-diazabicyclo [5.4.0] undec-7-ene






	EU

	European Union






	EIA

	Energy Information Administration






	FAME

	fatty acid methyl ester






	GLY

	Glycerol






	GLC

	Glycerol carbonate






	[HPTPA]OH

	Hydroxypropyl-tripentylammonium hydroxide






	ILs

	Ionic liquids






	MAPA

	Musa acuminated peel ash






	MG

	Monoglyceride






	MESOX

	Mesoxalic acid






	NIPUs

	Non-isocyanate polyurethanes






	SAP

	Superabsorbent Polymer






	TG

	Triglyceride






	1,3-PDO

	1,3-propanediol






	1,2-PDO

	1,2-propanediol











12.1 Introduction


Recently, utilizing the principles of green chemistry has become a major factor in the evolution of the most recent chemical processes. The product manufacturing and most industrial chemical processes depend on the utilization of conventional natural solvents and such solvents come from non-volatile petrochemical sources which present serious problems such as volatility, flammability, and ecotoxicity. The “Fathers” of Green Chemistry (John Warner and Paul Anastas) declared “12 Green Principles” and mentioned the requirement to avoid the use of liquid chemicals, which has been a very difficult process for some time. These solvents have some advantages such as low toxicity, biodegradability, low cost, volatility, availability from inexhaustible resources, and flammability [1]. However, consumption of petroleum products and sustainable energy use is one of the fastest-growing sources of energy in the world growing by 2.6% per year during this period. This paradigm occurs because of impotency and the development of environmental issues such as global warming, depletion of the ozone layer, and acid rain. Biodiesel has attracted a lot of consideration as the most recent sustainable energy interest [2]. Perhaps the broadest interests of biodies-el-drawing are in areas such as greater biodegradability, energy sources, and gas emergence. Biodiesel is commonly referred to as FAME (Fatty Acid Methyl Ester). Biodiesel is manufactured from vegetable oils, fats/oils, cooking oils, etc. utilizing alcohol such as methanol or ethanol with a suitable catalyst and all these interactions are known as transesterification reactions. This reaction can be carried out either heterogeneously and homogeneously and generates GLY as a by-product of biodiesel (esters-complex-esters) [3]. Figure 12.1 shows the flowchart of biodiesel production, performed by using various methods and its purification techniques are also mentioned [6]. Glycerol adoption is an exciting experimental study given the need to form a more uncomplicated use of biodiesel-based compounds, which ultimately promotes significant reductions in store costs despite their use in social, food, tobacco, and drug use [4]. The glycerol found in the biodiesel plant is very complex and includes impurities such as alcohol like methanol, waste, water from unsaturated fatty acids (neutralization), and split catalyst particles (especially when homogeneous compounds are used). The typical purifying procedures include filtration, neutralization (i.e., synthetic treatment at low pH), extraction with ethanol or ether, and vacuum distillation. The treatment also eliminates unrefined unsaturated fats and salts and increases the yield of high-quality glycerol. The choice of appropriate reaction conditions and suitable catalysts for the transesterification technique can favor the generation of sublimate purity of GLY and can be redesigned into significant chemicals [5].




[image: Schematic illustration of convenient flowchart of biodiesel production.]

Figure 12.1 Convenient flowchart of biodiesel production [6].






Objectives


The purpose of this chapter is to provide in-depth information on the most recent developments of glycerol and glycerol carbonate generation. It is based on the latest information based on research done on fundamentals and practices. The chapter is divided into two sections. Section 12.1 introduces an overview of glycerol, comprising of chapters on historical perspective, economic aspects, public opinion on global demand, markets, and sustainability of production of glycerol by various techniques. Section 12.2 focuses on the unification of glycerol carbonate production methods along with their classification and properties. Each section contains numerous clear, informative tables and figures and offers a potentially large amount of primary information.








12.2 Glycerol


During the biodiesel manufacturing procedure, glycerol is generated as an essential co-product with about 10% (w/w) that can be used for other worth-added products. The oleochemical industry is also an essential source of GLY generation, where it is found in the breakdown of triglycerides into formed fatty acids. It is a type of green solvent and is often used as a composite in the oil and refining industry. The rapid development of biodiesel interest makes it a key presence in the GLY market, closely related to cost and availability [7, 8]. During the synthesis process, there are two phases: the upper phase is known as biodiesel (methyl or ethyl esters) and the lower phase is known as raw glycerol and is easily separated after easing the reaction mixture for several hours at neutral pH [3].




12.2.1 Properties of Glycerol


Figure 12.2 shows the formation of biodiesel and byproduct, produced during the reaction of methanol and triglyceride in presence of a catalyst [9]. Glycerol, similarly called glycerin and the synthetic name GLY, is propane-1,2,3-triol, 1,2,3-propanetriol, or 1,2,3-trihydroxypropane. It is a fragrant oil discovered by Carl Wilhelm Scheele, a Swedish scientist in 1779. In 1823, French scientist Michel Eugene Chevreul named it ‘glycerin’ (Greek: glukeros meaning ‘delicious’) and the molecular formula “C3H8O3” was given by Charles-Adolphe Wurtz in 1855 [10, 11]. It is a low-toxic compound to both the environment and humans. It is an odorless, colorless, and viscous soluble liquid in various polar liquids (e.g., isopropanol, methanol, pyridine, ethanol, phenol, ethylene glycol) and is insoluble in high alcohol, hydrocarbons, and fatty acids and chlorinated chemicals such as hexane, benzene, and chloroform. Table 12.1 shows the physical and chemical properties of glycerol [17]. GLY has high viscosity, melting point, and boiling point with a molecular weight of 92.09 g/mol. Some of its key properties are shown in Table 12.1 [12–14]. It is a polar protic solvent, with a permittivity of 42.5 at 25°C. Like polar solvents such as water, DMSO, and DMF, glycerin can help dissolve mineral salts, acids, bases, enzymes, and many developing metal structures [15]. Its atomic and physicochemical structure make it a versatile and flexible compound that is non-abrasive, degraded, halogenated, oxidized, etherified, etc. to obtain an alternative to the raw material [16].




[image: Schematic illustration of triglyceride and methanol reaction in presence of catalyst.]

Figure 12.2 Triglyceride and methanol reaction in presence of catalyst [9].






Table 12.1 Physical and chemical properties of glycerol [17].








	Properties

	Values










	Chemical formula

	CH2OH–CHOH–CH2OH






	Molar mass

	92.09 g.mol-1






	Form and color

	Colorless, hygroscopic liquid






	Weight

	92.09






	Odor

	Odorless






	Boiling point

	290 °C






	Melting point

	17.8 °C






	Specific gravity

	1.260 50/4






	Density

	1.256 g/mol






	Flash point

	199°C






	Dynamic viscosity

	1 Pa s






	Dielectric constant

	46






	Structure and properties

	Refractive Index, Dielectric constant






	Viscosity of liquid glycerol

	






	At 100% purity

	10 cP






	At 50% purity

	25 cP






	Water

	0.94






	Ethanol

	0.56






	i-Amyl alcohol

	0.12






	Diffusivity in

	(DL × 105 sq. cm/s)






	Solubility in 100 parts

	






	Water

	Infinity






	Alcohol

	Infinity






	Ether

	Insoluble






	Properties

	Values






	Chemical formula

	CH2OH–CHOH–CH2OH






	Molar mass

	92.09 g.mol-1






	Form and color

	Colorless, hygroscopic liquid






	Weight

	92.09






	Odor

	Odorless






	Boiling point

	290 °C






	Melting point

	17.8 °C






	Specific gravity

	1.260 50/4






	Density

	1.256 g/mol















12.2.2 Classifications of Glycerol


Glycerol is generally divided into three categories: 1) crude/rough glycerol, 2) purified/refined, and 3) commercially synthesized glycerol. A major difference between commercial and purified GLY is not significant, but considerable differences can be seen between refined and rough glycerol, as shown in Table 12.2. The crude glycerol is approximately 60% to 80%, whereas purified glycerol is a large compound that is noted to be more than 95% effective. Refined GLY is prepared with properties that are not at all distinct from the commercially synthesized GLY because of its applications in various fields, such as drugs, food, and cosmetics. The rough GLY contains contaminants such as water, soap, heavy metals, methanol, etc. Some rough glycerol is used as animal feed to supplement molasses, while the energy source of plenitude crude glycerol is an extraction or limit [18–20].




Table 12.2 Quality parameters of different categories of glycerol [17].








	S/N

	Parameters

	Commercial glycerol

	Crude/rough glycerol

	Refined/purified glycerol










	1

	Glycerol content (%)

	99.2–99.98

	60–80

	99.1–99.8






	2

	Moisture content (%)

	0.14–0.29

	1.5–6.5

	0.11–0.8






	3

	Ash (%)

	<0.002

	1.5–2.5

	0.054






	4

	Soap (%)

	na

	3-5

	0.1-0.16






	5

	Acidity (meq/100g)

	0.04-0.07

	0.7-1.3

	0.10-0.16






	6

	Colour (ppm)

	1.8-10.3

	Dark

	34-45















12.2.3 Global Glycerol Market


The production of GLY is expected to expand each year with stable market cost. In the 1970s, overall GLY marketing was more promising at approximately 1200-1800 USD per ton. In 2001, GLY imported only 60,000 tons while biodiesel production affected the global GLY market with an unexpected increase of about 800,000 tons in 2005 [21]. Table 12.3 shows the global glycerol production of biofuel during the 2005 and 2010 as 2 % and 5.75 % respectively which has suddenly increased upto 20% in 2020 [21]. The GLY production from biodiesel moved from 200,000 tons to 600,000 in 2003 and 2006, respectively, and advancing to >2 million tons in 2011. It also passed 2 million tons including the same separation due to the production of oleochemicals since 2012 [22]. Both the utilization and production of GLY are projected to ascend at the overall scale. In 2018, the market incomes reach $2.1 billion and a resemblance of 7.7% yearly development from 2012. Between 2012 and 2018, the demand improvement rate hit 7.3% per annum [5]. During 2006–2007, some countries like India, Indonesia, the USA, Malaysia, and China were involved in biodiesel production and this year they increased significantly. After 2007, the generation of unrefined GLY rapidly expanded because of the mass production of biodiesel in several countries [17]. The European Union (EU) exported 503,432 tonnes of refined GLY up to a 32% increment annually with a 21% increment in consumption, i.e., 319,698 tons in 2010.




Table 12.3 Global glycerol production and biofuel fraction [21].






	Year

	Global glycerol production of (tons)

	Fraction of biofuel (by European Union Directive)






	2005

	0.8 million

	2%






	2010

	1.25 million

	5.75%






	2020

	7.66 million (prediction)

	20%









The global use of pure glycerin, approximately 40% in the Asian region, particularly China, due to increased pharmaceutical use, polyether polyol production, etc., utilizes GLY. A large portion of excess volume was traded mostly to China, which increases the value of the products. Likewise, in 2014, Brazil exported more than 230 tonnes of crude GLY to China [23, 24]. From 2006 to 2015, the biodiesel industry in the United States relied on exporting 1.4 billion pounds of GLY, valued at $289 million. According to the Organization for Economic Cooperation and Development (OECD) study, expanded biodiesel production is predicted to reach 42 billion liters in 2020, resulting in 4.2 billion liters of GLY available on the market. In this example, GLY reacts with contaminants such as soap, methanol, and water to form a readily accessible ware. These contaminants reduced the market value of unrefined GLY and made purification more difficult [23, 25]. GLY is particularly intriguing as a component in the production of high-value bio-based particles. In the synthetics industry, the development of bio-based goods has become critical in industries such as surfactants, solvents, plastics, and lubricants which have a compound annual growth rate of 16.67 percent predicted over the projection period of 2019–2027 [26].






12.2.4 Applications


Glycerol is a widely used synthetic ingredient in commercial use, currently available for use in the manufacture of drugs, oral products, including toothpaste and mouthwash, food, beauty care products, tobacco products, binding materials, polymers urethane, stretch gaskets, stopper, concrete, compasses, household cleaners, laundry detergents, emulsifiers, leather, safety, ceramics, photography, wood, and adhesive. However, the overproduction of glycerol exceeded the capacity of these areas and the need for a new alternative market for biodiesel production [27]. Fountoulakis et al. [28] studied details on crude glycerol in anaerobic reactors for the treatment of sewage sludge, which can increase the yield of biogas. There are about 1,500 uses of glycerol, according to SDA’s Department of Glycerol and Oleochemistry due to a huge quantity of the thermal effect of chemical processes that may be utilized to convert synthetic precursors or high-value-added materials to glycerol and the possibility of numerous application sectors [29]. Another application is the use of crude glycerol derived from biodiesel fuel in food additives, starch, and organic feeds that reduce residues and are associated with coverage in wet conditions [30].




12.2.4.1 Conversion of Glycerol into Value-Added Product


Table 12.4 describe the applications of glycerol in diffrent areas as per natural properties [31]. Recently, GLY-based high value-added compounds have attracted a lot of attention since it is a highly functionalized molecule with three hydroxyl groups, making it a good substance for chemical modification with added value [32].




Table 12.4 Applications of glycerol as per natural properties [31].








	Applications

	Uses

	Glycerol characteristics










	Wastewater Purification

	

	✔ Denitrification





	

	➢ High carbon content


	➢ Good porosity


	➢ Ability for absorption










	Pharmaceutical, medical, and personal care

	

	✔ Cough syrups


	✔ Toothpaste


	✔ Mouth-washers


	✔ Skincare


	✔ Haircare





	

	➢ Smoothness


	➢ Provide lubricant


	➢ Moisturizing properties


	➢ Allowed as a feed additive


	➢ Easy saponification to fatty acids










	Food industries

	

	✔ Solvent


	✔ Antioxidant


	✔ Sweetener


	✔ Food Preservative





	

	➢ Considered as carbohydrate


	➢ Recognized as safe by the Federal Drug Administration


	➢ Transesterified with alcohol to produce methyl (alkyl) ester










	Chemical intermediates

	

	✔ Pharmaceuticals and organometallics


	✔ Ingredient of explosives


	✔ Production of soap


	✔ Production of resin





	

	➢ Due to presence of ethylene glycol


	➢ No toxicity










	Botanical extracts

	

	✔ Tannin Inhibitor


	✔ Removes different constituents and complex compounds


	✔ Preservative reagent


	✔ Antifreezing agent for microbes





	

	➢ Less glycemic acid


	➢ Slow absorbing nature by body


	➢ High extractive power


	➢ Bacteriostatic in its action










	Antifreeze

	

	✔ Automotive applications


	✔ Enzymatic reagents


	✔ A cryoprotectant





	

	➢ Forms hydrogen bonds with H2O


	➢ Hinder crystal lattice formation in ice


	➢ Low freezing point















GLY is an unrefined feedstock due to its availability. Various analysts have researched the GLY subsidiaries and it might be changed over into different worth-added synthetic compounds through various synthetic routes such as oxidation, carbonylation, hydrogenation, transesterification, etherifica-tion, acetalization, esterification, etc. These strategies are suitable for changing GLY over to 1,3-propanediol, acrolein, 1,2-propanediol, glycerol ethers, acetylated glycerol esters, and glycerol carbonate. Among these worth added items, GLC is viewed as a truly important glycerol subsidiary [33].






12.2.4.2 Oxidation




[image: Schematic illustration of methods for glycerol conversion into value added product.]

Figure 12.3 Methods for glycerol conversion into value added product [56].




Figure 12.3 describes the various methods for glycerol conversion into value added product using different techniques [56]. Oxidation of GLY is divided into three categories: a) oxidation of the essential hydroxyl group to produce glyceric acid and afterward tartronic acid; b) oxidation of secondary hydroxyl compounds which gives dihydroxyacetone, and c) three hydroxyl groups resulting in the most active form of mesoxalic acid [34]. GLY oxidation materials are illustrated in Figure 12.3 by ten C3 compounds: tartronic acid (TA), hydropyruvic acid, oxalic acid, dihydroxyacetone (DHA), mesoxalic acid, gyceraldehydes (GLYD), hydroxyletanoic acid, glyceric acid (GLYC), formic acid, and acrylic acid, which are represented as glycerol oxidation materials [35]. DHA is a common solvent in the cosmetic sector. Lactic acid salts and esters have several applications in the field of food, dietary, practical, drug, and cultivation [36]. A few compounds such as GLYC, TA, GLYD, DHA, and HYDP can be used as complexing agents with heavy metals to prevent water pollution, the union of biocompatible mixtures for food additives, or as a cleaning agents [32].






12.2.4.3 Hydrogenolysis


It is a reaction method that involves the dissociation of chemical bonds in a natural substrate while also forming hydrogen in the molecular fragments as a result because glycerol is a saturated chemical with a greater O/C content and it has a higher O/C concentration. It is the most common method of GLY chemical transformation [37]. Glycerol hydrogenolysis molecules were categorized as 1,2-propanediol (1,2-PDO), acetone, 1,3-propanediol (1,3-PDO), propanal, propane, propylene, 1-propanol, 2-propanol, and allyl alcohol, as illustrated in Figure 12.3 [35]. 1,2-PDO is one of most valuable chemicals produced from sustainable GLY and it has incredible modern significance because 1,2-PDO is widely utilized as an additive in paints, liquid purifier, cosmetics, antifreeze agent, monomer polyester tars, etc. The hydrogenolysis of GLY into 1,2-PDO is explained in a liquid-phase reaction under high H2 pressure conditions. Some transition metals like Ni, Cu, Ir, Pd, Ru, and Pt are effective for the production of 1,2-PDO [37]. Huaiyuan Zhao et al. considered Cu-catalyst prepared via fertilization, co-precipitation, solid combustion, double-layered hydroxides, and decay of metal-organic frameworks (MOFs) and utilized them in GLY hydrogenolysis to produce value-added products in the solid vapor phase reaction or in the liquid phase [38].






12.2.4.4 Pyrolysis/Gasification


Pyrolysis is a less complex and more valuable method of converting GLY than other methods. In a laminar stream reactor, this experiment eliminated at 650°C to minimize pyrolysis and identify CO, acrolein, and acetaldehyde as compounds. Methane, ethylene, and hydrogen are discovered with CO when the material deteriorates [39, 40]. From both modern and development perspectives, the significant achievement of GLY chemistry is the reforming process wherein GLY in the aqueous phase is changed over into H and CO (syngas) under moderately mild conditions (225–300oC) using platinum, a power-based solvent. Due to the use of syngas as a feedstock for chemicals and fuels syntheses (e.g., Fischer–Tropsch or methanol), this sort of produced gas arrangement is critical for the future of biorefineries [41].






12.2.4.5 Dehydration


As shown in Figure 12.3, three C3 chemicals compounds such as hydroxy-propanal, acrolein, hydroxyacetone, and 3- were classified as glycerol dehydration compounds [35]. 2-propenal or acrylic aldehyde are other names for acrolein. It has a range of nutrients including serving as a major feedstock for 1,3-propanediol, as a slimicide in paper assembly, as a microbicide in oil wells, and as a fluid hydrocarbon that energizes. It is a versatile intermediate, widely used in the synthetic industry to make cleansers, acrylic acid esters, superabsorber polymers, etc. [42]. The gas-phase dehydration of GLY performed at a temperature of approximately 300-400°C in the presence of a catalyst (e.g., mesoporous/zeolites, molecular sieves such as SBA-15, ZSM-5, metal oxides (WO3), and alkaline catalysts (La2CuO4, La2O3, etc.)) [43–48]. Foo et al. [49] examined the selectivity of acrolein is compatible with Bronsted acidic sites, but hydroxyacetone is favorably linked with Lewis acidic sites.






12.2.4.6 Oligomerization/Polymerization


Glycerol oligomers have been widely used in the industry for a number of applications, including cosmetics and food additives. Their direct synthesis from GLY was achieved in a batch reactor using different catalysts [50]. By reinjecting the energy source into the reactor, the GLY transformation and oligomerization were carried out in a cycle. Kirby et al. [51] specified the reaction component between 24h at 220°C within CaO/CNF detection. The ability to produce di- and triglycerol with less than an 8-hour reaction time allowed these compounds to be further developed for the benefits of greater oligomers. Solidification reactions mediated by glycerol polymerization normally occur within 24 hours. In general, a variety of variables and potential components influence glycerol self-condensation reactions, depending on catalyst types, etc. As a result, various factors could directly influence the normal degree of polymerization [50].






12.2.4.7 Etherification


It is a transformational reaction that can turn GLY into a value-added product which also prompts the arrangement of oxygenated and oligomeric compounds, which are known as polyglycerols [31]. A review on several types of reaction promoters such as acids, metal oxides, and basic catalysts utilized in etherification reactions was reported and they explained that most catalysts utilized in this space custom fitted the reaction for about 70% GLY transformation with the selectivity for triglycerol about 20–40% and for diglycerol about 50–80% [52]. When a mixture of 1,3-di-, 1,2-di-, and 1,2,3-tri-tertbutyl glycerol is coupled with a normal level of 30-40 %, it produces uncontrollable aldehydes, CO, hydrocarbons, and greatly reduced particulate matter emissions. The yield achieved is improved by completing the reaction with a two-phase reaction system, one of which is a polar phase containing glycerol and the other is a hydrocarbon containing an olefin component, allowing the generated ethers to be rapidly removed [53].






12.2.4.8 Carboxylation


Glycerol is a byproduct in biodiesel that can be carboxylated by exposing it to CO2 in the presence of different catalysts to produce GLC. GLC (4-hydroxymethyl-1,3-dioxolan-2-one) is a novel material in the synthetic industry with a lot of potential as a lubricant, as evidenced by its grip on metallic surfaces, its ability to act as a solvent for a variety of materials, the novel segment of gas-partition layers, and its resistance to oxidation, hydrolysis, and pressing factor [54]. The impacts of GLC synthesis conditions from GLY-DMC were investigated by Teng et al. [55]. They discovered that the impact of response conditions on GLC selectivity is heavily influenced by the type of catalyst used and the response conditions’ tuning.






12.2.4.9 Transesterification/Esterification


One of the main cycles of the GLY conversion process to value-added products is due to the esterification process. The reaction between the acid and alcohol is called esterification and fatty oils triglyceride, (TG) monoglyceride (MG), and diglyceride (DG) are framed in the glycerol esterification. The glycerol esterification product is used as a raw material for a variety of compounds in the pharmaceutical and food sectors. DG and MG are polyester components that are employed in printing inks, colour solvents, additives, explosives, and emulsifier components, respectively, whereas TG can be used as an anti-fuel oil explosion agent, moisturizer, cigarette filters, and food additives [57]. Another method for the formation of glycerol esters is transesterification. Selva et al. [58] have advanced a stable synthesis of tri-acetin using isopropenyl acetic acid derivation, a mixture of glycerol and isopropenyl acetic acid derivation, and diglyme as a co-solvent with 1:20:33 molar size, which was allowed to disperse at 300°C and directly applies 100% triacetin under advanced conditions without the use of a catalyst.










12.3 Glycerol Carbonate


It is the most important synthetic compound derived from GLY. It is a cyclic carbonate because it contains a 2-oxo-1,3-dioxolane and hydroxyl group, employed as a structural building block in the chemical industry. It is also known as 4-hydroxymethyl-1,3-dioxolan-2-one. Changes in aliphatic alcohol, aromatic amines, carboxylic acids, phenolic compounds, and urethanes are only some of the reactions that these groups can go through. Because of its physical features and possible applications, GLC is an intriguing chemical. It is non-toxic, non-corrosive, biodegradable, non-flammable (fp 165.9°C) and has a high boiling point (110-115°C at 0.1 mm Hg) but low combustibility (flash point 190°C). All these features make GLC a raw material used in a variety of fields such as a personal care product, surfactant component, a polar high boiling solvent, and in addition can be used as part of gas component films. It is considered an attractive derivative of GLY and synthetic methodology from GLY to GLC has been generally considered [59–62]. Table 12.5 shows the various physical and chemical properties of glycerol carbonate [63].




Table 12.5 Physical and chemical properties of glycerol carbonate [63].








	Properties

	Values










	Chemical formula

	C4H6O4






	Molar mass (g/mol)

	1118.088






	Boiling point (at 0.1mmHg)

	100-115°C






	Melting point

	-69°C






	Density (g/mL)

	1.4






	Flash point

	190°C






	Viscosity (mPa-s) (25°C)

	85.4






	Dielectric constant

	111.5






	Vapour pressure

	n.a.






	Dipole moment

	n.a.






	ΔfH0 [kJ/mol]

	n.a.






	Cp [J/(mol∙K)]

	n.a.






	Refractive index

	n.a.






	Solubility (at 20°C)

	Very soluble in H2O (>1000 g/L)













12.3.1 Applications of Glycerol Carbonates


GLC has drawn in much consideration because of its functional groups, such as the OH group and 2-oxo-1,3-dioxolane ring, and also due to a wide range of commercial applications. The current market price for GLC is roughly US$8141/tonne, which limits its use. Despite all of this promise and the enormous potential uses of it as an intermediate in polymer science or agrochemistry, as a result it is essential to develop more efficient and cost-effective production procedures as well as high-value-added applications [64]. GLC is a green substance that can be utilized in various applications including biomedical synthesis, coatings, cosmetic agents, and use as a significant precursor for improvement of specific layers for gases partition and another natural synthesis. Because of these various benefits it has received a lot of consideration worldwide [65]. The reactive sites (three-carbon particles of the dioxolane ring and the pendant hydroxyl moiety) open up a variety of possibilities for using GLC as a crude material to synthesised intermediates and polymers such as polyurethanes, polyesters, non-isocyanate polyurethanes (NIPUs), hyperbranched polyglycer-ols, and polycarbonates, which have a variety of applications in assembling valuable materials such as coatings, lubricants, types of cement, and foams [66]. Table 12.6 shows the applications of glycerol carbonate [67].




Table 12.6 List of glycerol carbonate applications and their utilization [67].








	Applications

	Uses










	Cosmetics and Personal Care

	

	✔ Lipsticks


	✔ As emollient and solvent


	✔ Wetting agent for cosmetic clay


	✔ Nail polish remover


	✔ Antiperspirants sticks










	Polymers

	

	✔ Solvent for plastics and resins


	✔ Polyesters


	✔ Polyurethanes


	✔ Polycarbonates


	✔ Hyperbranched polyglycerols


	✔ Polyamides










	Pharmaceutical

	

	✔ Carrier in pharmaceutical preparations


	✔ Solvent for medicinally active species










	Chemical Intermediates

	

	✔ Surfactants and detergents


	✔ Biolubricants


	✔ A liquid membrane in gas separation


	✔ Glycerol


	✔ Biogases polar solvents


	✔ Blowing agent










	Semiconducting Devices

	

	✔ In lithium and lithium-ion-batteries as electrolytic solution










	Agriculture

	Plant-initiating substance















12.3.2 Synthetic Routes of Glycerol Carbonate
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Figure 12.4 Glycerol carbonates synthesis by various techniques using glycerol [122].




As indicated in Figure 12.4, certain interesting approaches for GLC generation from GLY have been identified including indirect and direct synthesis route. The glycerolysis of urea, reaction of GLY with phosgene, and the transesterification of carbonates (dimethyl and ethylene carbonates) with GLY are all indirect synthesis pathways. Direct synthesis via two routes including: A) the direct carboxylation with CO2 and B) the oxidative carbonylation of glycerol with CO and O2 GLC can be produced by reacting with phosgene, however due to the reagent high poisonousness and destructive nature, new approaches have been analyzed. Transesterification of GLY with non-cyclic carbonates, such as diethyl carbonate (DEC) and dimethyl carbonate (DMC) and cyclic carbonates (e.g., propene carbonate or ethylene carbonate), is another catalytic way to produce GLC. However, in other circumstances, GLC will be difficult to obtain after using ethylene carbonate because the result of ethylene glycol is difficult to separate. Furthermore, due to the carcinogenic, highly toxic, and flammable material, considerable ecological considerations must be considered. It is preferable because the reaction may be carried out in milder conditions and the methanol obtained as a co-product can be easily isolated [68–71]. DMC plays a significant role in the chemical industry because of its versatility and huge scope of utilization. It is mildly poisonous for human health and other living things [72]. The synthesis of GLC with CO2 and glycerol is an economical and green process adjusting to the sustainable improvement techniques because the H2O is produced as only a side product and the economy of this reaction is 87%. However, this manufactured route is seriously restricted by the thermodynamics and the yield of GLC is typically not high [73].




12.3.2.1 Direct Synthetic Routes




Oxidative Carbonylation [CO + glycerol]


GLC can be produced by reacting CO with GLY with the help of an additional catalyst or reactant. The synthesis of GLC from glycerol is a fast expanding subject of research, with a variety of reaction methods being investigated. Carbonylation of glycerol in the presence of CO or CO2 appears to be a natural possibility. However, there are several drawbacks to these reactions such as their high toxicity and the need for high pressure. Cu(I)-catalyst and PdCl2 (1,10-phenanthroline) with KI are two types of catalytic systems that provide high GLC yields. In two studies, Mizuno et al. describe another innovative technique. The development of GLY carbonylation with CO eased by selenium or sulphur, followed by an oxidation reaction, is the basis of their method. Unfortunately, a large number of co-products are created as a result of this synthesis. This method has seen little use due to CO toxicity and the inherent difficulties of dealing with it safely at both industrial and laboratory scales [74–77].






Carbonylation Routes [CO2 + glycerol]


The conversion of waste CO2 and GLY into more expensive products not only reduced the negative effects but also further created an incredible profit that could have sustainable and green development. As a result, this procedure has received a lot of attention. During the synthesis of GLC from GLY-CO2, direct carboxylation of GLY results in the creation of water and water favors the generation of GLC as the equilibrium shifts further towards the product side [78]. A few strategies for using metal oxides as catalysts, such as CeO2 ZnO, and SnO2, directly in the reaction of glycerol and CO2 have been reported, however the GLY conversion and GLC product were still low due to thermodynamic restrictions [79]. Kinderman et al. [80] examined a document identified by the rapid reaction of alcohol to CO2. Since several heterogeneous and homogenous catalysts have been reported, including the Rh complex, oxides, or organic bases [88] and the primary publications pointed at Sn-based catalysts [81, 82]. Munshi et al. [81] demonstrated perfect selectivity up to 1,2-cyclic carbonate with a CO2 concentration of 13.8 MPa at 120°C in a rapid reaction between glycerol and CO2. The GLC yield was 30%, but it climbed to 35% after the reaction of the media to be employed for the 13X zeolite (sodium carbonate) to keep the water residual. Ionic liquids have been employed in recent experiments to increase the solubility of glycerol in CO2 as an alternative to methanol.








12.3.2.2 Indirect Routes of Synthesis




Glycerolizes


The GLC technique, which can be considered as the activated form of CO2 can be replaced by urea glycerolysis. It is a well-known fact that the reaction of CO2 and ammonia produces 108 tonnes of urea every year around the world. This aspect can be used with glycerin to produce a low-cost, long-lasting, and non-toxic method [83]. The fact that both GLY and urea are easily available, efficacious, and non-toxic is a major benefit of urea glycerolysis. Under mild reaction conditions, this technique can be directed without the need of any solvent while maintaining high selectivity and GLC yield. As a result, the urea-based synthesis of GLC has attracted a lot of interest in the field of green chemistry and a lot of catalysts have been reported for these reactions.


This method attracts much attention because of easy recovery, recycling of catalyst, and absence of a solvent. Additionally, an important factor is the co-product of ammonia in the gas phase which can easily be caught and utilized for the production of ammonia or urea and its derivatives. However, it has some disadvantages: a vacuum is required to remove the ammonia which is produced during the reaction and the difficulty of having to get rid of desired by-products such as biuret and isocyanic acid [84, 85]. Another drawback is severe reaction conditions and high selectivity, which is generally coupled with the use of hazardous and expensive catalysts, and the creation of two equivalents of ammonia gas, which is confined to industrial use. Ammonia is a combustible gas that is commonly emitted into the atmosphere via traditional sources. Large quantities of ammonia will be dangerous to the eyes and skin and it also has a high solubility in water [86]. Heng zhang et al. [87] focused on zinc-based catalysts (homogeneous) such as ZnCl2, ZnBr2, ZnF2, ZnI2, Zn (OAc)2∙2H2O), etc. and evaluated them systematically for better GLC yield. The zinc-based catalyst ZnCl2 demonstrated the maximum catalytic activity, yielding 80.2 percent GLC and 99.7% selectivity with urea/glycerol and ZnCl2/glycerol molar ratios of 1 and 0.02, respectively, at 150°C for up to 2 hours.






Phosgenation


Phosgene was abandoned for the same reason as CO, although another technique of synthesizing GLC with urea and glycerol obtained a good yield [78]. GLC is formed on the interface of glycerol. Nonetheless, due to its very poisonous and corrosive nature, the route of GLY carbonation with phosgene is not suitable for the industrial manufacture of GLC. However, the transesterification reaction is the most appropriate methodology for GLC synthesis [60].






Transesterification


The first three techniques have apparent drawbacks: 1) significant phosgene toxicity in the phosgene-glycerol reaction, 2) high vacuum is necessary to eliminate residual ammonia after urea glycerolysis, and 3) down-conversion in the reduction reaction of glycerol with CO2. The three-GLC synthesis methods are not widely used due to these disadvantages. GLC is produced when glycerol is transesterified by a carbonizing agent such as dialkyl carbonate (e.g., DMC and DEC) or alkylene carbonate (e.g., ethylene carbonate, propylene carbonate). DMC is an environmentally friendly approach that may be carried out under mild reaction conditions and can be synthesised in a variety of methods [88, 89]. Methanol is always generated as the co-product during the transesterification reaction utilizing glycerol-DMC. Methanol is commonly used and re-used as a reagent for various other processes such as biodiesel. Furthermore, the by-product (glycerol) generated during biodiesel manufacturing can be re-used as a raw material for the synthesis of the GLC. It has a benign reaction environment, is non-aggressive, has great solvent characteristics, and produces more GLC. The GLC yield is also determined by the synthesis methods, catalyst, and the reaction factors [90]. In the transesterification reaction of GLY to GLC, several types of catalysts (homogeneous and heterogeneous) are extremely prone for generating large product yield. Although a homogeneous catalyst has a faster turnover rate and is more reactive than a heterogeneous catalyst, the separation is less effective. As a result, a heterogeneous catalyst is safer for the environment and more favorable for transesterification and also provides great recyclability, stability, and performance [91]. GLC synthesis from GLY and DMC transesterification was investigated by Ochoa-Gómez et al. [92] who achieved a 100% change and 95% yield in 90 minutes at 95°C. Khandey et al. [92] used lithium-oil palm ash zeolite (Li-OPAZ) as a catalyst to convert GLY to GLC via trans-esterification, achieving a high yield of ~98.1% GLC at 343K and a molar ratio of DMC/GLY of 2 with 2% catalyst loading in 90 min. However, in the industry, developing an efficient catalyst with a simple synthesis method, reuse, and easy recovery without loss of catalytic activity has proven to be a significant challenge and the bulk of the recent productive advancements are essentially limited to the usage of supported oxides [93].










12.3.3 Catalytic Production of Glycerol Carbonate




12.3.3.1 Homogenous Catalysts


In the transesterification of DMC to form GLC, homogeneous catalysts consisting of organic ionic liquid, bicarbonates potassium or sodium carbonates, alkoxides, and hydroxides are often utilized. The nature of acid catalysts is corrosive due to which they are unstable during reaction mixture and their catalytic activity is very low to produce GLC in transesterification. The most important thing was that basic catalysts lead to high glycerol conversion with high selectivity. The basic catalysts are simple to fix to form a homogenous mixture in the reaction media. In situ, bases allow the functional groups of the reagents to obtain new products at the same time [94]. Homogeneous basic catalyst, such as Na2CO3, KF, K2CO3, KOH, NaOH, etc., have shown significant catalytic performance under mild reaction conditions but some of them have disadvantages such as excessive corrosion, the problem of separating catalysts from the product that is not only a waste of resources, and additionally leads to environmental pollution problems [95]. During the transesterification reaction, homogeneous catalysts such as H2SO4, p-toluenesulfonic acid, 1,4-diazabicyclo [2.2.2] octane (DABCO), and 1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU) were shown to be extremely active. Some of them have practical problems during reusability and separation of the catalyst. Following the reaction, the separation of GLC and glycerol during distillation in the presence of catalysts frequently results in a severe decomposition of GLC [96]. DBU is a non-polar organic solid base that can be utilized for industrial biodiesel and also as a catalyst in the creation of biodiesel transesterification fuels. There are two main benefits of this catalyst: 1) it can be used in the production of reaction with normal solvency of oil and methanol and 2) leftover glycerol and DBU can be actively removed by digesting CO2 to create a polar glycerol/DBU/CO2 ionic complex that does not dissolve during biodiesel production. Lipids can be eliminated with DBU and DBU-based ILs. They have a high efficiency for removing lipids, similar to typical liquid chemicals as hexane and methanol blends [97]. Calcium-based catalysts such as CaO and CaCO3 have been employed as effective catalysts for the easy recovery and separation of compounds from the GLY-DMC transesterification reaction and extremely active homogenous calcium species have been detected during the reaction. Furthermore, these transesterification studies were performed on a variety of solid catalysts including mixed metal oxides, silicates, NaOH/-Al2O3, KF/ Al2O3, and Ti-SBA-15. However, homogenous catalysts show magnificent reactant activity for GLC synthesis and these catalysts suffer from either difficulty during the catalyst separation or serious erosion [98]. Al-Saadi et al. [99] used a reactive coupling procedure with triazabicyclodecene (TBD) guanidine as a catalyst to investigate simultaneous synthesis of both unsat-urated fatty methyl ester and GLC at 5 wt % of TBD guanidine with an oil to alcohol molar proportion of 1:2 2:1 and oil to DMC proportion of 1:3 at 60°C in 1 hr. According to literature, homogeneous alkaline catalyst separation is a significantly difficult process. Due to the high expense of the separation process, it is difficult to separate homogeneous catalysts from reaction products, which is analogous to biodiesel production. Later, the use of ionic liquids (ILs) made GLC synthesis through the transesterification reaction greener and more environmentally friendly [100]. It is both a catalyst and a novel solvent with a variety of unique qualities including high solubility, vapour pressure, and thermal stability. Furthermore, changing the cation-anion pairing of IL makes it easy to change its acid-base property and these properties make IL a versatile catalyst for a variety of reactions including the Direct Aldol reaction, Knoevenagal-Michael reaction, Aza-Michael reaction, and the cycloaddition of CO2-containing propyl-ene oxide [101–104]. Other key functional groups, such as amino (-NH2), hydroxyl (-OH), and carboxyl (-COOH), can also be easily connected to the alkyl arms of ILs to produce active IL. It has additional advantages such as immobilization potential, low consistency, alterable polarity, and increased dissolvability. Because of its dual function of catalytic activity and solid solubility, the pace and reactivity of the transesterification reaction was enhanced. Quaternary ammonium salts ILs are more ideal catalysts in industrial processes than imidazole ILs because of the simple dosing rate, low cost, and lower toxicity. ILs are solvents that only contain liquid particles at room temperature. Essential ILs containing quaternary ammonium salts, amide, quadadine, and imidazolium have been shown to be efficacious in catalyzing the glycerol transesterification with DMC to generate GLC [105, 106]. The separation following reaction, anion basicity, and ion mobility are the most important questions in ILs and ILs can also produce some undesirable effects. Elhaj et al. [60] created quaternary ammonium salt ionic fluids (FQAILs) containing several beneficial groups of hydroxyl, carboxyl, amino, and ether under solvent free mediums. According to the findings, cations, anions (Cl-, Br-, I-, OH-), and reaction parameters all play a vital role in the glycerol transformation. Hydroxypropyl-tripentylammonium hydroxide ([HPTPA]OH) generates 87.6% GLC at 80°C with a 3:1 GLY/ DMC molar ratio in a 90-minute reaction period. According to Ishak et al. [107], ammonium and imidazolium based ILS have been employed as a catalyst in glycerol transesterification with diethyl carbonate (DEC) to generate GLC. They explain in detail how the strength of the anion affects the fluctuation in IL activity. The order of anions for GLC yield is acetic acid [Ac]> dicyanamide [Dca]> formate [Fmt]> dimethyl phosphate [DMP]> nitrate [NO3]> [Cl]> [BF4].






12.3.3.2 Enzyme as Biocatalyst


These catalysts can operate under mild conditions without the generation of side effects and also have a few benefits such as optimal recovery and recycling of catalysts. This may make a compound replacing chemical catalyst necessary to be analyzed with regards to a green GLC production method [108]. Lipase (triacylglycerol ester hydrolase), a type of green catalyst is widely used in transesterification, esterification, hydrolysis, and cyclo-esterification based on their remarkable chemo-, regional-, and stereoscopic properties and the energy reduction method helps to maintain the enzyme’s activity and increases their stability. If the material and methods are well-developed, then immobilization can improve on many of the enzyme functions such as thermal stability, degree of selectivity, and reusability [109]. Enzymes support approximately 36% GLC yield during the fixed reaction time (6-48 h). Furthermore, high DMC/glycerol molar ratios are required and a few catalysts are still expensive. Despite the fact that a modest reaction temperature (<60°C) is required, chemical degradation caused by methanol is deleterious. The disadvantages of methanol can be avoided by regularly removing it from an energy-intensive and difficult coupling azeotropic reaction system. Magnetic support is currently being used to keep compounds from deactivating too quickly and lowering their market costs [110, 111]. Tudorache et al. [112] demonstrated the functionalization of a low-loading lipase catalyst on a nanomagnetic substrate. Under mild reaction conditions, they discovered that the dispersion was uniform with an exceptional catalytic activity of 36 % GLY conversion and 90 % GLC yield. Despite the fact that the lipase-connected nano-magnetic catalyst can be reused multiple times without losing its activity, the reaction took 6 hours and produced a lower GLC yield. Du et al. [109] investigated the influence of different parameters such as glycerol/DMC molar proportion, nature and amount of molecular sieve, biocatalyst amount, temperature, and time period on GLC production through transesterification using a lipase immobilized on magnetic organosilica nanoflowers, namely Candida Antarctica lipase B [CALB]. GLY conversion of 94.24% and a GLY yield of 88.66% were produced utilizing a 1:20 molar proportion of glycerol/DMC, 0.2 g of molecular sieves, and a reaction temperature of 50°C for 24 hours (reaction time). The CALB@nano-flowers biocatalyst yields 70.31% GLC and 79% GLY even after being reused many times. Nascimento et al. [113] used porcine chemicals and Candida Antarctica immobilized in epoxy residues to create GLC in response to transesterification. Under both packed-bed and batch reactors, the transesterification reaction was a coordinated reaction between triacylglycerol and DMC.


In comparison to commercial Novozym 435, the use of a domestic immobilized biocatalyst combination (1:1 w/w) resulted in full glycerol conversion with >99 percent GLC yield under continuous enzymatic reaction method. Further research has been concentrated on heterogeneous catalysts to avoid the shortcomings of enzymes and homogeneous catalysts.






12.3.3.3 Heterogeneous Catalyst


The synthesis of GLC utilizing glycerol transesterification in the presence of heterogeneous catalysts has recently drawn a lot of attention. The mechanism of the heterogeneous base catalysis in the reaction of GLY transesterification was not the same as the main experimental tool of a conventional homogenous Bronsted acid catalyst. In this type of reaction, the base catalyst absorbs a proton from the GLY molecule to generate a glyceroxide anion in situ, which later attacks DMC as a nucleophile and releases the methanol molecule [114]. Several types of hydrotalcite and blended metal oxide have been used as the most important catalysts for GLY to GLC formation. However, to produce a high GLC yield, the reaction should be augmented with very high temperatures at about 100°C with 5 molar ratio of DMC/GLY. LDHs (layer double hydroxides) are known as hydrotalcite chemicals that have a two-dimensional surface area and received a lot of consideration as catalysts in the form of their tunable surface and basicity [115]. Activated hydrotalcite can be used as a catalyst or for a variety of basic reactions. However, mixed oxides or hydrotalcite found in them have already shown a moderate action in the GLC synthesis from glycerol and DMC. In hydrotalcite, a close range of MII and MIII is often more advantageous for the production of stable compounds such as [MII1-xMIIIx (OH)2]X + [A]x / n∙mH2O. Because of the inter-layer anion exchange limits, LDHs are widely used in catalysis, general refining, pharmaceuticals, and environmental systems. Kuwahara et al. [116] used blast furnace slag to study Ca-Al-Cl hydrotalcite. It is used to adsorb phosphate in water and had a much higher adsorption limit than Mg-Al hydrotalcite. Due to strong basic sites with high density, the mixed oxide catalyst revealed the remarkable potential of novel catalysis in the conversion of glycerol and DMC, demonstrating good reactant performance. Furthermore, blended oxide outperforms single metal oxides in terms of catalytic activity (as determined by the calcination temperatures, metal ratio, and precipitating agent [114]). Parameswaram [117] explained the synthesis of GLC via the transesterification reaction of GLY-DMC using Mg-Zr-Sr blended oxide catalysts and in comparison. Liu et al. explained the integration of GLC with the GLY-DMC transesterification reaction over the Mg-Al blended oxide catalyst. In the GLC transesterification process of GLY and daily carbonate, both MgO and CaO have exhibited excellent catalytic activity. Hameed et al. [118] investigated a highly active and reusable heterogeneous catalyst of the Mg1+x Ca1−x O2 type and found that using Mg 1.2Ca0.8O2 mixed oxide as a catalyst resulted in a 100% yield of GLC. The catalytic activity is mostly determined by the Mg/Ca molar ratio as well as the catalyst’s calcination. The catalytic activity is mostly determined by the Mg/Ca molar ratio as well as the calcination of catalyst. The reactant activity of mixed oxides rises in comparison to CaO due to increased volume which improves the stability of Ca2+ species. Compared with CaO, the reactant activity of mixed oxides increases due to expanded volume and improves the stability of Ca2+ species. Zhang et al. [119] CaO integrated a catalyst based on CaO-based catalysts such as NiFe2O4@(CaO-CeO2), NiFe2O4@ CaO, NiFe2O4@(CaO-Sc2O3), NiFe2O4@(CaO-Nd2O3), NiFe2O4@(CaO-La2O3), and NiFe2O4@(CaO-Y2O3). The most significant GLY changes were found using NiFe2O4 @ (CaO-CeO2) and NiFe2O4@ (CaO-La2O3) approximately 100% and 82.1%, respectively, and reaction conditions were as follows: 5:1 ratio molar of DMC/GLY, catalyst dose of 7 wt%, the reaction time of 2h, and a reaction temperature of 85 °C. Lanthanum is the most active metal in the earth’s rarest substance and research into the transesterification process of glycerol-DMC has showed that catalyst performance is influenced by both base strength and basicity. This is the reason NiFe2O4@ (CaO-La2O3) has shown the emergence of catalyst performance with other rare earth-doped-catalysts. The GLC yields for various catalysts such as NiFe2O4@CaO, NiFe2O4@(CaO-Nd2O3), NiFe2O4@ (CaO-Y2O3), and NiFe2O4@(CaO-Sc2O3) were 73.0%, 70.5%, 68.9%, and 36.5%, respectively, and reaction conditions were as follows for each of the following: 7 wt% of catalyst loading, 5:1 molar ratio of DMC/GLY, at 85oC for 2h. In the microwave-assisted synthesis of GLC from glycerol and DMC, Changmai et al. [120] employed waste Musa acuminated peel ash (MAPA) produced catalysts. Under microwave irradiation, this waste-derived solid catalyst provided GLC selectivity and conversion of 99.5% and 99%, respectively. Hence, this result was substantially superior to the standard thermal technique, which yielded 18% glycerol conversion and 98.5% GLC selectivity after 15 reaction times at 75°C with a 1:2 glycerol/DMC molar ratio and a 6 wt percent catalyst loading. MOFs (metal-organic frameworks) have recently made significant improvements in heterogeneous catalysis as novel microporous materials. Wang et al. [121] used wet-impregnation and calcination procedures to describe the MgO@ZIF-8 (MgO-loaded zeolitic imidazolate frame-work-8) catalyst with varied MgO loading.


This MgO material maintained ZIF-8 design and has a really high-quality material with normal porosity and good chemical/thermal stability.










12.4 Conclusions


As examined during this chapter, the supply of unrefined glycerol will expand due to the tremendous development within biodiesel production globally. The low cost of glycerol has significantly pulled the economy down as well as influenced the biodiesel producers. The availability of GLY presents challenges to conventional glycerol-producing plants and unrefined glycerol would engage the utilization of manufactured compounds using GLY. This will also offer a sublime opportunity to supply value-added products because of its low cost and abundance. GLY is used as a cost-effective fuel source in a variety of applications and serving as an adaptable feedstock for high-value-added chemicals, polymers, and fuels such car-boxylic acid, acrolein, 1,3-PD, and DHA. The conversion of crude glycerol to glycerol carbonate is necessary because of rising demand for it thanks to the technological advancements in the industry. Glycerol carbonate could play a crucial role within the development of more feasible synthetic cycles since they are harmless to the ecosystem and truly flexible in use. The transesterification method is considered a new invention with a bright and promising future. Because of the unstable use of hazardous chemicals, the direct synthesis of DMC with GLY is the most preferable technique. Recently, the heterogeneous catalyst has made remarkable progress over the homogenous and enzymes catalyst for the transesterification of glycerol. The primary focus was mainly on the hydrotalcite, alkaline earth metal oxides, zeolites, etc. Among them, the heterogeneous catalysis is still a great opportunity in the development of catalysis. To obtain high stability, the performance catalyst should be calcined at high temperatures.
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Abstract


The application of biofuels has become a booming topic across the world as an alternative to conventional fuels. However, a biofuel’s quality control and assurance is a necessity before introducing it to real-world application. This is a mandate to ensure biofuel quality meets the standards, achieving performance almost equivalent to conventional fossil fuels. Different countries adopt varied standards for a specific biofuel. For example, in the U.S.A, the American Society for Testing and Materials (ASTM) designs the specific standard protocol for testing procedures and specifications for various products. Similar organizations around the globe include BSEN (British Standard European Norm), ISO (International Organization for Standardization), and BIS (Bureau of Indian Standard).


In this chapter, various types of biofuels have been enumerated and classified based on their properties and nature. Depending upon the physical state, biofuels can be classified into solid, liquid, and gas. Solid biofuels include briquettes of biomass and briquetted biochar, liquid biofuels include bioethanol and biodiesel, and gaseous biofuels like biomethane are emphasized. This chapter intends to give detailed information regarding biofuel properties and characteristics, ensuring biofuel quality for mainstream applications.


Keywords: Biofuels, quality control and assurance, techno-economics, environmental sustainability








13.1 Introduction




[image: Schematic illustration of biofuel categorization based on physical state.]

Figure 13.1 Biofuel categorization based on physical state.




In today’s world, most of the energy requirement is met by fossil fuels. According to the “British Petroleum (BP) Statistical Review of World Energy,” the world’s crude oil reserves, natural gas reserves, and coal reserves are 1,707 billion barrels, 187 trillion cubic meters, and 1,139 billion tons, respectively, and according to current demand, they are going to be exhausted by the years 2066, 2068, and 2169 respectively [1]. Commercially available fossil fuels, which have been exploited for decades, will no longer be a viable solution to satisfy global energy demands due to their limited supply and deteriorating impact on the environment. In the present scenario, global warming as a result of artificial CO2 emissions has posed a significant environmental threat [2–4]. Shifting to renewables is the only sustainable solution to deal with the present state of environmental issues. Renewable resources of energy are the alternatives to these fossil fuels. Biofuel is one such type of fuel that comes under the category of renewable resources of energy and can be beneficial. Biofuels can be classified into solid, liquid, and gaseous biofuels based on their physical state, as shown in Figure 13.1. The fuel generated or produced with the help of biomass comes under the biofuel section. For the application of biofuels, quality control and quality assurance is an essential prerequisite. Along with the application of biofuel, it is also necessary to look for its economic feasibility, environmental impact, and sustainable production.






13.2 Solid Fuel


Renewable sources of energy include waste biomass which can be utilized in raw form or converted to other forms of energy. Along with raw biomass, wooden chips, pellets, and other forms of biomass can be applicable for heat application, but briquettes of biomass and biochar are the two most prominent ways to utilize biomass as a solid fuel [5].




13.2.1 Applications of Briquettes


The applications of briquettes are not limited to just rural areas, they can also be utilized in urban areas. They can be used either for domestic purposes or industrial purposes. These can be very resourceful replacements for solid fossil fuels as the demand for low-cost fuel requirements increases. For example, Balasubramani et al. suggest that for gasifier feed, biomass briquettes can be mixed with coal [6]. Various applications of briquettes are shown in Table 13.1.






13.2.2 Biomass Briquettes


The first step in making the briquettes involves the reduction of particle size to as small as possible. In some cases, dust and dirt must be removed before reduction. After reduction, it can be either directly briquetted or mixed with a binder (such as starch, flour, etc.) for briquetting [5, 8, 9]. EN ISO 17225, defines the fuel specifications and classes for solid biofuels and parts 3 and 7 classify the qualities of woody and non-woody briquettes [9]. Its specifications are shown in Table 13.2.


Other quality parameters than those mentioned in Table 13.2 are bulk density, volatile matter, ultimate analysis, and mechanical durability as mentioned in Table 13.3 [9].




13.2.2.1 Ash Content


Ash content performs an important role in the design of the boiler/furnace to increase combustion efficiency [10]. Ash content can be determined using standard ISO 18122:2015 on a dry basis [9]. The already dried sample is weighed to 1g in a crucible and placed inside a furnace. The furnace temperature is increased from ambient to 250°C in 30 minutes and holds that temperature for 60 minutes. Further, the temperature should be increased to 550°C in 30 minutes and it should be retained at this temperature for 120 min. The sample is then removed from the furnace to allow the sample to cool down at room temperature. The following equation is used to determine the ash content.






Table 13.1 Briquette applications [7].








	S. no.

	Possible areas for use

	Applications










	1

	Domestic uses

	Space heating, cooking and water heating






	2

	Catering system

	Grilling, cooking, and water heating






	3

	Hospitality

	Space heating (outdoor areas), cooking and water heating






	4

	Boiler/Furnaces

	Heat and generation






	5

	Food processing

	Distilleries, drying and baking






	6

	Textile industry

	Bleaching, Dyeing






	7

	Crop processing

	Oil milling, tobacco curing, tea drying






	8

	Poultry

	Incubation and heating of chicks






	9

	Gasification

	Fuel for gasifiers






	10

	Charcoal production

	Fuel for pyrolysis






	11

	Ceramic industry

	Kilns, pot firing, tile making













Table 13.2 Specifications for woody and non-woody briquettes according to ISO17225 [9].








	Parameters

	Woody briquettes

	Non-woody briquettes

	Test standards






	A1 class

	A2 class

	B class

	A class










	Net Calorific Value**, Q, MJ/kg

	≥15.5

	≥15.3

	≥14.9

	≥14.5

	EN 14918:2009






	Moisture**, M, % by weight

	≤12

	≤15

	≤15

	≤12

	EN ISO 18134-3:2015






	Ash*, A, % by weight

	≤1.0

	≤1.5

	≤3.0

	≤6.0

	EN ISO 18122:2015






	Nitrogen*, % by weight

	≤0.3

	≤0.5

	≤1.0

	≤1.5

	EN ISO 16948:2015






	Sulphur*, % by weight

	≤0.04

	≤0.04

	≤0.05

	≤0.20

	EN ISO 16967:2015






	Chlorine*, % by weight

	≤0.02

	≤0.02

	≤0.03

	≤0.10

	EN ISO 16967:2015






	Cadmium*, mg/kg

	≤0.5

	≤0.5

	≤0.5

	≤0.5

	EN ISO 16968:2015






	Chromium*, mg/kg

	≤10

	≤10

	≤10

	≤50

	EN ISO 16968:2015






	Arsenic*, mg/kg

	≤1

	≤1

	≤1

	≤1

	EN ISO 16968:2015






	Copper*, mg/kg

	≤10

	≤10

	≤10

	≤20

	EN ISO 16968:2015






	Lead*, mg/kg

	≤10

	≤10

	≤10

	≤10

	EN ISO 16968:2015






	Zinc*, mg/kg

	≤100

	≤100

	≤100

	≤100

	EN ISO 16968:2015






	Mercury*, mg/kg

	≤0.1

	≤0.1

	≤0.1

	≤0.1

	EN ISO 16968:2015






	Nickel*, mg/kg

	≤10

	≤10

	≤10

	≤10

	EN ISO 16968:2015









**-value on as received basis, *-value on dry basis, EN-European Standard (Europäische Norm), ISO-International Organization for Standardization.








Table 13.3 Briquette quality parameters [7].








	Parameters

	Range

	Test standards










	Calorific Value

	≥14.9 MJ/kg *, ≥15.5 MJ/kg **
≥14.5 MJ/kg *, ≥14.5 MJ/kg **

	ASTM D5865-13






	Water Resistance

	95%

	ASTM D2395






	Shatter Index

	≥90%

	ASTM D440-86






	Compressive Strength

	1.0 MPa.

	ASTM D2166-85






	Durability

	95%

	ISO 17831-2






	Density

	≥0.9 g cm−3 *, ≥1.0 g cm−3 **
≥0.6 g cm−3 *, ≥0.9 g cm−3 **

	ASTM D2395






	Ash Content

	≤1.0% *, ≤3.0% **
≤6.0% *, ≤10.0% **

	ASTM D3174-12






	Moisture Content

	≤12% *, ≤15% *

	ASTM D2444






	Volatile Matter

	NA

	ASTM D3175-18






	Carbon (C) Hydrogen (H) Nitrogen (N)

	48–50%.
6.2%
≤0.3% *, ≤1.0% **
≤1.5% *, ≤2.0% **

	ASTM 3176-15






	Sulphur (S)

	≤0.04% *, ≤0.05% **
≤0.20% *, ≤0.30% **

	ASTM D3176-15









* Minimum value, ** Maximum value, ASTM-American Society of Testing and Materials.
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A - ash content, % by weight.


m1 - empty crucible weight in g.


m2 - crucible weight and the test sample weight, g.


m3 - weight of crucible with ash, g.


Mad -moisture content the sample that is to be analyzed for ash content, % by weight.








13.2.2.2 Moisture Content


Moisture content is an essential parameter for briquettes, as higher moisture content reduces the mechanical quality of briquettes and affects the calorific value of fuel. High moisture content lowers the calorific value and affects the heating process [9]. The procedure for the determination of moisture content follows standard ISO 18134-3:2015. Moisture content is based on as received basis. First, place the weighted sample in a hot air oven at 105°C for three hours, then remove the sample from the oven and note the weight of the sample. Then, again, introduce the sample into the hot air oven for another three hours at the same condition. After three hours, remove the sample and weigh it. This procedure continues until the difference between two consecutive readings is less than 0.2% [9]. The result is the mean of duplicate values of moisture content. It can be calculated using the following equation:
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M - moisture content, % by weight.


mw - sample weight before drying, g.


md - sample weight after drying, g.






13.2.2.3 Volatile Matter


Volatile matter contributes to combustion; a higher value of volatile matter shows rapid combustion and produces higher heating value, whereas lower value indicates more smoke and toxic gas formation [9, 11, 12]. It is determined with the help of standard ISO 18123:2015 [9]. For this, a crucible with a lid is placed in the furnace at 900°C for 7 minutes. After removing the crucible from the furnace, allow it to cool down at ambient temperature in a desiccator. Take the weight of the crucible along with the lid. Now, pour the test sample in the crucible and close the lid and note its weight. Then, place the crucible in the furnace for 7 minutes at 900°C. Remove the crucible and cool it down in a desiccator at room temperature and measure the weight when the temperature reaches between 30°C and 50°C. It can be calculated according to equation given below:
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V - volatile matter, % by weight on dry basis. m1- weight of empty crucible with lid, g.


m2 - weight of empty crucible, lid and sample before heating, g.


m3 - weight of empty crucible, lid, and the test sample after heating.


Mad - moisture content of the sample that is to be analyzed for volatile matter, % by weight.






13.2.2.4 Ultimate Analysis


The ultimate analysis is performed to discover the major composition of elements, i.e., C (carbon), H (hydrogen), and N (nitrogen). C, H, and N can be determined with the help of the standard ISO 16948:2015, which uses a CHN analyzer, as C and N content has direct formation COx and NOx. Approximately 0.1 g of sample weight is being used for analysis. The sample is combusted in a furnace at around 1050°C at 100% oxygen supply. The result will be generated automatically with the help of the CHN analyzer [9].






13.2.2.5 Other Minor Elements


Determination of Sulphur S, Chlorine Cl, iron Fe, phosphorus P, potassium K, Calcium Ca, silicon Si, chromium Cr, molybdenum Mo, antimony Sb, rhodium Rh, and zirconium Zr can be found with the help of the standard ISO 16967:2015. This standard signifies the X-ray fluoresce method (XRF) [9]. Heavy metal contents such as copper Cu, cadmium Cd, cobalt Co, arsenic As, nickel Ni, lead Pb, mercury Hg, and zinc Zn can be determined with the help of ISO 16968:2015. An inductive coupled plasma mass spectrometer (ICPMS) can be used for finding heavy metal concentrations [9].






13.2.2.6 Calorific Value


Calorific value is an important parameter that scales the energy resource of a biomass. It can be evaluated with the help of standard EN14918:2009. A bomb calorimeter is used for finding the calorific value. Around 1 gram of sample is combusted in the presence of an excess amount of oxygen in a bomb calorimeter. In an automatic bomb calorimeter, gross calorific value will be displayed after the experiment [9]. For net calorific value, it can be calculated using the following equation:
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Qnet - net calorific value, J g−1.


Qgr - gross calorific value, J g−1.


24.42 - coefficient corresponding to 1% of the water evaporated from the sample at 25°C.


M - moisture content, % by weight.


8.94 - the coefficient for conversion of hydrogen to the water.


Ha - hydrogen content, % by weight.






13.2.2.7 Bulk Density


Determination of bulk density can be performed using standard ISO17828:2015. After measuring the volume and weight of the container, the weighed sample is poured into the container and hit the container three times so that more material can be poured. The sample is introduced into the container until no extra sample is added [9]. It can be calculated according to the given equation:
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BDar- bulk density on received basis, kg m−3.


BDd- bulk density on dry basis, kg m−3.


Mar-moisture content on received basis, % by weight.


m1- mass of the empty container, kg.


m2- mass of the filled container, kg.


V- net volume of the measuring container, m3.






13.2.2.8 Mechanical Durability


Mechanical durability can be conducted according to the standard ISO17831-2:2015 with the help of a rotating drum. Introduce 2 kg of sample in the rotating drum, which is rotated 105 times for 5 minutes. The abraded sample is removed and the sample is weighed again [9]. It is calculated using the following equation:
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DU - mechanical durability, % by weight.


mE - weight briquettes before introducing into the drum, g.


mA - weight of briquettes after the drum treatment, g.






13.2.2.9 Environmental Sustainability and Techno-Economics of Biomass Briquettes


Raw material plays a major role in determining the equipment and machinery, production cost of the briquette, and its quality [7]. Juan et al. suggested a model for sustainable energy from briquettes and agricultural waste. This model clearly shows that rice husk briquettes could replace the fuelwood as it provides more energy with less pollution, which will reduce greenhouse gasses and pollutant emissions and lower the rate of deforestation, with 2195 trees in a year [13]. Feng et al. investigated the economic viability of densified crop-residue plant s in China. Plants consume 10000 tons of crop residue and the cost of densified biofuel is 650 Renminbi/t (RMB/t) (1USD = 6.24RMB, in October 2012), whereas the cost of coal costs 1000RMB/t. As of 2012, the total capital cost of the plant is 1911.4x104 RMB. The plant was planned to work for ten years. However, the payback period is 3.24 years and the net present value is 6960.85 x 104 RMB [14]. Khas et al. studies the economics of three types of briquettes developed from stalky material, finely granulated material, and coarse granulated material, which was further divided into dry and wet material. The details are shown in Tables 13.4 and 13.5 [15].








13.2.3 Biochar Briquettes


In the production process of biochar briquettes, biomass goes through mild pyrolysis, also known as torrefaction. It involves a thermochemical reaction in an oxygen-free or very minute concentration of oxygen at a temperature range of 250°C to 375°C [16]. This process yields low carbon valued product and its percentage varies from 51-55%. The product of torrefaction can be used for fuel purposes [17]. In some cases, charcoal can be produced using a kiln. Pontevedra et al. used Madan wood to produce charcoal briquettes. 1.4 kg of Cassava starch was used as a binder for briquetting 20 kg of charcoal. The quality of briquettes for barbeque is specified in EN1860-2, Thai Community Product Standard TCPS No. 238/2547 is for Charcoal Bars, and TCPS No. 946/2548 is for Bionic Charcoal 18, 19. Some charcoal briquette specifications are shown in Table 13.6. Parameters other than that mentioned in Table 13.6 are granulation, binder, bulk density, burning rate, and compressive strength [18–20].






Table 13.4 Briquetting capital cost for various raw materials [15].








	Production capacity of briquettes (kg/hr.)

	Briquetting capital cost for various materials






	Finely granulated

	Coarse granulated

	Stalky






	Wet

	Dry

	Wet

	Dry

	Wet

	Dry










	250

	595000

	340000

	854000

	599000

	936500

	681500






	500

	825000

	570000

	1084000

	829000

	1166500

	911500






	750

	1050000

	795000

	1320000

	1065000

	1468900

	1213500






	1000

	1525000

	1140000

	1875000

	1490000

	2023000

	1638000






	1500

	1975000

	1590000

	2381000

	1996000

	2929000

	2144500






	2250

	2770000

	2385000

	3176000

	2791000

	3324000

	2939000









In April 1997 1$(US) = 36.00 Indian Rupee.






Table 13.5 Cost of briquettes for different raw materials [15].








	Feed stock

	Production cost for briquette (Rs/t)






	Cost of raw material (Rs/t)






	1000

	800

	500

	300

	100










	Stalky (wet)

	1409-2164

	1189-1944

	860-1615

	639-1394

	419-1174






	Stalky (dry)

	1328-1909

	1118-1699

	803-1384

	593-1174

	383-964






	Coarse Granulated (wet)

	1393-2096

	1173-1876

	843-1546

	623-1326

	403-1106






	Coarse Granulated (dry)

	1306-1795

	1096-1585

	781-1270

	571-1060

	361-850






	Fine Granulated (wet)

	1323-1738

	1103-1518

	773-1188

	553-968

	333-748






	Fine Granulated (dry)

	1236-1412

	1026-1202

	711-877

	501-677

	291-467















Table 13.6 Charcoal briquette specification [18, 19].








	Charcoal briquettes

	Moisture content (%)

	Volatile matter (%)

	Ash content (%)

	Fixed carbon (%)

	Calorific value (calg-1)










	TCPS No.238/2547

	≤ 8

	-

	-

	-

	≥ 5,000






	TCPS No.946/2548

	≤ 8

	-

	-

	-

	≥ 4,000






	EN 1860-2

	≤ 8

	 

	≤ 18

	≥60

	 






	Test Standards

	ASTM D3173, EN1860-2

	ASTM D3174, EN1860-2

	ASTM D3175

	ASTM D3172, EN1860-2

	ASTM D5865













13.2.3.1 Calorific Value


Briquettes with high calorific value are supposed to be of high-quality briquettes as they will produce high amounts of heat energy that will quicken the cooking process. Standard ASTM D5865 can be used for finding the calorific value. A 0.5 g sample is combusted in a bomb calorimeter, which raises the temperature of water which is helpful in calculating the gross calorific value [18].
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Q - calorific value, kcalg-1.


θ3 - Deflection in galvanometer without sample.


θ1 - Deflection in galvanometer with the sample.


Z - weight of the sample, g.


γ - calibration constant.








13.2.3.2 Moisture Content


Higher moisture content is not desirable as it will lower the calorific value. Moisture can be analyzed with the help of standard ASTM D3173. 1g of sample is weighed, put it in a crucible, and placed it in a hot air oven at 105°C for 24 hours. Remove the crucible from the oven, put it in a desiccator, and allow it to cool at room temperature [18].
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MC - moisture content, % by weight.


w1 - weight of empty crucible, g.


w2 - weight of empty crucible and the sample, g.


w3 - weight of empty crucible and the sample after heat treatment, g.






13.2.3.3 Volatile Matter


Higher volatile matter is responsible for higher combustion rates in a briquette. Evaluation of volatile matter can be performed using standard ASTM D3175. One gram of sample is taken in a crucible and the lid is closed. Place the crucible into a furnace and heat it up to 950°C for 7 minutes. Remove the crucible and allow that to cool down in a desiccator at room temperature [18].
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VM - volatile matter, % by weight.


w1 - weight of empty crucible, g.


w3 - weight of empty crucible and sample after removed moisture, g.


w4 - weight of empty crucible and sample after cooling, g.






13.2.3.4 Ash Content


Ash content is also related to calorific value. Its lower value increases the calorific value. It can be found using standard ASTM D3174. The weighed sample is heated in the furnace from 450°C to 600°C in 1 hour. Then, it is heated up to 750°C for 2 hours and kept for 1 hour [18].
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AC - ash content, % by weight.


w1 - weight of empty crucible, g.


w4 - weight of empty crucible and the sample, g.


w5 - weight of empty crucible and the sample after cooling, g.








13.2.3.5 Fixed Carbon


Fixed carbon is another parameter that gives an idea of calorific value. Its higher value denotes an increase in calorific value. It is mentioned in the standard ASTM D3172 and it can be found using the following equation:
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FC - fixed carbon, % by weight.






13.2.3.6 Granulation


As written in EN1860-2, granulometry can be performed using ISO 1953. The sample is passed through sieves with a diameter of 150 mm, 80 mm, 20 mm, and 10 mm, respectively.






13.2.3.7 Binder


The binder is an important part of the briquette, so it must be of food-grade quality so that it causes no health hazards during the combustion process, as mentioned in EN1860-2.






13.2.3.8 Bulk Density


Three samples are taken for each kind of charcoal briquette to find out the bulk density of the sample. Weight and dimension of the samples are measured and bulk density can be calculated using the following equation [18]:
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ρ - bulk density, g/cm3.


m - weight of charcoal briquette, g.


v - volume of charcoal briquette, cm3.






13.2.3.9 Burning Rate


The time taken to completely burn a certain amount of charcoal briquette to ashes is calculated using the following equation to calculate the burning rate [18]:
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Br - burning rate, g/min.


mb - weight of charcoal briquette burnt, g.


t - total burning time, minute.






13.2.3.10 Compressive Strength


Compressive strength can be determined using a Universal Testing Machine as given in the standard ASTM D1037-93. First, a 1000 kN of force is applied on the sample at a rate of 5 mm/min until the briquette sample cracks. Then, triplicate samples are tested and the average reading is taken as a final value [20].






13.2.3.11 Environmental and Techno-Economics of Biochar Briquettes


Hakizimana and Kim worked on Rwandan peat briquettes. These briquettes were carbonized at 450°C. These carbonized briquettes had a burning rate of 0.178 kg/hr. to 0.222 kg/hr. The plant has a capacity of 600 tons/day for 10 years and costs about 17 million USD. The plant produces 186000 tons/ year in a packet of 1.5 kg briquette and costs about 0.18 USD. The payback period for this plant is between the 5th and 6th years. This study also showed a reduction in greenhouse gasses, 1.6k ton of CO2 and 63k ton of CH4 were reduced and 6.6 ton of N2O increased [21].


Osei et al. [22] concludes that charcoal briquette made from palm kernel shell is environmentally clean and cheap. These briquettes take longer to ignite but burn for extended periods and produce less emissions than charcoal and fuelwood. Wang et al. reviewed the combustion properties of charred briquettes generated from corn straw. Briquettes produced at 350°C show low gas emissions of 18.92 mg/m3 of SO2, 157.25 mg/m3 of NOx, and 104.06 mg/m3 of CO [23].


Sahoo et al. compares the techno-economic feasibility for three types of solid, i.e., wood chip briquettes (WCB), torrefied wood chip briquette (TWCB), and biochar. Total capital cost for TWCB, WCB, and biochar producing plants are $790,000, $580,000, and $720,000, respectively. The minimum selling price recorded for TWCB, WCB, and biochar are $274, $162, and $1044 per oven-dry metric ton. This system is economically feasible and reduces wildfire potential and greenhouse gas emissions [24].






Table 13.7 Techno-economics of biochar briquettes.








	Raw material for biochar briquette
[image: Image]

	Cashew shell

	Grass

	Rice husk










	Raw Material Feed Quantity

	36 kg/hr

	41 kg/hr

	22.5 kg/hr






	Capital Cost (Rs.)

	147100

	159475

	169375






	Plant Duration

	20 years

	20 years

	20 years






	Net Present Worth (Rs.)

	1935370.8

	2256434.3

	631948.8






	Payback Period

	8.1 months

	7.56 months

	29.35 months






	Cost of Briquetted Fuel

	7 Rs/kg

	7 Rs/kg

	7 Rs/kg











Sengar et al. worked on carbonized cashew shells, rice husk, and grass. Pyrolysis was performed in a kiln drum of 100 kg. Briquettes were made with these charred biomass cashew shells, rice husk, and grass with the help of a screw press extruder type briquetting machine [25]. Economic details are shown in Table 13.7.










13.3 Liquid and Gaseous Biofuel


Biomass waste can be transformed into other kinds of biofuel such as biodiesel, bioethanol, and biogas. Most liquid and gaseous biofuels are categorized into four generations of biofuel, as shown in Figure 13.2. Biomass waste/materials are classified into two parts: (i) biomass which can be directly fermented such as sucrose, glucose, and fructose and (ii) biomass that is pretreated and its components such as cellulose, hemicellulose, and starch, which are transformed to fermentable sugars [26–28]. Biofuels are categorized into 4 generations according to raw material. The first generation of biofuels is produced directly from cane molasses juice and grain starch. In contrast, the second generation of biofuel is a derivative form of lignocellulosic biomass, e.g., straw, woodchips, and the third generation of biofuels extracted from microalgae and algal biomass. In addition, the fourth generation of biofuel is produced from genetically modified algae and other organisms [29].
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Figure 13.2 Biofuel generation categorization based on raw materials [29].








13.3.1 Application of Liquid and Gaseous Biofuel


Bioethanol has many applications. It can be used as a solvent, as an antiseptic and disinfectant, and can also be blended with motor gasoline to be used for automotive purposes [30]. The blended gasoline-bioethanol fuels available at blending proportions are classified into various grades. Motor gasoline representing E10 is a combination of 10% ethanol and 90% gasoline, E15 represents 15% ethanol and 85% gasoline, and E85 denotes an additional 51%-83% of ethanol to motor gasoline. Other variants, i.e., mid-level variants, involve blending of ethanol from 16%-51% across many nations [31].


Biodiesel is mainly applicable as B100 and is used as a blend stock for diesel. Along with automotive applications, it can be used as heating oil and for cleansing oil spills. Studies show that biodiesel can be used to control oil spills as it was shown that aromatic and aliphatic fraction from fuel oil can easily be degraded with the help of biodiesel. It was also concluded that biodiesel can also be used for cleaning oiled rock shores [32]. Biodiesel can also be an important biofuel for generation of electricity. The B25 biodiesel blend was used with ultra-low sulfur diesel (25% and 75%, respectively) for power generation of 30 kW [33]. Biodiesel can also be used with heating oil. 10% of biodiesel is already blended with bioheating oil currently available in the German market [34]. A new study also shows biodiesel mixed with aviation fuel for application in aeronautic engines [35].


Converting organic waste into power, heat, or vehicular fuel is a sustainable energy source that may help reduce reliance on foreign oil imports, reduce greenhouse gas emissions, enhance environmental quality, and create new employment in the area. Biogas systems also allow nutrients in the food supply to be recycled, decreasing the demand for both petrochemical and mined fertilizers. Biogas is regarded as a traditional off-grid energy source around the globe. Biogas has significant applications in space heating, electricity generation, vehicular fuel, injection to the public grid, hydrogen production, and the development of fuel cells [36–39]. The various fields of application for biogas are portrayed below.




13.3.1.1 Combined Heat and Power (CHP) Generation


Combined Heat and Power (CHP) allows for improved utilization of the chemical energy contained in the fuel, as well as reduced fuel consumption and pollution emissions when compared to separate heat and energy production. The biogas cogeneration plant generates electricity which can be used locally or piped into the national grid and the leftover heat from the combustion process is used to preheat the water in the methane digester with other accessories to keep the digester at a range of mesophilic temperature. Natural gas pipeline injection in the United States needs purified biogas with CO2, water, and H2S concentrations of less than 3%, 112 mg/m3, and 4 ppm, respectively [40]. A CHP cycle may produce 35% of the produced power and 65% of the generated heat, respectively, and has a productivity of up to 90% [39]. CHP systems are the most cost-effective when the energy and power produced match the region’s local energy and power needs since energy transmission costs are low.






13.3.1.2 Heat Generation


Biogas is becoming an increasingly important source of heat, accounting for around 4% of worldwide bio-heat in 2015. In high-income countries biogas is mainly utilized in electricity and in CHP facilities with a small number of heat generating plants, but in low-income countries, biogas is mostly used for cooking and lighting applications. In Europe, biogas produced 127 TJ (tera joules) of heat and 61 TWh (tera watt hour) of electricity in 2015. Heat generation accounted for about half of Europe’s total biogas use, which is projected to be over 330 PJ (peta joules) [41].






13.3.1.3 Transportation Fuel


Biogas converted to biomethane or compressed biogas (CBG) can be used in natural gas- powered vehicles as an alternative to fossil natural gas or compressed natural gas (CNG). Purified biogas with a purity percentage ranging from 90 to more than 97 is required for bio-CNG conversion [40]. Only methane is utilized in the combustion process when CBG is used in a natural gas vehicle (NGV) and because it has the lowest carbon-to-hydrogen ratio of any fossil fuel, carbon-based pollutants such as CO2, CO, and HC are significantly reduced. Furthermore, because CBG has a higher-octane number than gasoline, the compression ratio of IC engines may be raised further, resulting in better thermal efficiency and reduced CO2 emissions [2]. The significant number of CNG vehicles (18 million globally (approx.)) and CNG fueling stations (22000 globally) provides excellent potential for the use of gaseous biofuels like biomethane in transportation [41]. Biomethane appears to be a great fit for replacing fossil-based fuels in terms of both environmental and economic considerations.










13.3.2 Bioethanol


Biomass that provides sugar or that is converted to sugars used for fermentation to produce ethanol is known as bioethanol. Sugar cane juice, sugar crops, sugar beet pulp, and molasses are used to generate ethanol. The quality of bioethanol that can be used for blending in motor gasoline and automotive applications follows standards ASTM D4806, ASTM D5798, and IS 15464, as shown in Tables 13.8 and 13.9 [42–44]. According to the Indian Ministry of Petroleum and Natural Gas, the following are the regulations for ethanol as fuel [30]:




Table 13.8 Specification for anhydrous ethanol for automotive fuel.








	Quality parameters

	ASTM D4806 ; [31]

	IS 15464 (2004)






	Values

	Test methods

	Values

	Test methods










	Ethanol

	92.1*, % by volume

	ASTM D5501

	99.5*, % by volume

	IS 15464: Annex B






	Methanol

	0.5**, % by volume

	ASTM D5501

	300**, mg L-1

	IS 15464: Annex J






	Solvent washed gum

	5.0**mg/mL

	ASTM D381

	-

	-






	Water content

	1**% by volume

	ASTM D7923, E1064 or E203

	-

	-






	Denaturant content

	1.96*, % by volume

	4.76**, % by volume

	-

	-






	Inorganic chloride content

	40**, ppm (mg L-1)

	ASTM D7319, D7328 or D512

	-

	-






	Copper content

	0.1**, mg/kg

	ASTM D1688

	0.1**, mg/kg

	IS 15464: Annex G






	Acidity (as acetic acid)

	0.007** mass % (mg L-1)

	ASTM D7795 or D1613

	30**, mg L-1

	IS 15464: Annex D






	pHe

	6.5-9.0

	ASTM D6423

	 

	 






	Sulfur

	10**, ppm

	ASTM D5453-93***

	-

	-






	Benzene

	0.06**, % by volume

	ASTM D5580-95, D7576***

	-

	-






	Olefins

	0.5**, % by volume

	ASTM D6550-00, D7347***

	-

	-






	Aromatics

	1.7**, % by volume

	ASTM D5580-95, D7576***

	-

	-






	Appearance

	Clear and bright

	Visual

	Clear and bright

	Visual






	Relative density at 15.6/15.6°C

	-

	ASTM D891

	0.7961**

	IS 15464: Annex A






	Alkalinity

	-

	-

	Nil

	IS 15464: Annex D






	Residue on evaporation

	-

	-

	0.005**, % by mass

	IS 15464: Annex E






	Miscibility with water

	-

	-

	Miscible

	IS 15464: Annex C






	Conductivity

	-

	-

	300**, µS m-1

	IS 15464: Annex H






	Aldehyde content as ethanal

	-

	-

	60**, mg L-1

	IS 15464: Annex F









*Minimum, ** Maximum, *** California Denatured Ethanol Standards.








	E5 denotes 5% Ethanol with 95% gasoline and the Indian Ministry of road transport and highway (MoRT&H) notes it in 2015. Many plastics and rubber components of gasoline automotive vehicles were compatible from 2008 with E10 fuel.


	E10 fuel was noted by MoRT&H in 2019. Currently, plastics and rubber components of gasoline automotive vehicles are compatible with E10 fuel.


	E-85 fuel represents 85% ethanol and in 2016 it was reported for the usage of 2 wheelers, 3 wheelers, and 4 wheeled vehicles. In the same notification, it is written that pure ethanol [E100] is applicable for gasoline vehicles and ED95 [5% additives (ignition improver, solvent, and corrosion inhibitor) and 95 % ethanol] is applicable for diesel vehicles. E85 and E100 emission standards are also mentioned in this notification.


	For commercial application of E20 [gasoline containing 20% ethanol], fuel has been standardized by BIS as mentioned in IS 17021:2018.


	E20 fuel emission standards were notified on 8th March 2021 to General Statutory Rules GSR 156(E). E100, E95, E85, or E20 compatible vehicles must be defined automotive manufacturers and a visible sticker must be attached on the vehicle for the same reason.


	On 25th May 2019 it was notified through GSR 343(E) that safety standards were according to automotive industry standard (AIS-171) for different ethanol-gasoline blends. Various materials (plastic and rubber, etc.) that are compatible with ethanol are also mentioned in the given safety standards. As mentioned, the standard corrosion inhibitor is required to blend with ethanol as there is an increased value of electrical conductivity due to ethanol that may cause corrosion to metal. The following details are also mentioned in the standard: i) carcinogenic and toxic nature of ethanol, ii) PPE (personal protective equipment) kit for the person working near the storage point, and iii) for fighting an ethanol fire, a foam-based extinguisher, fire arrester, and venting is required. A sticker should be attached to vehicles mentioning the ethanol blend specification as notified in the standard.









13.3.2.1 Water Content


Water content in any fuel and petroleum product can be found using the Karl Fisher titration method which generally follows the standard ASTME1604. The sample is taken according to an approximate range of water content. For example, water content is expected in between 0-50 % by mass and the volume of the sample taken is 5 mL [45]. An auto titrator is used to perform titration. Record the microgram of water that is displayed.


[image: Image]






13.3.2.2 Ethanol and Methanol Content


The gas chromatography (GC) technique is used to determine the alcohol content. ASTM D5501 and IS 15464 standards can be used to determine the methanol and ethanol content [44, 46]. It also provides an idea of denaturant so that blended fuel complies with state and federal laws. GC provides the chromatogram, as shown in Figure 13.3 and ethanol and methanol content can be calculated using the following equation:


[image: Image]


RMi - Relative value of individual alcohols on mass % basis.


ARi - Area for the individual peak of alcohol corrected by their appropriate mass relative response factor.


ARt - Sum of all the detected peak area corrected by their appropriate mass relative response factor.


Mi - Determination of individual alcohol on mass % basis.






13.3.2.3 Gum Content


It is known that an increase in gum content will cause deposition in the induction system, which results in valve sticking. In addition to this, it is an indication that fuel contains oils with high boiling points. The procedure for determination of the gum content follows the standard ASTM D381. Assembly of a steam jet apparatus is used for determining the gum content by evaporation [47].






Table 13.9 Standard for fuel ethanol as specified for Ed75-Ed85 in the Standard ASTM D5798.








	Parameters

	Ed75-Ed85 fuel ethanol

	Test methods






	Class 1

	Class 2

	Class 3










	Phosphorus**, mg L-1

	0.2

	0.3

	0.4

	ASTM D231






	Sulfur**, mg/kg

	210

	260

	300

	ASTM D1266, D2622, D3120, or D5453






	Lead**, mg L-1

	2.6

	2.6

	3.9

	ASTM D5059






	Vapor pressure, kPa (psi)

	38-59

	48-65

	66-83

	ASTM D4953 or D5191






	Hydrocarbon/aliphatic ether, % by volume

	17-21

	17-26

	17-30

	ASTM D4815






	Ethanol and higher alcohols *, % by volume

	79

	74

	70

	ASTM D5501






	Water**, mass %

	1.0

	ASTM D7923, E1064 or E203






	Higher alcohols (C3–C8) **, % by volume

	2

	 






	Methanol**, % by volume

	0.5

	ASTM D5501






	Acidity, (as acetic acid CH3COOH) **, mass % (mg/L),

	0.005

	ASTM D1613






	pHe

	6.5-9.0

	ASTM D6423






	Unwashed gum content **, mg/100 mL

	20

	ASTM D381






	Total chlorine as chlorides**, mg/kg

	2

	ASTM D4929






	Inorganic chloride **, mg/kg

	1

	ASTM D512, D2988






	Copper **, mgL-1

	0.07

	ASTM D1688






	Solvent-washed gum content **, mg/100 mL

	5

	ASTM D381






	Appearance

	clear and bright

	Visual









* Minimum, ** Maximum.






[image: Schematic illustration of chromatogram sample.]

Figure 13.3 Chromatogram sample [44].










13.3.2.4 Acidity


Acidity in the fuel may be reached during storage, distribution, or manufacture. A very dilute quantity of low levels of acid can be highly corrosive. This acidity is analyzed using ASTM D1613. In this method, 50 mL of sample is mixed with 50 mL of desired solvent (water or alcohol in which sample is completely miscible). Titrate this mixture against sodium hydroxide in the presence of phenolphthalein as an indicator [48].


[image: Image]


V - Volume of NaOH required for titration, mL


N - NaOH normality


D - density of sample in g/mL






13.3.2.5 pHe


The acidic pH range is an indication of potentially corrosive ethanol fuel. It is preferred because a low level of strong acid causes corrosion. It is measured according to standard ASTM D6423. A sample of 50 mL is taken for measurement of pH with a pH meter. After starting the stirrer and inserting the electrode, start the timer. Measure the pHe value exactly after 30 ± 1 s [49].






13.3.2.6 Appearance


Visually check for any turbidity or evidence of precipitation that indicates major contamination as mentioned in the standard ASTM D4806.






13.3.2.7 Vapor Pressure


It is an essential physical property of liquid fuels. It gives an idea of how a fuel performs under different operating conditions, such as fuel causing vapor lock at higher ambient temperatures or altitudes or ease in which vehicle starts at low ambient temperature. A Vapor Pressure Apparatus is used in the test method ASTM D4953 [50]. Report the result to the nearest 0.25 kPa and if haziness is observed the result is followed by the letter ‘H.’






13.3.2.8 Relative Density/Specific Gravity


Specific gravity can be a measure of a specific chemical. In case of most refined chemicals, it can also provide information about gross contamination. Specific gravity is measured at 15.56/15.56°C with a hydrometer and pycnometer as mentioned in the standard ASTM D891 [51]. In the hydrometer method, a hydrometer cylinder is filled with fuel and a hydrometer of specific range is placed in the cylinder and allows it to come at equilibrium and report the result where a sample is first seen as a distorted ellipse. In the case of a pycnometer, the pycnometer is first filled with water and the weight is measured. Subtract the dried weight of pycnometer with this weight and report it as W. Then, again, fill the pycnometer with the fuel at a similar condition and measure the weight. Subtract the dried weight of pycnometer with this weight and report it as S.
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x - sample temperature, °C.


y - water temperature, °C.






13.3.2.9 Copper, Sulfur, Benzene, Aromatics, and Olefins


Copper is an active catalyst and can act at low temperatures and help in the oxidation of hydrocarbon. A higher concentration of copper can increase the rate of gum formation ASTM D5798. The copper content in the fuel may be analyzed using an atomic absorption spectrophotometer (AAS), as mentioned in the standard ASTM D1688 [52]. The California standards for denatured ethanol sets limits on sulfur, benzene, olefins, and aromatics contents, as shown in Table 13.8. Limits on sulfur content would provide protection from engine wear, exhaust catalyst deactivation, engine oil deterioration, and corrosion in parts of the exhaust system [43]. Sulfur content is analyzed using standard ASTM D5453 [53]. According to this method, a UV Fluorescence Detector is used for finding the sulfur content. The sample is burnt at high temperatures and SO2 produced in gasses absorbs energy from UV light. This UV light converts SO2 to SO2*, which a photomultiplier detects and this signal measures sulfur. Benzene and aromatics content is determined using a Gas Chromatograph according to ASTM D5580 [54]. Reducing the concentration of aromatics and benzene reduces the ozone reactivity and reduces the toxicity of exhaust emissions. Olefin content in fuel can be a reason for smog by photochemical reactions in the atmosphere. Olefin content is also analyzed by GC using standard ASTM D6550 [55].






13.3.2.10 Environmental Sustainability and Techno-Economics of Bioethanol


According to the Indian road map for ethanol fuel blends [30], it lowers vehicular emissions such as hydrocarbon, oxides of nitrogen, and carbon monoxide compared to gasoline, as shown in Table 13.10.


Szulczyk et al. investigated a model for bioethanol production and the economic and environmental impacts from biomass. This model shows that there is no production of bioethanol at a price of Ringgit (RM)1.5 per liter, whereas at RM2.0 the mills can produce 7242 billion liters of bioethanol by 2023. Also, at this rate, CO2-eq is reduced to 17 million tons by 2028 compared to 2014, where the CO2-eq released was 317.6 million tons. The study also mentioned that a refinery of 304 million liter capacity possesses a capital cost of $381million for over 10 years at an 8% depreciation rate and per liter costs RM1.4779 (or $0.3667) [56].




Table 13.10 Evaluation of vehicular emission for different fuels.








	Vehicle emission

	Motor gasoline

	Two-wheeled vehicle

	Four-wheeled vehicle






	E20

	E10

	E20

	E10










	Hydrocarbon

	Baseline

	20% lower

	20% lower

	20% lower

	20% lower






	Oxides of Nitrogen

	Baseline

	10% higher

	No significant trend

	same

	No significant trend






	Carbon Monoxides

	Baseline

	50% lower

	20% lower

	30% lower

	20% lower











Yen et al. presents a case study of Malaysia where the 3rd generation of bioethanol from macroalgae cellulosic waste (MCR) and algae waste was evaluated for techno-economics. The plant was designed to process 132 kilotons of MCR for 20 years. The aim was to prepare 183000 kg of bioethanol in a day that can fulfil the global market demand. The total capital cost was $58.64 million and the payback period is 8 years at a 12% discount rate. The lowest selling price for bioethanol comes out to be $0.54/ kg. Carbon dioxide emission that has been forecasted, except from utility, was 9182.467 kg/hr and emissions due to sulphur dioxide were 0.868 kg/h and emission due to ammonia emissions was 0.4193 kg/h [57].


Hossain et al. performs a cost analysis on the life cycle of E5 and E10 bioethanol-gasoline blend, where bioethanol is produced from forest residue (saw dust from rubber-wood and residue of oil palm). Data shows the project period is 20 years, where annual production is 20 kilotons per year and bioethanol costs about 2.51 USD/gallon. The total cost of bioethanol production from waste of rubber-wood was 15, 246, 081 USD (United States Dollar) and from oil palm residues was 24, 278, 774 USD. In a span period of 20 years, the amount of fuel that can be saved with E10 is 1227400–2125600 ton/y and with E5 fuel is 613700–1062800 ton/y [58].


Sassner et al. studied the cost economics of bioethanol produced from three different cellulosic biomass: Salix, corn stover, and spruce. Two models used to produce bioethanol are from base conversion yield and the other is from pentose fermentation. Bioethanol production cost on the basis of base conversion yield from Salix, corn stover, and spruce cost about 5.49 SEK/L, 5.45 SEK/L, and 4.37 SEK/L [SEK = Swedish kronor (1 US$ = 6.3 SEK; 1 € = 9.3 SEK)], respectively, whereas pentose fermentation costs 4.54 SEK/L, 4.25 SEK/L, and 4.15 SEK/L, respectively. Results shows that ethanol production from pentose fermentation generates fair process economy, especially using Salix (hardwood) or corn stover (agricultural residue) [59].








13.3.3 Biodiesel


The process of transesterification of triglycerides produces biodiesel. This process, currently applied in Southeast Asia, Europe, and America, helps produce biodiesel on a large scale. The amount of biodiesel generated in the US, Brazil, Argentina, Europe, and Malaysia was 6.5, 5.9, 2.5, 3.0, and 1.5 billion liters. Biodiesel has superior qualities to petroleum products such as low sulphur and nitrogen levels, biodegradability, and non-toxicity to help reduce pollution [60]. Standardization of biodiesel has been made worldwide. For B100 biodiesel, the quantity range that can be blended with diesel (according to Indian standard specification IS1460) is up to 20% according to IS15607 [61]. Specifications of B100-biodiesel are shown in Table 13.11 according to IS 15607 and ASTM D6751. The European standard divides the biodiesel as a heating fuel that is mentioned in the standard EN14213 and as an automotive fuel, as mentioned in the standard EN14214, as shown in Table 13.11. This specification considers both physical and chemical properties.






Table 13.11 Requirements for biodiesel.








	Parameter

	Specification according to IS15607 [61]

	Specification according to ASTMD6751 [62]

	Specification according to European Commission [63]

	Test standard






	Grade S15 limits

	Grade S500 limits

	EN14213

	EN14214










	Density at 15°C

	860-900, kg/m3

	-

	-

	860-900, kg/m3

	860-900, kg/m3

	IS1448 [p:16/p:32], ISO3675, ISO12185, ASTM D4052






	Viscosity at 40°C

	2.5-6.0, cSt

	1.9-6, mm2/s

	1.9-6, mm2/s

	3.5-5.0, mm2/s

	3.5-5.0, mm2/s

	IS1448 [P:25], ASTM D445, ISO3104, ISO3105






	Flash point

	120*, °C

	130.0 *, °C

	130.0*, °C

	120*, °C

	120*, °C

	IS1448 [P21], ASTM D93, ISO3679






	Sulphur content

	50 **, mg/kg

	0.0015**, % by mass (ppm)

	0.05**,% by mass (ppm)

	10.0**, mg/kg

	10.0**, mg/kg

	IS1448 [P83], ASTM D5453, ISO20846, ISO20884






	Carbon residue (in 10% dist. residue)

	0.05**, % by mass

	0.05**, % by mass

	0.05**, % by mass

	0.3**, % by mass (m/m)

	0.3**, % by mass (m/m)

	ASTM D4 530, ISO10370






	Sulphated ash content

	0.02**, % by mass

	0.02**, % by mass

	0.02**, % by mass

	0.02**, % by mass (m/m)

	0.02**, % by mass (m/m)

	ISO6245, ASTM D8 74, ISO3987






	Water content

	500**, mg/kg

	-

	-

	500**, mg/kg

	500**, mg/kg

	IS1448 [P:40], ASTM D2709, ISO3733, ISO6296, ISO12937






	Total contaminati on

	24**, mg/kg

	-

	-

	24**, mg/kg

	24**, mg/kg

	EN12662






	Copper strip corrosion

	1**, (3 hours, 50°C)

	No.3 **

	No.3 **

	-

	1**, (3 hours, 50°C)

	IS1448 [P:15], ISO2160, ASTM D130






	Cetane number

	51*

	47*

	47*

	-

	51*

	IS1448 [P:9], ISO5153, ISO5165 ASTM D613






	Acid value/Acid number

	0.50**, mgKOH/g

	0.80**, mgKOH/g

	0.8**, mgKO H/g

	0.5**, mgKOH/g

	0.5**, mgKOH/g

	IS1448 [P:1/sec], ASTM D664






	Methanol content

	0.20**, % by mass

	-

	-

	-

	0.20**, % by mass (m/m)

	EN14110,






	Ethanol

	0.20**, % by mass

	-

	-

	-

	-

	-






	Ester content

	96.5*, % by mass

	-

	-

	96.5*, % by mass (m/m)

	96.5*, % by mass (m/m)

	EN14103






	Polyunsatur ated methyl esters (>= 4 double bonds)

	-

	-

	-

	1**, % by mass (m/m)

	-

	-






	Linolenic acid content

	-

	-

	-

	-

	12**, % by mass (m/m)

	EN14103






	Content of FAME with ≥4 double bonds

	-

	-

	-

	-

	1**, % by mass (m/m)

	-






	Free glycerine/gl ycerol

	0.02**, % by mass

	0.020, % by mass

	0.020, % by mass

	0.020, % by mass (m/m)

	0.020, % by mass (m/m)

	ASTM D6 584, EN14105, EN14106






	Total glycerine/gl ycerol

	0.25**, % by mass

	0.024, % by mass

	0.024, % by mass

	-

	0.025, % by mass (m/m)

	ASTM D6 584, EN14105






	Phosphorus content

	10.0**, mg/kg

	0.001**, % by mass

	0.001**, % by mass

	-

	10.0**, mg/kg

	ASTM D4 951, EN14107






	Alkali metals (Na + K)

	To report, mg/kg

	-

	-

	-

	5.0**, mg/kg

	EN14108, EN14109, ISO5153, ISO5165 ASTM D613






	Acid value/Acid number

	0.50**, mgKOH/g

	0.80**, mgKOH/g

	0.8**, mgKO H/g

	0.5**, mgKOH/g

	0.5**, mgKOH/g

	IS1448 [P:1/sec], ASTM D664






	Methanol content

	0.20**, % by mass

	-

	-

	-

	0.20**, % by mass (m/m)

	EN14110






	Ethanol

	0.20**, % by mass

	-

	-

	-

	-

	-






	Ester content

	96.5*, % by mass

	-

	-

	96.5*, % by mass (m/m)

	96.5*, % by mass (m/m)

	EN14103






	Polyunsatur ated methyl esters (>= 4 double bonds)

	-

	-

	-

	1**, % by mass (m/m)

	-

	-






	Linolenic acid content

	-

	-

	-

	-

	12**, % by mass (m/m)

	EN14103






	Content of FAME with ≥4 double bonds

	-

	-

	-

	-

	1**, % by mass (m/m)

	-






	Free glycerine/gl ycerol

	0.02**, % by mass

	0.020, % by mass

	0.020, % by mass

	0.020, % by mass (m/m)

	0.020, % by mass (m/m)

	ASTM D6 584, EN14105, EN14106






	Total glycerine/gl ycerol

	0.25**, % by mass

	0.024, % by mass

	0.024, % by mass

	-

	0.025, % by mass (m/m)

	ASTM D6 584, EN14105






	Phosphorus content

	10.0**, mg/kg

	0.001**, % by mass

	0.001**, % by mass

	-

	10.0**, mg/kg

	ASTM D4 951, EN14107






	Alkali metals (Na + K)

	To report, mg/kg

	-

	-

	-

	5.0**, mg/kg

	EN14108, EN14109,






	Earth alkali metals (Ca + Mg)

	To report, mg/kg

	-

	-

	-

	5.0**, mg/kg

	EN 14538






	Iodine value

	To report

	-

	-

	130**, gI/100g

	120**, gI/100g

	EN-14104






	Oxidative stability, 110°C

	6*, h

	-

	-

	4.0*, h

	6*, h

	EN14112






	Water and sediment

	-

	0.05**, % by Volume

	0.05**, % by Volume

	-

	-

	ASTM D2 709






	Cloud Point

	-

	To Report, °C

	To Report, °C

	-

	-

	ASTM D2 500






	Distillation temperature, Atmospheric equivalent temperature, 90 % recovered

	-

	360**, °C

	360**, °C

	-

	-

	ASTM D1 160






	Monoglyceride content

	-

	-

	-

	0.8**, % by mass (m/m)

	-

	ASTM D6 584, EN14105






	Diglyceride content

	-

	-

	-

	0.2**, % by mass (m/m)

	-

	ASTM D6 584, EN14105






	Triglyceride content

	-

	-

	-

	0.2**, % by mass (m/m)

	-

	ASTM D6584, EN14105






	Cold filter plugging point

	-

	-

	-

	- °C

	-

	EN116






	Pour point

	-

	-

	-

	0**, °C

	-

	ISO3016






	Net calorific value (calculated)

	-

	-

	-

	35*, MJ/kg

	-

	DIN 51900, -1, -2, -3









*-minimum; **-maximum; KOH-Potassium Hydroxide; DIN-German Institute for Standardization (Deutsches Institut für Normung); FAME-Fatty Acid Methyl Ester Besides the above specifications, its lubricity is also an important parameter [64].








13.3.3.1 Density and Viscosity


As mentioned in IS 15607, density can be measured using ASTM D4052. This standard test method uses a Digital Density Analyzer. The density of the sample can be analysed in between 15°C and 35°C and viscosities below 15000 cSt (mm2/s). About 0.7 mL of liquid sample is introduced in an oscillating tube, where a difference in oscillating frequency is used to determine the sample density [65].


Viscosity is an important physical parameter for a fuel that will help in operational conditions, handling, and estimation of optimum storage. The ASTM D445 standard is used to find the kinematic viscosity through viscometer. Kinematic viscosity ranges from 0.2 to 300000 cSt (mm2/s) can be measured [66]. A fixed sample volume is allowed to flow under the influence of gravity in the capillary of viscometer in a temperature-controlled environment. The time taken by liquid sample is measured, when liquid passes from one capillary point to the other point as marked onto the viscometer. This time is recorded and the product of this time and viscometer constant reported kinematic viscosity. The mean of duplicate value is reported as a result.
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ν1,2- kinematic viscosity for same sample with two different measurement ν1 and ν2, mm2/s.


C - calibration constant for viscometer, mm2/s2.


t1,2 - time taken for same sample with two different measurement t1 and t2, s.






13.3.3.2 Sulphated Ash, Flash Point, and Carbon Residue


Sulphated ash includes inorganic metallic compounds that remain after the acidification of ash. The abrasive nature of metallic ash can cause wear to the walls of the cylinder and piston ring [63]. It can be measured using the standard ASTM D874. A portion of biodiesel is burnt to produce ash that contains unburned hydrocarbons (metal impurities). The sample is burnt until only ash remains, treated with sulphuric acid, heated at 775°C, and then cooled and weighed. Then, again the sample is reheated and cooled until a constant weight is observed.


[image: Image]


w - grams of sulphated ash; W - grams of sample used.


As mentioned in the standard ASTM D93, a Pensky-Martens Closed Cup Apparatus is either automated or manual and can determine the fuel’s flashpoint. The flashpoint can be used to define flammable and combustible materials. The temperature up to which this method is eligible is 370°C [67].


For carbon residue, this characteristic of fuel can be analysed using ASTM D4530. A glass vial filled with the sample is heated at 500°C in an inert atmosphere. The sample went under thermochemical changes, the gases formed are swept away by nitrogen gas, and the residues are reported as carbon residue [68].






13.3.3.3 Cold Flow Properties


These properties are measured at low temperatures, which can help determine the problem that can arise at this temperature. This problem is due to crystal formation and may suspend in liquid at low temperatures, which can be the reason for causing a clog in the fuel filter. Cold filter plugging point (CFPP), cloud point, and pour point measure how biodiesel will behave at low temperatures [63].




13.3.3.3.1 Cloud Point


This can be measured using ASTM D2500. The test sample is filled in a jar, allowed to cool at a specific rate, and examined periodically. Cloud forms at the jar bottom at a specific temperature and this temperature is the sample’s cloud point [69].






13.3.3.3.2 Pour Point


Temperature at which crystals are agglomerated which approximately resembles gel and would not be able to flow. This temperature is below the cloud point and the fuel cannot be used [63].








13.3.3.3.3 CFPP


Lowest temperature at which fuel easily passes through the filters within 60 seconds with a vacuuming pressure of 2 kPa [63].








13.3.3.4 Water, Sediment, and Total Contamination


Water and sediment show the purity extent of biodiesel. However, increased moisture value causes haziness, microbial growth, and increased concentration of free fatty acid, which may corrode the parts of the engine [63]. In addition, the increased amount of sediment can be a reason for troubling the engine [70]. This is determined using a centrifuge as mentioned in ASTM D2709. The centrifugal force of 800 is applied for 10 minutes on a 100mL sample filled in a centrifuge tube. The centrifuge tube that is used can accurately measure up to 0.005 mL and is readable to 0.01mL. Later to centrifugation, note the reading of the tip of the centrifuge tube and report the volumetric % of water and sediment.


Total contamination is an undissolved and non-filterable residue present in the fuel that can be found using EN12662. Therefore, the fuel sample is pre-filtered under a vacuum and then diluted using a solvent. After preparing the sample, it is filtered under vacuum suction from 2 kPa to 5 kPa [71].
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m1 - weight of the filter, in mg.


m2 - weight of the filter with the contaminant, mg.


mE - weight of the sample, g.






13.3.3.5 Copper-Strip Corrosion, Content of Phosphorus and Metals


Copper-strip corrosion indicates the corrosiveness of fuel. In biodiesel, it represents the fatty acid that does take part in the reaction during the production process [63]. First, clean the copper strip and then immerse it in the sample in a closed jar. Place the jar in a controlled temperature bath and heat it at a particular temperature for a particular time. After the experiment, remove the copper strip from the sample and wash the sample from the copper strip. Then, the colour of the copper strip is matched with the ASTM Copper Strip Corrosion Standard [72].


Metal content (potassium, sodium, magnesium, and calcium) and phosphorus can be harmful to the engine and its filter, as well as to the fuel pump and catalyst [63]. ASTM D4951 can be used to determine the phosphorus content. EN14108 and EN14109 can be used to determine the potassium and sodium content. EN14538 is used for finding the magnesium and calcium concentration.






13.3.3.6 Distillation, Iodine Value, Oxidation Stability, and Acid Value


Distillation is measured according to standard ASTM D1160. The 200-mL sample is distilled under a pressure range of 0.13-6.7 kPa. The result of this experiment gives the initial boiling point value and final boiling point value. Its result also provides the distillation curve. These results signify the sustainability of product during refining [73].


The Iodine Value (IV) was introduced in the biodiesel standard to evaluate the stability of oxidation. It measures unsaturation in fatty acids. High IV content represents faster biodiesel oxidation when it encounters air [63]. Standard EN14111 is used to analyse the IV.


Oxidation Stability shows how long biodiesel can remain without degradation when it makes contact with air (during storage) and contact with water (hydrolytic degradation). The Rancimat test is performed following EN14112, where the biodiesel sample is forcibly oxidized under the purified stream of air (10L/hr) at 110°C. After passing over the sample, the air is sent to the flask for collection. This flask is fitted with a conductivity probe. As the biodiesel degrades, volatile is fed to the flask and conductivity of a solution is measured. The period from starting of the experiment to the point where value of conductivity is increased and this is the measure of oxidation stability of the sample.


Acid value is also referred as neutralization number. It is the weight of potassium hydroxide in mg that neutralizes one gram of sample. The acidic nature of biodiesel is due to residual mineral acids, residual free fatty acids, and organic acids. It is also a measure of the freshness of biodiesel. Prolonged storage of biodiesel denotes a higher acid value [63]. Acid value can be determined using a potentiometric titrator as mentioned in ASTM D664.






13.3.3.7 Free Glycerine, Total Glycerine, Cetane Number and Lubricity


Biodiesel quality can also be determined by free and bonded glycerine. A high content of glycerine can be a problem for fuel systems and storage systems. In addition to this, increased content of total glycerine content may lead to deposit formations on valves, pistons, and injection nozzles. GC is used to discover the total glycerine in biodiesel (B-100) methyl esters, as notified in the ASTM D6580. GC analyses the sample after silylating with N-methyl-N-trimethylsilyl trifluoracetamide (MSTFA). Monoolein, diolein, and triolein standards were used to find the value of Mono-, di-, and triglycerides [74].


Cetane number (CN) is a parameter without dimension that gives information about the fuel’s ignition quality. It will also give information about the ease in self-ignition for compression ignition (CI) engines. It can also provide information about the ignition delay (it is the time elapsed in the combustion chamber from injection of fuel to the self-ignition of the fuel-air mixture). It is analysed using ASTM D613. Determination of cetane number is in reference to hexadecane (C16H34, also called n-cetane) valued to 100 and another reference is 2,2,4,4,6,8,8-heptamethylnonane (HMN, also called isocetane) which is valued to 15. Cetane number is the amount of hexadecane (n-cetane) in the mixture of n-cetane and HMN that matches similar ignition characteristics to the fuel [63, 75]. The formula gives cetane number:
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Lubricity denotes the scale of frictional properties of fuel and a lower value denotes a reduction in the damage that may occur in the injectors and fuel pump. The lubricity of fuel can be analysed according to standard ISO 12156-1 measured with the help of a high-frequency reciprocating rig (HFRR). The maximum value that is permissible for lubricity is 460 micron [64]. The biodiesel lubricity is dependent on the type of feedstock. For example, biodiesel produced using jatropha oil shows the highest lubricity value, whereas biodiesel from sunflower oil showed the lowest lubricity value. A lubricity improver can also improve biodiesel lubricity [63].






13.3.3.8 Environmental Sustainability and Techno-Economics of Biodiesel


Life cycle assessment of rapeseed biodiesel shows a reduction of CO2 emissions of 78% in comparison to diesel. One study also showed that 100% biodiesel combustion reduces GHG (greenhouse gas) emissions and can replace fossil fuels in vulnerable ecosystems [76]. Long et al. covers a range from 8.4 to 2793 g CO2 eq/MJ of GHG emissions from the biodiesel prepared from transesterification of triglyceride [60]. For biodiesel derived from cooking oil, its lifecycle GHG emissions range from 8.4 to 24.0 g of CO2 eq/MJ. The benefit of biodiesel derived from waste cooking oil is that it is a cheaper source that ranges from $0.22 to $0.61 kg−1 (1.00 € = 1.11 $) [77]. Biodiesel produced from crop seed shows lower theoretical life cycle GHG emissions in comparison to fossil fuels and GHG emissions range from 87 to 98.8 g of CO2/MJ. Biodiesel derived from microalgae shows a high value of life cycle GHG emissions up to 2.8 kg CO2 eq/MJ, as high energy is required for cultivation, harvesting, and drying of microalgae [60].


Lee et al. studied the techno-economic feasibility of biochar-based biodiesel production. The plant is responsible for the production of 30000 tons of biodiesel in a year. The quantity of feedstock as waste cooking oil was 37879 m3/year and for biochar was 140292 tonne/year. The plant’s capital cost and operating costs are 518,838 $ y−1 and 53,927,553 $ y−1, respectively. The plant worked for 10 years. The cost of production for unit biodiesel was 1.8 $ kg−1 (1.6 $ L−1). Profitability analysis suggests that the feasible biodiesel minimum selling price can be $1.55 kg−1 [77]. Naveenkumar and Baskar researched the techno-economical aspect of biodiesel produced at optimized conditions from Calophyllum inophyllum oil. In this design, the annual consumption of Calophyllum inophyllum oil, methanol, and zinc doped calcium oxide is 23,760,000 kg, 10,599,376 kg, and 1,571,249 kg, respectively. The annual biodiesel production and glycerol production is 22,274,681.30 kg and 2,306,277.33 kg, respectively. Total capital cost and operating cost for the given plant was $2,753,000 and $14,831,000/year, respectively. The lifetime of the project was 15 years. The net present value (NPV) was $2.617 million at a price of $0.6/kg of biodiesel lower, which shows negative NPV. The maximum price for biodiesel is $0.8/kg and defines the NPV as 20,668,000 dollars, and 0.7 year is the payback period [78].








13.3.4 Biogas


Biomass is produced through photosynthesis and contains recoverable energy in its components. Anaerobic degradation of biomass produces biogas. In the renewable sector, biogas is an emerging imperishable fuel. Raw biogas typically contains methane (50–60%), CO2 (30–40%), H2S (0.1–3% v/v), and traces of N2, H2, and Moisture. The higher CO2 and H2S in raw biogas composition results in a poor calorific value and Wobbe Index [2]. It also has problems with gas storage, injecting into the existing natural gas grid, transportation, and distribution in gas pipelines since raw quality gas can never be an economical and feasible solution for sustainability. Therefore, purification of raw biogas to biomethane or CBG is required [79]. The potential of biomethane production from various sources was estimated at 62 million tons per annum.






Table 13.12 Biogas specification in various countries.








	Specifications

	Country






	Germany

	France

	Switzerland

	Sweden

	Austria

	Netherlands










	Methane (vol %)

	-

	-

	>96

	>97

	96

	-






	Carbon dioxide

	< 2.5 (mol %)

	< 6 (vol %)

	< 6 (vol %)

	< 4 (vol %)

	< 3 (vol %)

	< 6 (mol %)






	Carbon monoxide (mol %)

	< 2

	-

	< 0.5

	-

	-

	< 1






	Oxygen (vol %)

	< 100 ppmv

	< 0.5

	< 0.5

	< 0.5

	< 1

	< 0.5






	Hydrogen (vol %)

	< 6

	< 5

	< 4

	-

	< 4

	< 12






	Hydrogen Sulphide (mg Nm3)

	< 5

	< 5

	< 5

	< 10 ppm

	< 5

	< 5






	Mercaptans (mg/Nm3)

	< 6

	< 16

	< 5 ppmv

	-

	< 6

	< 10






	Total Sulphur (mgS/Nm3)

	< 30

	< 30

	< 30

	< 23

	< 10

	< 45






	Water (at dew point)

	< -5 °C

	Ground temp.

	Ø < 60%

	< -9 °C at 200 bar

	< -8 °C at 40 bar

	< -10 °C at 8 bar






	Wobbe Index (MJ/Nm3)

	48.24 – 56.52

	46.1 – 56.5

	47.9 – 56.5

	44.7 – 46.4

	47.7 – 56.5

	43.46 – 44.41






	Calorific value (MJ/Nm3)

	38.52 – 46.08

	30.2 – 47.2

	38.5 – 47.2

	-

	38.5 – 46.0

	31.6 – 38.7









France: National guidance; Germany: Standards DVGW (Deutscher Verein des Gas- und Wasserfaches); Switzerland: Directive SVGW (Swiss gas and water industry association); Sweden: Standard SS (Svensk Standard); Austria: Directive OVGW (Österreichische Vereinigung für das Gas- und Wasserfach).








Table 13.13 Biogas standard according to IS:16087 (2013).








	S. no.

	Component of biogas

	Values

	Test methods










	1

	Moisture, ** mg/m3

	16

	IS 15641 (P:2)






	2

	Total Sulphur (including H2S), ** mg/m3

	30.63

	ISO 6326-3






	3

	O2, ** (% by volume) (v/v)

	0.5

	IS 15130 (P:3)






	4

	CO2**, (% by volume) (v/v when intended for filling in cylinder)

	4

	IS 15130 (P:3)






	5

	CO2, N2, O2, ** (% by volume) (v/v)

	10

	IS 15130 (P:3)






	6

	CH4, * (%)

	90

	IS 15130 (P:3)









*-minimum; **-maximum.




The upgradation process of raw biogas to biomethane or compressed biogas (CBG) is an optimal way to compete with the commercially available fuel and have significant potential in substituting fossil fuels. Biogas upgradation can be achieved based on several physical, chemical, and biological techniques. The techniques can be listed as physical/chemical/organic scrubbing, membrane/cryogenic separation, pressure/temperature/electrical swing adsorption, photosynthetic biological upgradation, microbial methane enrichment, and bioelectrochemical systems [80, 81].


Most nations have enacted biogas fuel quality standards, stipulating that biogas composition must contain at least 96 percent methane and less than 6% CO2 [2]. Various countries have different biogas specifications as shown in Table 13.12 [82].


In India, the Bureau of Indian Standard (BIS) has also formulated the new biogas standard IS:16087(2013) for its utilization in vehicles Table 13.13 [83].




13.3.4.1 Biogas Analysis


A portable gas analyser can be used to measure the biogas composition consisting of CH4, CO2, O2, and H2S in raw biogas and upgraded biogas (biomethane) at the production site [84]. A detailed investigation of biogas composition can be analysed based on the standard laboratory procedures using the Gas Chromatography (GC) method. Gas Chromatography is a method of analysis for separating the components of a gas mixture. In the gaseous phase, GC physically separates and measures distinct components of a mixture using a detector whose signal is analysed. An introduction unit, a separation unit, and a detector are the three major components of a chromatograph. The separation unit is made up of one or more chromatographic columns into which carrier gas flows and samples are injected. Components can be subjectively recognized by their retention duration and quantitatively quantified by comparing their detector response to that of the same or a comparable component in a calibration mixture under defined and controlled operating circumstances. The analytical method of GC (gas chromatography) and GC-MS (gas chromatography–mass spectrometry) (GC-MS) can be used to determine the detailed volumetric composition of biogas and biomethane, which will include H2S, CO2, N2, CH4, NH3, other sulphur compounds, VOCs (Volatile organic compounds), Halocarbons, C2 + (Volatiles), Aldehydes, and Ketones [84–86].






13.3.4.2 Wobbe Index (WI)


The Wobbe Index is a metric used to determine the amount of energy released by different fuel gas compositions during burning. If two fuels have the same WI, their energy output will be the same at the same pressure and valve settings. The Wobbe Index is an important element in reducing the impact of fuel gas supply variations and it may be utilized to improve the efficiency of your burner or gas turbine applications. It is a significant characteristic for vehicle/engine functioning because it closely correlates with the engine’s indicated power output. It is the most used parameter for determining fuel gas interchangeability and it is generally stated in gas supply and transportation utility regulations. On gas-fired engines and turbines, this may result in rich gas firing, which would result in CO generation, soot formation, and ignition issues. Burner combustion instability, with possible flame lift and higher CO emissions, may result from a drop in the Wobbe Index in supply gas. As a result, the Wobbe Index has become a critical indicator of gas interchangeability that is now included in nearly all international gas quality requirements. The Wobbe Index for various countries lies in the range from 38 to 58 [86].
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13.3.4.3 Environmental Sustainability and Techno-Economics of Biogas


Biogas-generating systems have contributed to carbon sequestration by reducing woody biomass removal as a fuel source. It also helps to improve soil fertility by reducing the amount of manure and crop residue by providing nutrient-rich bio-slurry fertilizer. The production of chemical fertilizers, particularly urea, is an energy-intensive operation. The global average rates of GHG emissions from the manufacturing of urea and DAP have been determined to be 1.0 kg and 0.6 kg of CO2 per kg, respectively, as stated in IFA (Integrated Farm Assurance) Standard. As a result, in the 2013/2014 crop production year, 2.6 t of CO2 was able to be lowered by simply reducing 1.6 t of DAP (Di-ammonium Phosphate) and Urea each [87]. CO2 emissions per kilometer of driving for gasoline, diesel, and natural gas are projected to be 164 g CO2-eq./km, 156 g CO2-eq./km, and 124 g CO2-eq./km, respectively and natural gas vehicles can reduce GHG emissions by 24% when compared to gasoline [88]. Following the Renewable Energy Directive, biomethane generation from municipal waste and usage as a vehicular fuel results in a GHG reduction of 73% when compared to a conventional fossil fuel comparison of 83.8 g CO2-eq./MJ [88].


Shafiei et al. [89] have carried out a techno-economic feasibility study on biogas generation using wheat straw and paper tubes, with and without pre-treatment. They estimate the cost of building a biogas plant with a feedstock capacity of 0.2 MT/year is 56.4 million euros and accessed that this methane generation facility can produce 36.8 million Nm3/year of methane, with a cost of 0.56 euros/m3. Kabir et al. [90] produces biogas by pre-treating forest waste and the pre-treatment processes for methanol, acetic acid, and ethanol were addressed. They estimate the production costs for methanol, ethanol, and acetic acid were 60.5, 59.4, and 56.7 million dollars, respectively, with a 0.002 MT/year capacity. Cavaignac et al. [91] have conducted the techno-economic viability by employing chemical biogas upgradation. Upgradation was carried out using methyldiethanolamine (MDEA), diethanolamine (DEA), and diglycolamine (DGA). They also estimate the total capital cost for the DGA technique was $3,128,651.3, whereas the total capital cost for the MDEA-DEA approach was $3,484,418.3. On a molar basis, the biogas utilized in the process contains 57.29 percent CH4, 38.2 percent CO2, 4.5 percent N2, 0.001 percent CO, and 0.009 percent H2S with a mass flow rate of 1947.11 kg/h [37].












13.4 Conclusion


Quality control and quality assurance must be a definite part of biofuels in the production plant to achieve the required quality of biofuel. Environmental analysis shows that biofuel has lower GHG emissions and lower impact on the environment. Different regions have different standards due to variations in geographical location and atmospheric condition as the biofuel depends on the nature of feedstock. Not much variation can be seen in quality of bioethanol and biogas as the final product is not dependent of feedstock, but in the case of biodiesel, the results show that different types of biodiesels can be produced from different types of feedstock. Also, to increase the capacity of biofuels, waste should be managed both in rural and urban areas by the government or by the governing authorities. This chapter concludes that good quality biofuels are a viable option as a renewable source of energy.
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Abstract


Switchable-polarity solvents (SPS) or “reversible ionic liquids” usually change their polarity from lower to higher when applied with a trigger such as acids, oxidants, CO2, etc. Among all, CO2 is a non-toxic and eco-friendly trigger to synthesize the switchable materials. These CO2 triggered SPS also find application in the extraction of bio-oils from the organic bio-masses. Due to their non-toxicity, low volatility, and reversible polarity, these are viable solvents for bio-fuel extraction. SPS like N-ethylbutylamine (EBA) and dipropyl amine are used for extraction of bio-oil from microalgae. SPS also acts as recyclable capture-electrolyte media for CO2 capture to produce syngas. 1, 8-Diazabicyclo [5.4.0] undec-7-ene (DBU), another switchable solvent undergoes transesterification directly to produce biodiesel.


On the other hand, supercritical fluids are also reported as an excellent media to extract bio-fuels from biomasses that are potential and renewable feedstock for production of bio-fuels. In fact, super-critical carbon dioxide (SC-CO2) with an azeotropic mixture of co-solvents (Hexane + Ethanol) is utilized for the extraction of algal bio-oil. Moreover, supercritical ethanol as a solvent assisted the hydro-liquefaction of sugar cane bagasse to produce bio-fuel. This review outlines the various roles of SPS and supercritical solvents for the extraction of bio-fuels. Moreover, the recent developments and the current and future prospects have been covered in order to provide the basic fundamentals of these solvents in today’s society.


Keywords: Switchable polarity solvents, CO2 triggered switchable material, supercritical fluid, bio-masses, biofuel






14.1 Introduction


Nowadays, the use of fossil fuels has become an integral part of daily life as these are the source of energy for various activities. Such activities add up to the global CO2 emissions which are a serious concern world-wide. Our dependence on such fossil fuels has led to an increase in their consumption as well as in their cost. Therefore, continual efforts are being made by researchers to discover new alternative fuels that are ecofriendly, economical, and abundant. Recently, it has been reported that bio-fuels are “future fuels” and can be the most promising alternative to fossil fuels [1]. It has been reported that bio-fuels are advantageous over fossils as it minimizes the threat of atmospheric CO2 emissions and can be adopted to transportation systems without any change in engine designs [2]. These bio-fuels have been reported as an efficient and potential fuels over the conventional fossil fuels and have procured the attention of researchers across the globe [3]. They are considered to be a greener choice for the transportation industry and minimize the threat of global warming. The algal biomasses, due to their rich oil content, are better feedstocks for the generation of biofuel. They also reduce the concentration of greenhouse gases in the atmosphere [4]. These extractions of bio-oils can be done by two common methods, namely organic solvent extraction and super-critical solvent extraction. However, the first mentioned method has a limitation. As organic solvents possess toxicity and high flammability, recovery of solvent is yet another major issue [5]. In this regard, the CO2 triggered switchable polarity solvents have attracted attention due to their reversible nature and better separating efficacy in the chemical processes [6, 7]. Switchable-polarity solvents (SPS) are solvents that usually change their polarity from lower to higher when applied with a trigger such as acids, oxidants, CO2, etc. Such solvents were revealed by Jessop and his coworkers and can reverse their polarity by addition and removal of CO2, as shown in Figure 14.1.


They concluded that solvent polarity can be switched between polar and non-polar using CO2 and N2 at 1 atm pressure in the reaction mixture [8, 9]. Thus, these SPS are of great importance as reaction media in chemical reactions and extractions involved in multi-step processes where solvents are specifically required in a particular step of a reaction [10]. In this way, they minimize the use of many organic solvents for various steps in a chemical reaction that are usually toxic and reduce the environmental impact [9, 10]. On the other hand, super-critical solvent extraction proved to be a more promising and greener method for the extraction of bio-oils [11]. Super-critical solvents possess unique properties such as being ecofriendly and cost-effective due to easy production, heat and mass transfer, high separating efficiency, and easy solubilization of materials to their super-critical fluid densities [12]. The use of supercritical solvents is an efficient and safe method for the extraction of bio-oils from algal bio-masses. For the same purpose, various super-critical fluids such as SC-CO2, ethanol, methanol, etc. have been investigated for the extraction of bio-fuels from bio-masses [13, 14].




[image: Schematic illustration of illustration of change in polarity of solvent on addition and removal of CO2.]

Figure 14.1 Illustration of change in polarity of solvent on addition and removal of CO2.




With the persistent advancements in the CO2 triggered SPS and super-critical solvents technology, their roles in the extraction of bio-fuels is of great importance. This review has a principal aim, to come up with an outline of various CO2 triggered SPS and supercritical solvents used in extraction of bio-oils to help the researchers to investigate and modify the new solvents for better extraction of bio-oils and use them as fuels to minimize the dependence on conventional fossil fuels.






14.2 Role of Solvent during Bio-Fuel Extraction


The extraction of bio-oils from the bio-masses requires the use of organic solvents. The use of such solvents is a matter of concern as they are a threat to the environment due to their high toxicity. Therefore, the use of SPS and supercritical solvents is proved to be most promising in this regard [15]. Unlike organic solvents, these are environmentally safe and do not require other additional solvents for their recovery after use. Jessop and his coworkers in 2005 first reported the role of CO2 triggered SPS in this domain. CO2 triggered SPS proved to be an excellent reaction media for bio-fuel extraction and solvent separations, especially in multi-step chemical reactions [16]. As these SPS efficiently transform their polarity from low to high with the application of a CO2 trigger. Bio-fuel extraction from the bio-masses involved a number of steps in a chemical process where a specific solvent must be used in a step and has to be removed totally before proceeding to the next step. Thus, SPS has been raised to be cost-effective and energy efficient solvents for biofuel extraction [17]. Yet another efficient method for the extraction of bio-fuels is using supercritical solvents. Super-critical fluids are the solvents with temperature and pressure higher than their critical temperature and pressure (Tc & Pc). Super-critical fluids are better solvents for extraction of bio-fuels as it gives good yield of product as well as provides an ease of separation. They are non-toxic, non-hazardous, and eco-friendly solvents that increase the kinetics of reaction without the use of external catalysts. The only main concern while using these supercritical solvents is their operation at high pressure and high temperature that impose a great impact on the material quality [18, 19].






14.3 CO2 Triggered SPS for Extraction of Bio-Fuels


SPS are solvents that possess inter-convertible phases which differ from each other based on their properties such as polarity, solubilizing ability, composition, conductivity, etc. These properties makes them fit as solvents in chemical reaction and extraction procedures [20]. In 2005, Jessop et al., reported the first switchable solvent consisting of a 1:1 mixture of n – Hexanol and DBU (1,8-diazabicyclo-[5.4.0]-undec-7-ene). This non – polar equimolar mixture of DBU and n – Hexanol attains polarity when exposed to CO2 at 1 atm pressure at room temperature [9]. In general, SPS are amine/amidine (guanidine) or alcohol/amidine mixtures whose polarity can be switch by adding CO2 or N2. Such mixtures are suitable solvents for lipid/bio-oil extraction from algal bio-masses. It has been reported that the extracts from the algal bio-masses are being emulsified with the non-polar form of SPS. Table 14.1 is a summarized list showing the use of various switchable solvents for bio-fuel extraction processes. Lipids/bio-oils from the extract are solubilize in the non-polar form of SPS. At this stage, the CO2 is being induced into the reaction mixture that convert non-polar forms of SPS to polar forms, thus separating the bio-oil from the reaction mixture. In order to reutilize the SPS in the extraction and separation cycle, again a non-polar form is attained when CO2 is removed by adding N2 at this stage, as shown Figure 14.2 [21].






[image: Schematic illustration of bio-oil extraction from algal bio-mass using SPS.]

Figure 14.2 Scheme of bio-oil extraction from algal bio-mass using SPS.






Table 14.1 Various switchable materials used for extraction of biofuels.
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14.3.1 SPS for Production of Syngas


In 2018, Diaz et al. tested 1-Cyclohexylpiperidine (CHP) as a switchable material for the production of syngas. CHP proved to have potential and be an affable SPS for electrochemical reduction of captured CO2. CHP is known to act as a capture-electrolyte media and possess high CO2 absorption efficacy (189.63 g L−1 approx.) CHP also has properties like low volatility, high compatibility with polymeric systems, switchable polarity, and low membrane permeability [22, 23]. Diaz et al. used a buffer-layer-type cell for the electrochemical release and reduction of absorbed CO2. In this cell, water undergoes oxidation to produce O2 and H+ ions. The so-formed H+ ions react with [HCO3−] at the cathode to release CO2. The released CO2 was absorbed by CHP and electrochemically reduced. After reduction, the capture-electrolyte media can be recovered again. The syngas is obtained under the conditions of low temperature and pressure conditions [23]. The syngas produced is a most promising and efficient source for the production of bio-fuels as it undergoes fermentation to produce bio-ethanol commercially [24]. According to Diaz et al., Figure 14.3 shows the various gaseous compositions during the electrochemical reduction of captured CO2 for the synthesis of syngas at 25 °C along with 20 psig back pressure and 26 to 104 mA cm−2 as densities. It is worthy to note that the maximum concentration of CO was obtained at 78 mA cm−2 with the H2:CO ratio as 2.6, as shown in Figure 14.3. With an increase in the current there is an increase in the amount of CO2 evolved.
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Figure 14.3 Composition profile of syngas (H2 + CO) obtained at different current densities.




Furthermore, Diaz et al. explained that the low yield of CO at lower current densities is due to less availability of CO2 as its release is actually driven by H+ transfer from the anode and a heating effect developed near the surface of cathode that allows decomposition of the CHP–H2CO3 acid base pair. Whereas, at 104 mA cm−2, greater electrode polarization of the hydrogen evolution predominates over electrochemical reduction CO2 that can be the major cause for the decrease in the yield of CO [23]. Therefore, on the basis of concept and literature study related to high pressure electrochemical reduction of CO2, it can be concluded that the electrochemical reduction efficiency of CO2 is enhanced at high pressure [25].






14.3.2 SPS for the Production of Biodiesel


In 2019, Nguyen et al. used a switchable material, 1,8-Diazabicyclo[5.4.0] undec-7-ene (DBU) along with an alcohol for the extraction of bio-oil from wet spent coffee grounds [6, 26]. The extracted oil was separated out from the DBU–alcohol solvent when the reaction mixture was exposed to CO2. The addition of CO2 had induced polarity in the DBU–alcohol solvent and as a result, the bio-oil separated out. When the CO2 was removed from the mixture of polar DBU-alcohol solvent, it again regained its non-polarity. This makes SPS recyclable and reusable, as shown in Figure 14.4 [27, 28].


Due to the strong alkaline nature of DBU, bio-oils usually solubilize in alcohol during bio-diesel production [29, 30]. Thus, the use of DBU as a probable catalyst and solvent in direct trans-esterification of wet Spent Coffee Ground’s (SCG’s) is actually efficient and promising for biodiesel manufacturing [28]. In fact, the SCGs obtained from the coffee industry actually possess greater water content (> 70%), therefore there is a need for the direct trans-esterification of wet SCGs to minimize energy and time [31]. According to Nguyen et al., the reusability of DBU and transesterification of wet SCGs was carried out under optimal conditions. Later, the reaction mixture was bubbled with CO2 at a rate of 5 mL/min for nearly half an hour at 25°C and then accompanied by centrifugation at 6000 rpm. After centrifugation, the biodiesel was obtained in the upper layer and the remaining layer of the polar methanol–DBU mixture separates out. This methanol-DBU mixture was heated to 90°C and N2 (5 mL/min) gas was introduced for nearly one hour in order to switch into non-polar form. The recovered DBU can be added to a reaction vessel to instigate a new direct trans-esterification reaction. In fact, the yield biodiesel obtained for each reaction cycle was monitored. This suggests that the direct trans-esterification of wet SCG’s is potentially cost effective and ecofriendly method for the production of biodiesel [28].
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Figure 14.4 Scheme of concept of direct trans-esterification for production of bio-diesel.








14.3.3 SPS for the Production of Bio-Oil


In 2010, Samori et al. explored fresh water microalga, Botryococcus braunii, for the production of hydrocarbons that are excellent bio-fuels. B. braunii are known to have rich feedstock for liquid hydrocarbons. For the extraction of these liquid hydrocarbons they used a DBU/octanol mixture as switchable material along with conventional solvents such as chloroform, n – hexane, etc. The algal extract was treated with n-hexane and a 1:1 mixture of a non-polar DBU/octanol mixture. Later on, when CO2 was introduced, the non-polar DBU/octanol mixture turned polar due to formation of DBU-octyl carbonate. The homogenous mixture changes to heterogenous and the hydrocarbon layer floats over the ionic DBU-octyl carbonate layer. At this stage, the algal oil was separated out by adding n-hexane to it without mixing, followed by heating a DBU-octyl carbonate mixture. When the DBU-octyl carbonate mixture is subjected to heating and addition of N2, it converts to its non-polar form and is recycled back. The yield of hydrocarbons produced with a 1:1 mixture of DBU-octanol is 16 ± 2% of total hydrocarbons yield [32].






14.3.4 SPS for the Production of Bio-Oil from Antarctic Krill




[image: Schematic illustration of extraction of krill oil from Antarctic krill.]

Figure 14.5 Scheme of extraction of krill oil from Antarctic krill.




In 2020, Huang W. et al. investigated Antarctic krill because of its profuse biomass, high nutritive value, and large production potential. It has been reported that krill oil is a rich source of phospholipids (PLs) and poly-unsaturated fatty acids (PUFAs). A switchable solvent N, N-dimethylcyclohexylamine (DMCHA) that can reverse its polarity from non-polar to polar form in the presence of CO2 was used for the extraction of krill oil from frozen Antarctic krill as it proved to be a better method than traditional methods [33, 34], as traditional solvents such as acetone, chloroform, n-hexane, etc. were ineffective for Antarctic krill due to its major water content. Moreover, solvent recovery is yet another major issue. Instead of SPS, here switchable hydrophilicity solvents SHS were used due to the presence of water. The benefit of using SHS was that they do not form a bicarbonate salt as SPS do and they are cheap and more stable than SPS. One such SHS used in this process is N, N-dimethylcyclohexylamine (DMCHA) for the extraction of krill oil. DMCHA was selected as it is non-volatile, the least toxic, and has the least solubility (18g/L) [34]. DMCHA was used to extract the krill oil from the Antarctic krill. The krill oil was extracted when CO2 bubbled into the solution. Later, DMCHA was recovered by removing CO2 as shown in Figure 14.5.








14.4 Supercritical Solvents and Bio-Fuel Extraction


Super-critical fluids are being reported as wonderful solvents for the extraction of bio-fuels from the various available biomasses due to their low viscosity and manageable solvent power. Moreover, they are also considered as “Green Solvents” as they are non-toxic, cheap, recyclable, ecofriendly, and non-hazardous and thus create an opportunity for sustainable chemical processes. Some of such super-critical solvents have been enlisted in Table 14.2 along with their applications.




14.4.1 SC-CO2 in Extraction of Algal Bio-Oil


Algal biomass is actually considered as an unrealized potent feedstock for bio-oil extraction due to its expeditious growth, high yield, larger stock of bio-oil, and an exceptional property to minimize CO2 concentration in the atmosphere [43]. In fact, extraction of bio-oils from algae with (SC-CO2) is considered to be a well-grounded and secure alternative technology for the production of bio-fuel, as shown in Figure 14.6.


According to Patil et al. (2018), SC-CO2 is non-flammable, cost effective, eco-friendly and often regarded as a safe solvent with standard critical constants, i.e. Tc = 31°C and Pc = 7.38MPa. SC-CO2 is peculiarly capable for the dissolution of non-polar compounds which are is not easily soluble. The algal bio-oil extraction using SC-CO2 with an azeotropic mixture of (Hexane + Ethanol) solvents beholds a higher purity rate, no extra residual solvent, selective fractional distillation, and rapid and easy separation. Previously, co-solvents such as dichloromethane, ethanol, hexane, and methanol were also investigated for bio-oil extraction before the selection of an azeotropic mixture such as a co-solvent and it was found that the results were surprisingly different [42]. The investigation shows that SC-CO2 with dichloromethane, methanol, hexane, and ethanol produced nearly 10-12%, 12-15%, 13-15%, and 18-20% of total extracted algal bio-oil. On the other hand, an azeotropic mixture (hexane + ethanol in 1:1 ratio) under same conditions produced about 25-30% on total extracted algal bio-oil [38, 46].






Table 14.2 Applications of various super-critical solvents with involved techniques.
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Figure 14.6 Schematic of extraction of algal bio-oil using SC-CO2 and 1:1 mixture of n-hexane and ethanol.








14.4.2 Supercritical Ethanol as Solvent in Extraction of Bio-Oil from Sugarcane Bagasse


Chumpoo et al., has investigated the production bio-oil by the hydro-liquefaction of sugar cane bagasse using supercritical ethanol with water as an H+ donor taken in various proportions to reveal the conducive and optimal conditions for the extraction of bio-oil. In fact, the process of liquefaction using supercritical water or organic solvents, like alcohols and acetone, has drawn much attention towards supercritical fluid extraction [40] due to its less viscous nature and administrable power of the supercritical fluid as a solvent [47]. As compared to traditional process of liquefaction, these supercritical fluid extractions usually allow the facile extraction of extract (oil and solvent) from the leftover residual solid [48]. Later, the quality and quantity of the bio-oil/fuel obtained by direct liquefaction of biomass depends upon various factors such as type of biomass, catalyst, temperature, etc. Moreover, with the dispense of hydrogen during the liquefaction process the yield of bio-oil can be intensified [49, 50].


According to Chumpoo et al., the catalytic liquefaction of sugar cane bagasse was carried out in the reactor with supercritical ethanol or a supercritical ethanol/water mixture and FeCl3, Fe2S3, or FeSO4 as a catalyst [51]. The pressure in the reactor was maintained within the range by using hydrogen and then heated to a temperature of 250 to 330°C. After cooling down the reactor in the water bath, the products of the reactor were washed with acetone and this suspension underwent vacuum filtration. After that, this obtained filtrate was first evaporated at 50°C under reduced pressure to remove the solvents and then evaporated at 90°C for the removal of water contents, if any, during the liquefaction process and thus bio-oil with low volatility was obtained. Furthermore, the highest yield of bio-oil obtained was 89.8% at 330°C and 4.93MPa initial hydrogen pressure. Figure 14.7 shows the conversion of sugarcane bagasse by hydro-liquefaction and production of bio-oil at different temperature conditions to obtain a good yield [40].
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Figure 14.7 Effect of initial H2 pressure on bio-oil production, (gas + water) yields.










14.5 Challenges and Future Considerations


The CO2 triggered SPS proved to be most promising solvents in bio-fuel extraction and separation from the available bio-masses. Therefore, it finds applications in many of the above mention processes of bio-oil extractions, yet there are certain challenges and future considerations that should be noted. SHS are used when water is present as a medium. The use of SHS is more predominant in extraction and separation of bio-fuels as they contain tertiary amines with simple structure. However, SHS with amidine structure shows relatively low reactivity with CO2 as well as possesses complex synthetic routes. Hence, the choice of SHS as a solvent for the extraction process is often taken into consideration as the structure of SHS highly controls its reactivity rate with CO2. Moreover, before commercialization of SHS for biofuel extraction it is important to focus on its design, as these generally possess complex amines and amidines that increases the risk of environmental hazard. It has been reported SHS are very precarious with regards to level of eutrophication and toxicity when compared to conventional organic solvents such as n-hexane, benzene, etc. This can be possible by inserting eco-friendly functional groups in them to minimize their toxicity level. However, much less information is available in this regard. Thus, researchers should emphasize more on the insertion of functional groups in order to design ecologically sound SHS.


Subsequently, SPS such as ionic liquids are better solvents for bio-oils extraction and chemical synthesis and has much broader applications than SHS. Ionic liquids composed of two components such as a DBU/alcohol mixture are water sensitive and form solid bicarbonate salts with water. Most of the time, formation of solid bicarbonate is disadvantageous for the extraction procedure as this destroys the recyclability of the SPS. Therefore, this aspect has to be taken into examination. Nevertheless, the volatile tendency of alcohols in these two-component systems also hampers the activity of SPS and thus narrows down its practical use for extraction of bio-oils from bio masses. Thus, in order to improvise and enhance the applications of SPS in bio-fuel extraction, researchers should centralize more to design advanced switchable materials. Despite the major advancements in the field of SPS and their application in extraction and separation procedures, there are still some gaps that are yet to be filled.


Even supercritical fluids are also found to be promising solvents for Supercritical Fluid Extraction (SFE) technology as they are helpful for the easy separation of extract from the available biomass and are of utmost importance in the future as well. These are also considered “green solvents” due to their ecological benefits and specifically lesser energy consumption. Supercritical carbon dioxide (SC-CO2) and ethanol are solvents with wider applications because they are non-cancerous, the least toxic, non-flammable, and thermodynamically stable. Supercritical fluids are common to all extraction processes which are usually employed in nationwide chemical industries. They play versatile roles such as processing solvents and media for many chemical reactions or reactants. They also have limitations, i.e., SFE must be employed at high pressure to maintain the solvent in its supercritical state and therefore it requires higher costs. Moreover, some of the organic extracts (bio-oils) are temperature sensitive and may have a possibility to decompose at very high temperatures, hence supercritical fluid extraction cannot be useful in that situation and needs to be considered while using this SFE.








14.6 Conclusion


SPS are wonderful solvents for bio-fuel extraction processes. They are the potential solvents for green technology for the separation and extraction of bio-fuels from bio-masses. They are better alternatives to traditional organic solvents that are toxic to biodiversity. Even more, these reduce the cost of the chemical processes as a single solvent is sufficient for extraction and separation procedures due to their reversible polarity. The extraction of bio-fuels from bio-masses using SPS is a low cost, effective, ecofriendly energy harvesting method. It is practical to apply them for krill oil extraction from Antarctic krill, Syngas production, Biodiesel formation from wet spent coffee grounds, and much more, so these SPS are supposed to be potential solvents with great future scope.


In fact, the renewable energy is supposed to be a dynamic area of research that also includes bio-masses which are considered as feedstock for the production of bio-fuels such as bio-diesel, biogas, etc. Therefore, the principles of green chemistry must be integrated with the consumption of renewable resources to generate eco-sustainable generation of bio-energy. Supercritical fluid extraction follows these principles and thus allows nontoxic and non-carcinogenic solvent and catalyst utilization for generation of bio-fuel. In fact, more efficient potential techniques are intended to utilize the available feedstock of bio-masses as a source of renewable bio-energy.
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Abstract


Day-to-day depletion of oil reserves throughout the world and ever-rising prices of fossil fuels and their adverse effects on environment are the key factors which lead to pursuit for an alternate source of energy. Biofuels, particularly biodiesel, are an attractive renewable source of energy, which are generated from various biomass using a different extraction/conversion process like transesterification. Biodiesel production is heavily reliant on feedstock quality, process conditions, and efficiency of the catalyst. Different kinds of catalyst, e.g., homogeneous, heterogeneous, biological, and nano-catalyst, are extensively deployed for production of biodiesel. A catalyst’s efficiency depends on various factors like activity, selectivity, and catalyst stability. Homogeneous catalysts face one major hurdle, i.e., separation from the medium, while a heterogeneous catalyst can be conveniently detached from the medium. The approach of biocatalyst for biodiesel production is greener and gaining importance. At present, research is focused on the usage of nanomaterials as a catalyst for the synthesis of biodiesel. In this chapter, efficiency of numerous catalysts towards biodiesel production have been reviewed for various feedstock at varying reaction conditions. Optimum process parameters in terms of reaction time, temperature, alcohol to oil molar ratio, catalyst concentration, etc. have also been highlighted for maximization of biodiesel production. Catalysts used for extraction of bio-alcohol have also been reported.
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15.1 Introduction


As per the projections of the BP Statistical Review of World Energy 2020, oil with a 33.1% share in the primary energy mix stands first in the series, followed by gas (24.2%), coal (27%), renewables (5%), hydroelectricity (6.4%), and nuclear energy (4.3%) as of 2019. However, the percentage share of oil and coal decreased by 0.2% and 0.5% in 2019 as compared to 2018 due to the global pandemic, COVID-19 [1]. Coal and oil have been the dominant energy sources in India, growing threefold in three decades, [2] and are expected to remain so in the coming decades. However, the reserves of conventional fuels are limited in nature and are rapidly depleting at a fast pace. Currently, non-renewable fossil fuels, which are used to move products and services, contribute significantly to the world economy. Petroleum resources account for approximately 80% of the overall primary energy use. The transportation industry consumes 54% of these. The transportation sector’s energy usage is expected to increase [3]. Traditional transportation fuels, like gasoline or diesel, are costly and emit greenhouse gases into the environment, contributing to global warming and climate alteration [4]. As per the Energy Information Administration (IEA) study, global CO2 emissions hit 33.5 GT in 2018 with an estimated 2.3 million tons of CO2 emissions from fuel combustion in 2018 and India ranked third after China and the US in the list [5]. To reach the goal of zero carbon emissions by 2050, a drift from conventional to renewable is essential in all respects [1].


Internationally, an emerging energy trend, the reduction of existing fossil fuel reserves, a growing population, and alarming pollution have all diverted research toward the use of renewable fuels such as biofuels. Biofuels, by being eco-friendly, are potential alternatives to rapidly diminishing fossil petrol and diesel oil reserves and hikes in their price [6]. According to the International Energy Agency report 2019, biofuel production has reached 154 billion L all over the globe with an overall increment of 7% every year and is expected to increase to 25%, i.e., 190 billion L by 2024 [7]. Biofuels, particularly biodiesel and bioalcohol, are the most emerging energy source in the transportation sector. Several studies have been done in the field of biodiesel because it is an efficient, sustainable, renewable, socio-economical, eco-friendly, and climate neutral fuel [8–10]. Biodiesel, often symbolized as B100, is simply “mono-alkyl ester” as defined by the US National Biodiesel Board [11]. Biodiesel production is the focus point of research worldwide due to its revolutionary advantages. It has more cetane rating, a much more calorific value, higher boiling point, higher flash point, a low density, and most importantly, a high efficiency. Furthermore, it possess good lubricant qualities. Energy security, economic impact, and environmental repercussions are the main driving causes behind the global use of biodiesel [11]. According to statistics, Indonesia stands first in the race of biodiesel production with 7.9 billion L by volume, followed by US (6.5), Brazil (5.9), Germany (3.8), and India at the bottom (0.2) [7].


Transesterification is a frequently used technique for biodiesel synthesis. It is a chemical practice wherein raw materials like oil or fat, as well as a range of other feedstocks, are made to react with a suitable alcohol (most often methanol) in the existence of an appropriate catalyst of choice to yield fatty acid methyl ester (biodiesel) and glycerol. The type of the feedstocks and alcohol, the alcohol to oil molar ratio, reaction time and temperature, as well as the nature and composition of the catalyst are all known to influence the conversion of triglycerides to fatty acid methyl ester [4]. Transesterification can be carried out conveniently using food crops, edible oil, non-edible oil, municipal wastes, oleaginous microbes, algae, and microalgae [12]. The cost of feedstocks, especially edible oils, accounts for around 88% of overall biodiesel generation expenses [13].


Choice and nature of catalyst plays a critical part in biodiesel synthesis. This chapter highlights the use of different catalysts associated with biodiesel synthesis. Chemical (homogeneous and heterogeneous) catalysts, biological catalysts, and nanocatalyst have been found, developed, and experimented over time for oil or fat conversion into fatty acid methyl ester [12]. A homogeneous catalyst exhibits strong catalytic activity with high productivity and selectivity, but their costs are higher due to their homogenized nature and that they cause corrosion and are not tolerant to FFA and moisture content [14, 15]. On the contrary, heterogeneous catalysts provide an excellent solution to the issues encountered with the use of homogeneous catalyst. These are economical, recoverable, reusable, conveniently separable from the reaction medium, less corrosive, and are insensitive to fatty acid content, avoiding soap formation issues [3]. Furthermore, they show high catalytic activity and selectivity [16]. Major shortfalls of using heterogeneous catalysts include a higher alcohol to oil molar ratio along with higher reaction temperature and time and the need of a co-solvent [8, 17]. It has been found that deployment of a heterogeneous catalyst for biodiesel production costs 4-20% less than the homogeneous catalyst [17]. Meanwhile, a biological catalyst is a greener and eco-friendly approach for biodiesel synthesis. Biocatalysts are advantageous in many respects, such as they are selective with high efficiency, do not form soap, are recyclable, reusable, and flexible with low-quality or cheap feedstocks [17, 18]. However, long reaction time and slower reaction rate, high price and enzyme deactivation, and denaturation limit its commercialization on an industrial scale. Another trending catalyst for biodiesel synthesis is the usage of nanocatalysts. A drift towards the use of nanomaterials as a nanocatalyst for biodiesel synthesis has been seen in recent years due to their potential catalytic efficacy, which make them popular and most suitable for biodiesel production [19]. Nanocatalysts are highly stable and active, possess high activation energy, are selective with efficient surface area to volume ratio, recyclable, reusable, and environmentally friendly [16, 19]. However, high price of catalyst preparation and the requirement of excess alcohol are a few drawbacks associated with the use of nanocatalyst [12].






15.2 Biofuels


Biofuels are primarily solid, liquid, or gaseous fuels derived from biomass. Commonly employed biomass for biofuel production includes starch crops, lignocellulosic biomass, and oil plants [20]. According to the European Directives 2001/77/EC of 27 September 2001 and 2009/28/EC of 23 April 2009, biomass is demarcated as “the biodegradable fraction of products, waste and residues from agriculture (including plant and animal substances), forestry, aquaculture and related industries, as well as the biodegradable fraction of industrial and municipal waste” of a biological source [21]. Biofuels have a market share of more than 3% and have grown at a rate of 13%, about 6 times the entire energy demand in the transportation industry [22]. Biofuels production using various biomass feedstocks is the best way to recover energy [21], has undergone several improvisations over generations, and is categorized into four generations, 1G, 2G, 3G, and 4G, depending upon the feedstocks from which these are derived [12, 21, 23–25].




	➢ First Generation Biofuels
These are commonly referred to as conventional biofuels because they are derived from food or edible fractions of biomass such as vegetable oils, sugar, starch, and/or corn. Being ecological and economical, these are conveniently converted into biodiesel and bioethanol. However, these feedstocks are scarce and expensive like sunflower oil, rapeseed oil, palm oil, soybean oil, canola oil, etc.


	➢ Second Generation of Biofuels
Often renowned as advanced biofuels, they include lignocellulosic biomass/biomass waste from the agroindustry, forestry, animal, and municipal wastes such as sawdust, wood, etc. as raw material. It can be transformed into bio-diesel, methanol, or hydrogen via direct or indirect conversion. However, land scarcity and conflicts with the forest industry are a few major drawbacks to 2G biofuels. 2nd generation feedstocks include Jatropha oil, jojoba oil, mahua oil, Calophyllum, tobacco seed oil, etc.


	➢ Third Generation of Biofuels
It makes use of algal and microalgal oil for biofuel extraction. It is ecological, economical, and cultured conveniently with high output yield. Microalgae with higher photosynthesis capacity are excellent for biofuel production. Biodiesel, bioethanol, biogas, biobutanol, and biomethane can be produced efficiently using 3G biofuels.


	➢ Fourth Generation of Biofuels
This generation of biofuel involves genetic modifications or alterations in algae and microalgae oil extraction and processing technologies for better biofuel yield and CO2 sequestration. It combines technology pathways for secreting hydrocarbons such as pyrolysis, gasification, solar-fuel, and genetic modification of organisms.





Biofuels, notably biodiesel and bioalcohol (such as biomethanol, bioethanol, and so on), are attracting a lot of thoughtfulness across the world because they are a sustainable and renewable energy source that can be made from a broad range of resources.






15.3 Biodiesel


Biodiesel, a liquid fuel, is one of the most trending biofuels in the recent past and ongoing research. It is frequently termed as B100 or neat bio-diesel when utilized in pure form [26]. In terms of chemistry, it is actually a long chain of fatty acid mono alkyl ester produced predominantly via the transesterification process [27]. It is sustainable, biodegradable, sulfur free, benzene free, and ecological in nature [28]. Besides this, it can be stored safely [29]. However, high feedstock prices and inefficient production processes enhance biodiesel production prices, thereby causing hindrance to its commercialization [29, 30]. Biodiesel is frequently referred to as a “drop-in biofuel” because it can be fed either directly into diesel engines or blended with diesel in any proportion to achieve comparable efficiency in unmodified diesel engines. The term “B” factor is used to indicate the percentage blend of biodiesel with petrodiesel. B20, B5, and B2 denote a blend of 20%, 5%, and 2% biodiesel, respectively, whereas B100 denotes a pure form of biodiesel, i.e., 100% biodiesel [11]. Other parameters of paramount importance that decide the quality of biodiesel over petrodiesel include the following, as shown in Table 15.1. Biodiesel can be utilized in generating electricity, as a fuel in diesel vehicles and trains, as a substitute of kerosene, as a heating oil in residential and industrial buildings, and in boilers for steam generation [8].




Table 15.1 Physical characteristics of biodiesel over conventional diesel [8, 16, 31, 32].








	Fuel characteristics

	Biodiesel ASTM D6751

	Diesel ASTM D975










	Composition

	FAME (C12-C22)

	Hydrocarbon (C10-C21)






	Carbon Content (wt.%)

	77

	 






	Oxygen Content (by diff. wt.%)

	11

	0






	Hydrogen Content (wt.%)

	12

	13






	Calorific Value (MJ/Kg)

	37.3

	45






	Density @15 °C (g/cm3)

	0.86-0.90

	0.85






	Lubricity, max. (μm)

	460

	520






	Sulfur Content (wt.%)

	0.0-0.0015

	10






	Kinematic Viscosity @40 °C (mm2/s)

	1.9-6

	1.3-4.1






	Flash Point (°C)

	100-170

	60-80






	Cetane Number (CN)

	47-65

	40-55






	Specific Gravity

	0.88

	 






	Boiling Point (°C)

	315-350

	 






	Cloud Point (°C)

	-3 to 15

	 






	Pour Point (°C)

	-5 to 10

	 











Biodiesel is odorless and can be yellow, golden, or dark brown in appearance except when it is obtained from animal fat or vegetable oil. Pour point of a fluid indicates the lowermost temperature at which point a liquid can flow when it is cooled, while cloud point indicates the temperature at which the components of the fluid start to precipitate when it is cooled. On the other hand, flash point depicts the temperature at which the fluid vapors start to burn under normal pressure [8]. Cetane number gives an indication of the rate of combustion of diesel fuels and compression needed for its ignition. Fuels with high cetane number indicate short delay period in ignition in comparison to fuels with lower cetane number. It depends upon the feedstock used for biofuel conversion. For biodiesel obtained from vegetable oils, its CN lies between 46-52, while those obtained using animal fat ranges between 56-60 [31]. According to an estimate, biodiesel gives 40% to 90% extra energy than the energy supplied in the production [33]. However, its production and feedstock price using homogeneous catalyst leads to a rise in its price by about 1.5-3 times greater than the conventional petrodiesel fuels [34, 35]. To acquire 100% pure biodiesel of renewable sources, vegetable oil ethyl ester is generally favored [21]. Globally, around 95% of the biodiesel is generated using edible oils, which is a significant source of concern as the world is facing a food crisis [8]. Therefore, use of alternatives like waste cooking oils (WCO), non-edible oils, and most probably algal and microalgal oils should be encouraged for large scale economic biodiesel production. Use of edible oils (vegetable oils) costs about 70-95% more than the entire cost of biodiesel production, while using non-edible oils and waste cooking oil feedstock price can be controlled almost twice or three times [34]. Numerous procedures endeavored for the production of biodiesel include thermal cracking or pyrolysis, direct use or blending, microemulsions, catalytic cracking, and transesterification (alcoholysis). Out of these, transesterification has finally been approved as one of the best satisfactory processes for biodiesel synthesis [29, 36].


Biodiesel production is heavily reliant on feedstock quality, process conditions, and efficiency of the catalyst. Conventional feedstocks such as edible oils are appropriate for biodiesel synthesis but they cannot be regarded for long term usage as they compete with livelihood. However, unconventional feedstocks such as waste cooking oils, non-edible oils, microalgae, etc. can be considered for long term usage as they do not compete for livelihood. The content of free fatty acids (FFAs) is higher in these feeds, which creates complications during the transesterification reaction and also affects various fuel properties (cetane index, viscosity, calorific value, density, flash point, and oxidative stability), but this problem can be solved by using an appropriate ratio of oil and alcohol and an effective or ideal catalyst. Feedstock hybridization is a modern method that can significantly increase and improve the process for biodiesel production [37].






15.4 Transesterification Reaction


Transesterification is one of the most extensively recognized and used processes for biodiesel synthesis owing to its simple reaction technique, cost effectiveness, and high and qualitative throughput yield. In this chemical reaction, triglycerides found in vegetable oil or animal fat are made to combine with a suitable alcohol (methanol or ethanol is commonly used) to form fatty acid alkyl ester as a main product and glycerol as a side-product in the company of an ideal catalyst and desired reaction conditions [21, 38]. FAME produced during the course of reaction is in fact “Biodiesel”. Three moles of alcohol combine with one molecule of triglyceride to give three moles of FAME and one molecule of glycerol, respectively, according to stoichiometry. Hence, a 3:1 molar ratio is ideal for transesterification but for quantitative output it can be increased from 6:1 to 1000:1 [25, 39]. The aforementioned reaction proceeds through three sequential and consecutive reversible steps involving the formation of diglyceride (DG) in the first step, followed by monoglyceride (MG) in the second step, and glycerol (GL) in the final step along with ester [38]. It is displayed in Scheme 15.1.


Generally, methanol is employed during transesterification because it is readily available, cost effective, and is highly reactive compared to other members of the same class [40]. Because of the reversibility of the reaction, a surplus of methanol is necessary to push the equilibrium ahead. This reaction proceeds negligibly or does not proceed in the backward direction due to the formation of glycerol, which leads to a two liquid phase system [39]. An upper layer of methyl ester (FAME) and a lower layer of crude glycerol (heavier layer) make up the two liquid phase systems [25, 39]. The crude glycerol formed consists of organic compounds from vegetable oil, glycerides, glycerol, alcohol, catalyst, water, soap, and inorganic salts which are removed or separated by decantation, followed by purification to obtain pure biodiesel [25]. Efficiency of transesterification can be estimated through the ester content, which should be at least 96.5%. That means 96.5% of the oil present in the vegetable matter must convert to ester [41]. In order to produce fatty acid ethyl esters (FAEE), instead of methanol, ethanol is used but it is not readily available due to certain restrictions imposed on it. However, ethanol is obtained from renewable agricultural resources and has less environmental impact, while methanol is fossil based and has more environmental impacts [29, 30]. Depending upon the source of vegetable oil and alcohol used, the following esters can be found in biodiesel: stearic, oleic, linolenic, linoleic, erucic, palmitic, and caprylic [21]. Pre-treatment of the vegetable oils is mandatory to remove the free fatty acids (FFA) and other non-fatty components [10]. During transesterification reaction, the viscosity of the triglycerides (TGs) decreases remarkably, which is essential to feed it directly in a diesel engine [10, 42]. Various parameters influencing transesterification reactions include molar ratio of alcohol and oil, FFA and water content present in alcohol and vegetable oil, intensity of mixing (RPM), reaction time and temperature, reaction medium, catalyst type and its amount, reactant purity or raw oil selection and pre-treatment, choice and nature of alcohol, and product yield [21, 38, 43].




[image: Schematic illustration of scheme of 15.1.]

Scheme 15.1 Steps involved in transesterification reaction [39].




Undoubtedly, transesterification is a well-known process in lieu of bio-diesel formation, but there is still room where more research needs to be done. It includes identification of new renewable non-edible feedstocks for use as raw materials, optimization of the conventional technology along with development of new small-scale reactors, new and efficient catalyst, improvement of biodiesel oxidation stability, development of cold-flow property improvers, and valorization of glycerol [43]. Other than that, conventional oil extraction and refining processes lead to a rise in about 70% of the biodiesel synthesis cost. This can be overcome by employing in-situ concurrent oil extraction and the transesterification method [41].






15.5 Catalyst Used for Biodiesel Extraction




[image: Schematic illustration of flowchart of different catalysts used in transesterification reactions.]

Figure 15.1 Flowchart of different catalysts used in transesterification reactions [3, 15, 16].




The catalyst is a key factor that affects the kinetics and output of transesterification reactions [21]. The concentration and nature of the catalyst employed shows a vital role in the transformation of triglycerides to biodiesel [44]. However, the choice of a particular catalyst influences the variety and value (type and quality) of raw materials [45]. There are a broad range of chemical catalysts, biological catalysts, and nanocatalysts deployed extensively for biodiesel production via transesterification reaction. Chemical catalysts are classified as homogeneous (acid and base) or heterogeneous (acid, base, and bi-functional), while biological catalysts are mostly lipase derived [15]. Efficiency of all these catalysts depends on several factors like activity, selectivity, and catalyst stability. Figure 15.1 shows the flowchart of different catalysts used in transesterification reaction.




15.5.1 Chemical Catalyst




15.5.1.1 Homogeneous Catalyst


These are often regarded as the first generation of catalysts [14]. It is a straight forward catalyst with a faster reaction rate and high quantitative yield [19]. These are frequently utilized in industries due to their peculiar advantages [34]. In case of homogeneous catalyst, the reactant and catalyst are present in the same phase [14]. This creates a hurdle in its separation from the reaction mixture [15]. These catalysts dissolve readily in alcohol [46]. Various benefits and boundaries of using homogeneous catalyst are mentioned in Table 15.2. Different acid and alkali homogeneous catalysts used to catalyze transesterification reactions are discussed below.




Table 15.2 Benefits and limitations of homogeneous catalyst.








	Benefits

	Boundaries










	1.

	Readily available and cost effective [14, 47]

	Difficult to separate from the reaction mixture due to same phase [15]






	2.

	High catalytic activity [14, 47]

	Sensitive to purity of the raw material [47]






	3.

	Mild operating conditions [14, 47]

	Sensitive to water content and FFA in the reactants [47]






	4.

	Highly selective and efficient [15]

	Corrosive [14]






	5.

	High output in short duration [47]

	Non-reusable [48]















15.5.1.1.1 Homogeneous Base Catalyst


Common homogeneous alkali catalysts for transesterification reaction include potassium hydroxide (KOH), sodium hydroxide (NaOH), potassium methoxide (CH3OK), sodium methoxide (CH3ONa), and sodium ethoxide (C2H5ONa) [15, 19, 44, 45]. Out of all these, potassium hydroxide and sodium hydroxide are frequently practiced industrial catalysts, as these are less corrosive [49]. These catalysts are feasible with different kinds of oils, require mild operating conditions, are readily available, cost effective, and complete reactions in a short interval of time [19, 34]. NaOH is generally preferred because it dissolves easily in methanol, is inexpensive, only a small amount is required, has intermediate catalytic activity, and a high purity percentage, i.e., a high ester content [15, 36]. Apart from it, KOH is also frequently utilized due to its low cost, high yield in a limited time, moderate operating conditions, and good catalytic activity compared to NaOH. More importantly, it slows down the soap forming tendency and is conveniently separable from the reaction mixture or crude glycerol [8]. On the contrary, sodium methoxide (CH3ONa) presents several benefits over both NaOH and KOH due to their potential to dissociate into its component ions [44]. It is one of the most active and effective catalysts. It gives a high yield ˃ 98 wt.%, even in smaller amounts and duration (30 min) among all mentioned above [44, 49]. It is an expensive catalyst [45] and the necessity for the absence of water renders it unsuitable for normal industrial operations in which water cannot be totally avoided [49]. Also, it does not form water during the course of the reaction [44].


High moisture and fatty acid content are the two significant factors affecting the usage of alkali catalysts [34]. The high FFA content present in the reactant reacts with the catalyst to form soap and emulsion which deactivates the catalyst, slows down reaction rate, and increases difficulty during biodiesel purification [28]. On the other hand, high water content address to hydrolysis reaction of triglycerides and favor generation of fatty acids, as shown in Scheme 15.2. Both NaOH and KOH undergo soap formation which further decreases the rate of reaction [45], as shown in Scheme 15.3. Alkali catalyzed transesterification is most suitable for feedstocks containing ˂ 0.5 wt.% of FFAs [46] and its level should not exceed ˃ 3 wt.% [44]. Table 15.3, mentioned below, narrates the merits and demerits of using homogeneous base catalysts. A general mechanism of base catalyzed transesterification is depicted using methanol as alcohol and potassium hydroxide as the basic catalyst. The mechanism comprises of four steps, as shown in Scheme 15.4.






[image: Schematic illustration of scheme of 15.2.]

Scheme 15.2 Hydrolysis of triglycerides [8, 44].






[image: Schematic illustration of scheme of 15.3.]

Scheme 15.3 Saponification reaction in homogeneous alkali catalyze transesterification [8, 44].






Table 15.3 Merits and demerits of homogeneous base catalyst.








	Merits

	Demerits










	Fast reaction rate, mild operating condition [45], high catalyst activity [36], high conversion in short reaction time, less corrosive [49]

	Energy intensive [36], costly catalyst separation and purification of crude biodiesel, non-renewable [50], complicated downstream purification processing, undesirable soap formation, sensitive to FFA content [45]















15.5.1.1.2 Homogeneous Acid Catalyst


These catalysts provide few advantages over the base catalyst [19]. Hydrochloric acid (HCl), sulfuric acid (H2SO4), sulfonic acid (RSO3H), ferric sulphate [Fe2(SO4)3], organic sulfonic acid [18, 44] phosphoric acid (H3PO4) [15], and various others catalyze the transesterification rection. Among these, H2SO4 and HCl are widely used in transesterification [19, 34]. Sulfuric acid is a historical catalyst used to catalyze palm oil transesterification using ethanol [36]. Furthermore, sulfuric acid is one of the most active and efficient catalysts [8]. Sulfuric acid and hydrochloric acid are used to avoid the problem of saponification encountered while using an alkaline catalyst and are also insensitive to high FFAs content provided high temperature, extended time period, and higher alcohol/oil molar ratio [28]. Acid catalyzed transesterification must be performed in a hydrous system to elude carboxylic acid formation which could decrease the productivity of ester [8, 36]. Also, such reactions are carried out at higher temperatures with a massive amount of catalyst and the reaction rate is also very slow. For all these reasons, acid transesterification is generally not commercialized in the industry. These catalysts are unresponsive to FFA content ˃1 wt.% but are highly responsive to moisture content due to the occurrence of hydrolysis reaction [8].






[image: Schematic illustration of scheme of 15.4.]

Scheme 15.4 Mechanism of alkali catalyze transesterification reaction [8, 30, 46].




Alcohol/Oil molar ratio is a key factor along with reaction time and temperature governing an acid catalyzed transesterification reaction [18, 44, 46]. Keeping the molar ratio of alcohol/oil higher along with extended reaction time and temperature gives high yield [15]. A greater quantity of alcohol compared to oil drives the reaction in the forward direction, resulting in complete conversion. However, its concentration beyond an optimum level could increase price during downstream processing. So, maintaining the ratio between alcohol and oil judiciously along with the type of alcohol employed could result in higher yield. Generally, short chain alcohols like methanol (relatively pure and reactive) are selected compared to long chain alcohol as they require elevated temperature [36]. Table 15.4 mentioned below narrates the merits and demerits of using homogeneous acid catalyst. An overview of the mechanism of an acid catalyzed transesterification reaction is shown in Scheme 15.5.




Table 15.4 Merits and demerits of homogeneous acid catalyst.








	Merits

	Insensitive to FFAs in feed, concurrent esterification and transesterification, high yield, no soap formation [46], flexible with different feedstocks [18]






	Demerits

	Sensitive to water content, slow reaction rate (around 4000 times compared to alkaline catalyst), high alcohol/oil ratio, high temperature, longer reaction time [46], corrosiveness, separation and purification of catalyst from product is difficult [18], environmental issues [34], more concentration of free glycerol in biodiesel as per the limit mentioned in the international standard ASTM is one of the major limitations [36], it is not suitable for industry [8]
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Scheme 15.5 Mechanism of acid catalyzed transesterification reaction [9, 30, 46].




In a comparison between acid and alkali catalysts, a homogeneous alkali catalyst is suitable and mostly preferable over homogeneous acid catalysts for transesterification reaction [8]. Apart from that, a homogeneous catalyst presents several advantages, but due to its difficulty in separation from the reaction mixture and a few other issues, the need to search for other potential catalysts led to the discovery of a heterogenous catalyst. The effect of different parameters like type of homogeneous catalyst (acid or base) and type of feedstock (oil or fat) along with various operating variables, including temperature, reaction time, catalyst loading, alcohol/oil molar ratio, stirring speed and most importantly, the productivity, are investigated and summarized in Table 15.5.






Table 15.5 Effect of process variables in different homogeneous catalyst.








	Catalyst/support

	Vegetable oils and fats

	Alcohol types

	Reaction conditions

	Yield [%]

	Ref.






	T [°C]

	Alcohol/oil ratio

	Catalyst [wt. %]

	Time [h]

	Intensity of mixing [rpm]










	Homogeneous Base Catalyst






	KOH

	 

	Methanol

	58.30

	7.3:1

	0.5

	 

	 

	96

	[8]






	KOH

	Roselle oil

	 

	60

	8:1

	1.5

	1

	 

	99.4

	[3, 46]






	NaOH

	Waste frying oils

	Methanol

	50

	7.5:1

	0.50

	0.5

	 

	96

	[3, 36, 46]






	NaOH

	Cotton seed oil

	Methanol

	60

	6:1

	1

	1

	 

	97

	[3, 46]






	CH3ONa

	WCO

	Methanol

	65

	6:1

	0.75

	1.5

	 

	~96.6






	Homogeneous Acid Catalyst






	C2HF3O2 (Trifluoroacetic acid)

	Soybean oil

	Methanol

	120

	20:1

	2M

	5

	 

	98.4

	[3, 36, 46]






	H2SO4

	Zanthoxylum bungeanum

	Methanol

	60

	24:1

	2

	80 min

	 

	98

	[3, 46]






	H2SO4

	50% sunflower oil + 50% Soybean oil

	Methanol

	60

	6:1

	2.5

	3

	300

	96.6

	[8, 36]






	p-toluenesulfonic acid

	Corn oil

	Methanol with DME as co-solvent

	80

	6:1

	4

	2

	 

	100

	[36]






	H2SO4

	Used frying oil

	Methanol

	65

	3.6:1

	0.1

	40

	 

	79.3

	[8]






	H2SO4

	Ethanol

	 

	3.6:1

	0.4

	40

	 

	66.9






	TiO2/SO4

	Soybean and castor oils

	 

	120

	 

	 

	1

	 

	40






	AlCl3

	Canola oil

	Methanol with THF as co-solvent

	110

	24:1

	5

	18

	 

	98






	HCl

	Sunflower oil

	Methanol

	100

	 

	1.85

	1

	-

	95.2

	[18]



















15.5.1.2 Heterogeneous Catalyst


Heterogeneous catalysts can be recalled as a 2nd generation of catalysts as these overcome the conundrums associated with homogeneous catalysts and are of great importance for transesterification reactions. In heterogeneous catalysis, the reactant and catalyst (mostly solid form) are present in different phases due to which they can be recovered and reused conveniently [3, 51]. The term phase here not only relies on solid, liquid, and gas, but also includes immiscible liquids (oil and water) [10]. Glycerol produced using a heterogeneous catalyst in a transesterification reaction is significantly pure, with very little waste water produced [3]. These catalysts can be used more than once with optimum efficiency and can be employed with waste oils and fats [51]. It can be operated on a fixed-bed reactor [17, 52]. In a heterogeneous catalyzed transesterification mechanism, the reactants adsorb on the surface’s catalyst, primarily on the active positions, to form chemical bonds. The solid surface of the catalyst acts as the active site to continue the reaction. After the reaction is finished, the product is desorbed from the catalyst’s surface active sites and gets dispersed. In heterogeneous reacting systems, transport phenomenon and surface chemistry are essential factors [10]. Table 15.6 shows the characteristics and constraints of using heterogeneous catalysts in biodiesel production.




Table 15.6 Characteristics and constraints of using heterogeneous catalyst.








	Characteristic

	Constraints










	These catalysts are more economical [17] and readily available [34].

	Slow reaction rate and multi-step catalyst preparation route [44].






	These require mild operating conditions and yield in shorter reaction time with no by-products [8].

	Leaching of catalyst particle into the reaction medium [44].






	These are recoverable, reusable, non-corrosive, and possess long durability [17, 35].

	Higher alcohol/oil molar ratio along with high pressure and temperature [17, 35].






	These are highly selective catalysts [34, 35].

	Moderate conversion [35] and requires co-solvent [8].






	These are slow to greater FFA content in feedstock and water content and do not lead to soap formation [17, 35].

	Non-renewable, toxic, less ecofriendly due to the generation of spent water, and are overpriced [37].






	Product of the reaction mixture can be separated and purified conveniently [17, 35].

	Mass transfer constraint owing to the presence of three phase and needs well-mixing [17, 35].















Table 15.7 Significance and shortcomings of heterogeneous catalyst [45, 60].








	Heterogeneous catalyst

	Significance

	Shortcoming










	Base

		Fast reaction rate


	Mild operating conditions


	Easy product separation


	Reused & Regenerated



		Catalyst poisoning


	Sensitive to FFA and moisture content


	Soap formation and less yield


	Leaching effect








	Acid

		Tolerant to moisture content and FFA


	Concurrent esterification and transesterification


	Reused & Regenerated


	Easy product separation



		Complicated catalyst synthesis process


	Harsh reaction conditions


	Higher alcohol/oil molar ratio


	Leaching effect


	High energy intake








	Bifunctional

		Concurrent esterification and transesterification


	Easy product separation


	Tolerant to high FFA content



		Slow reaction rate


	Mild higher operating conditions













Heterogeneous catalysts are suitable for industry use and they can become more effective with alteration in their shape, structure, mechanical strength, and carrier stability [53]. A broad range of heterogeneous catalysts were scrutinized for biodiesel generation and are categorized into solid acid catalyst and solid base catalyst or Bronsted or Lewis Catalysts [33, 39]. The former is able to catalyze triglycerides via transesterification reaction, while the latter catalyzes the free fatty acid content via the esterification reaction [36]. There are also some other heterogeneous bifunctional catalysts that function as both an acid and a base and are effective at catalyzing both esterification and transesterification concurrently in a single vessel, dropping unit operations and intensifying the biodiesel formation by providing active acidic and basic spots on the catalyst surface [3, 52]. Significance and shortcomings of using different acid, base, and bifunctional heterogeneous catalysts are represented in Table 15.7.




15.5.1.2.1 Solid Base Catalyst


These catalysts overcome the limitations of homogeneous base catalysts to some extent. Like homogeneous base catalysts, these catalysts are also susceptible to feedstocks having high FFA and moisture content, as they indicate soap formation via saponification, resulting in difficulty during downstream processing and thereby reducing the yield of biodiesel [3].
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Scheme 15.6 General mechanism of heterogeneous base catalysed transesterification [10].




Basic heterogeneous catalysts are active [50], give high reaction rate, and can be studied at low temperatures in comparison to heterogeneous acid catalysts [54]. However, such catalysts can absorb moisture upon storage [46]. Catalytic surface area plays a major role in converting oil to alkyl esters. A study on the effect of surface area on basic heterogeneous catalyst reported that greater surface area could lead to greater conversion and higher yield of the product in comparison to smaller surface area as it leads to availability of more active places for reaction to occur. Surface area can be increased by using catalyst support or mesoporous silicate [10, 55]. A general mechanism of heterogeneous base catalyzed transesterification is revealed in Scheme 15.6. The solid base catalyst comprises of metal oxides/mixed metal oxides, hydrotalcites, zeolites, and biomass derived catalyst [3], as discussed below.




(a) Metal Oxide/Mixed Metal Oxide


Many metal oxides used to catalyze transesterification reactions comprise of alkali earth metal oxides and transition metal oxides. The former involves calcium oxide (CaO), magnesium oxide (MgO), barium oxide (BaO), and strontium oxide (SrO), while the latter includes zinc oxide (ZnO), zirconium oxide (ZrO2), and titanium oxide (TiO2) [8]. Alkaline earth metal oxides are highly reactive [3]. Positive cation in the metal oxide acts as a Lewis acidic site while the negative part, i.e., anion, acts as a Bronsted basic site. These basic sites are the active sites where the transesterification reaction takes place. So, the many surface active locations and the basic strength determines the efficiency of the catalyst. The catalytic activity of alkaline earth oxide catalysts is well acknowledged to be highly dependent on their preparation and corresponding surface topography and defect density [56]. Basic strength of alkaline earth metal oxides follow the sequence: magnesium oxide < calcium oxide < strontium oxide < barium oxide [25]. Magnesium oxide is faintly basic in nature and is poorly soluble in alcohol [8]. This limits its usage in FAME production [3]. However, upon coupling with ZnO its activity was enhanced and provided suitable reaction conditions [57]. Strontium oxide is rarely used or studied as it reacts vigorously with atmospheric moisture and CO2, producing SrCO3 and Sr(OH)2 [3].


CaO is one of the most preferred, widely used, and an excellent basic heterogenous catalysts due to its strong basicity, low solubility in methanol, longevity, higher catalytic activity, abundance, availability, mild operating condition, low cost in comparison to other basic catalysts for the same cause, and is not consumed in a reaction [10, 16, 44, 54]. It is environmentally benign, reusable, non-toxic, and has a low leaching effect [9, 58]. However, when exposed to moisture and free fatty acids, these are sturdily adsorbed on the surface active sites/basic sites, resulting in poisoning and deactivation of the catalyst. It can also be deactivated on exposure to atmospheric CO2 and moisture, as both these have an affinity towards catalyst basic sites. This problem can be avoided by performing calcination in an inert atmosphere which increases its price significantly [25]. CaO is actually synthesized from cheap sources like calcium carbonate (CaCO3) or calcium hydroxides [Ca(OH)2] upon calcination at different temperatures [42]. CaO can also be obtained from waste materials such as bone, ash, rice husk, marlstones, sea sand and shells of egg, snail, mussel, palm shell kernels, abalone, etc. [10, 46]. Rice husk and egg shells, being the source of SiO2 and CaO, are coupled and a hybrid heterogeneous catalyst is synthesized which proved to be more effective than CaO alone. CaO can also be used in modified form like calcium-based mixed oxides (Ca12Al14O33 and CaO) which are shown to have better yield [10]. A prerequisite factor before the use of CaO as a catalyst is that the FFA content in the raw material should not be high as it is quite sensitive to it. Several studies on CaO impregnated on silica or potassium acetate have also been conducted [55]. Use of CaO in combination with metal oxides (calcium-doped zinc oxide nanocatalyst) or heterogeneous nanostructured metal oxide catalyst provides superior catalytic activity, stability, yield, and is conveniently separable [59].


Transition metal oxides like ZrO2, TiO2, and ZnO are highly acidic in nature and can catalyze both esterification and transesterification reactions simultaneously due to their adequate stability, superior catalytic activity, and prompt availability, but are overpriced and face difficulty in filtering the small catalyst particles [3, 8]. Apart from that, these catalysts require high temperature and long reaction time [60]. Zinc oxide (ZnO) is a stable, reusable, readily available, low cost, and environmentally safe catalyst that shows low catalytic activity and basicity due to which it is not employed widely but can be used as support either with alkali metals or upon doping in metal oxides to form an efficient heterogeneous basic catalyst with enhanced catalytic activity for transesterification [59]. Zirconia and lanthanum are rare earth elements and are therefore expensive for biodiesel production [44]. Manganese and Titanium oxide (MnO, TiO) with moderately basic nature shows good activity [56]. Fluorides of alkali metals are basic and get mixed with heterogeneous catalysts easily due to their homogeneous behavior and can support other catalysts like KF/ZnO, KF/CaO, and KF/Zn(Al)O [46].


A solid mixed metal oxide catalyst is created by combining the oxides of two or more metals. This is done to expand the surface area, raise the strength of the acid and base, and enhance the strength of the metal oxide [61]. A wide range of mixed metal oxides were studied for biodiesel formation, including CaO-MgO, CaO-ZnO, CaO-La2O3, and MgO-ZnO. These catalysts are highly basic in nature and possess high density [9]. Transesterification using mixed metal oxides provides large surface area owing to very tiny particle size in comparison with individual metal oxide catalysts. CaO-ZnO as a catalyst, being the mixture of Ca and Zn metal oxides, provides good yield of biodiesel [9] and can be used more than once up to 3 times with productivity greater than 90% [8].






(b) Hydrotalcite


Hydrotalcite is an anionic and basic clay or layered double hydroxide with the common formula [Mn2+Mm3+(OH)2(n+m)]m+[Ax-]m/x.yH2O, where M2+ and M3+ represent divalent (Mg2+, Zn2+etc) and trivalent (Al3+) metal ions, respectively, and Ax- represents an anion (SO42-, Cl- etc.) with x varying in the range of 0.1-0.5. Hydrotalcites are known for their superior performance and tunable basic strength that can be adjusted by varying the ratio of the catalyst (Mg/Al) [3, 16]. These are highly active and tolerant to moisture [56]. Major shortcomings of hydrotalcites include their responsiveness to FFA and water content in the feed material, as well as their non-homogeneity [16]. Furthermore, these catalysts are activated at high temperatures [55]. An experimental report claimed that the size of the crystal structure of hydrotalcite prepared via urea method is greater and possesses high catalytic reactivity with FAME conversion up to 90.30% in comparison to metal oxides. Along with the size of hydrotalcite, calcination temperature is also known to effect the catalytic activity. Hydrotalcite catalyst calcined at a temperature of 550°C gives excellent catalytic activity [3]. Different hydrotalcite used to catalyze transesterification include Mg-Al HT, Zr doped Mg-Al HT, K-loaded calcined Mg-Al HT [16], Li/Al HT [15], Mg/Al-CO3, K/Mg-Al HT, Zn-Al HT, and KF/Ca-Al and Zn5(OH)8(NO3)2.2H2O [3].






(c) Zeolites


Zeolites are mainly crystalline solids that are microporous and contain silicon, aluminium, and oxygen in their structure [34]. They have uniform-sized pores that absorb selective molecules that fit best in them, thereby wiping out larger molecules. These are shape selective and strongly acidic in nature. Zeolites can exist in a range of structural morphologies provisional to the preparation method and reaction parameters, such as pore diameters, Si/Al molar ratio, and proton exchange levels [3]. Modification in the size of the pores, the dimensionality of the channel system, and the aluminium concentration of the zeolite framework all have a significant impact on its catalytic activity [62]. Also, they possess high surface area and novel sieving properties [19] due to which they are extensively deployed in biodiesel synthesis. Zeolites are often synthesized into micrometer-sized crystals, resulting in a small exterior surface area and its micro-porosity characteristics provide stronger diffusional limitations [63]. In order to improve the efficacy of zeolites far more, research is now focused on developing efficient nanozeolites. Nanozeolites are hydrophobic, possess strong acid sites and basic sites, thermally stable, superior peripheral surface area, and diffusion potential in both organic and aqueous reaction mediums due to which they are able to catalyze transesterification with high catalytic potential and are tailor made [19, 64, 65].






(d) Biomass Derived Materials


A catalyst with biomass derived waste material for biodiesel generation is gaining pace with time and attracting researchers due to its uniqueness as a rich source of carbon, sustainability, and being economical [3]. These can be derived from biological resources or industrial waste [61]. Biomass derived materials as heterogeneous catalysts can significantly reduce or simplify catalyst preparation steps, thereby reducing cost, and are more economical. These are environmentally safe, renewable, inexpensive [51], and abundant [3]. Utilizing waste derived materials or biomass is a greener approach for biodiesel synthesis. Biomass derived carbon materials are specifically known for their porous nature and high surface area after little modification can be efficiently utilized to catalyze transesterification of plant-based oils [66]. Different biomass or waste-derived materials that can be used to synthesize a greener catalyst for transesterification, including date pits (a by-product of date fruit processing) [66], animal tissues and bones [51], waste shells (eggshell, mollusk shell, and other sea shell), biomass ash [3], etc.








15.5.1.2.2 Solid Acid Catalyst


Heterogeneous acid catalysts are renowned for carrying out both esterification and transesterification concurrently, even in very low quantities utilizing cheap feedstock [18, 34, 60]. These catalysts are tolerant to high FFA content in feedstocks, which is a significant challenge for heterogeneous basic catalysts [54]. These do not require any pre-treatment and reduce the water washing step for biodiesel purification and give higher biodiesel productivity. Moreover, they can be simply isolated from the reaction medium, recycled, and further used [34]. However, these are corrosive to a smaller extent [34], show less activity [44], and require high temperature for complete conversion [60]. Slow reaction rates along with the formation of unwanted side products limits its usage [18, 34, 60]. These are easy to prepare but their production price is high and can undergo deactivation also [67]. Moreover, such catalysts undergo a leaching effect which can reflect in catalytic deactivation [68]. Solid acid catalysts are preferred to change liquid catalysts, thereby eliminating corrosion, separation, and environmental impacts [44]. Because of the availability of acid positions with varying degrees of Bronsted or Lewis acidity, heterogeneous acid catalysis has been deemed more active than homogeneous acid catalysis [61]. An ideal heterogeneous acid catalyst should have a network of interconnected big pores, a medium to high concentration of robust acid sites, and a hydrophobic surface [34]. A general mechanism of heterogeneous acid catalyzed transesterification is shown in Scheme 15.7. Various heterogeneous acid catalysts explored and developed overtime for use in transesterification comprise of ion exchange resins, mixed metal oxides, sulfated catalysts, and sulfonated carbon-based catalysts.
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Scheme 15.7 Acid catalysed transesterification mechanism [10].






(a) Metal Oxide/Mixed Metal Oxide


Metal oxides’ positively charged cation and negatively charged anion provide catalytic positions in lieu of methanolysis in the course of transesterification. The cleavage of the O-H bond generates hydrogen ion and ethoxide, which assists in the reaction of triglyceride molecules with methoxide anions to synthesize fatty acid methyl esters (FAMEs). Oxides of titanium, zirconium, and zinc (TiO, ZrO and ZnO) have gained importance in FAME conversion [69]. Various other mixed oxides as a catalyst for transesterification include VOPO4.2H2O, Al2O3/PO43-, Al2O3/TiO2/ZnO, Al2O3/ZrO2/WO3 [69], Nb2O5/SO4, SO42-/ZrO2, SO42-/SnO2-SiO2, SO42-/TiO2-SiO2, SO42-/ZrO2-Al2O3, FeH28NO20S2, Fe2O3-MnO-SO42-/ZrO2, Fe2(SO4)3/C, Fe2SO4, CaO/Fe2(SO4)3, Li-CaO/Fe2(SO4)3 [68], Fe2O3-SiO2, ZnAl2O4/ZnFe2O4, SnO2-SiO2, Fe-Mn-MoO3/ZrO2, WO3-SnO2, WO3/AlPO4, Zr-Mo, FMWMo [3], etc. Different metal oxides that can be used as a carrier for the enhancement of solid acid catalyst include ZnAl2O4, ZrFeTiO, K/TiHT, Ca2Fe2O5-Fe2O3, and ferric manganese doped sulfated zirconia nanoparticles [10]. Higher oil conversion is observed in the case of alumina assorted with titanium oxide (TiOX)y(Al2O5)1-y, zirconium oxide (ZrOx)y(Al2O5)1-y, and antimony oxide (SbOx)y(Al2O5)1-y [69].






(b) Ion Exchange Resins


An ion exchange resin is a solid, inexplicable substance that can both hold and release ions at the same time. It has distinct functional groups that are responsible for ion permutation [3, 55]. Resins are classified as cationic or anionic owing to their degree of cross-linking and functional groups. One of the most vital aspects of the resin-based catalyst is that it is easy to recover from liquid mixtures using simple procedures and that it is active at low temperatures [3]. Ion-exchange resins are macro-porous unsolvable polymers that can interchange specific ions inside the polymer with ions in a solution or reaction medium [34]. The insoluble structure facilitates ion diffusion, thus the solid must have a fixed ionic charge, known as a counterion. While there is a movable ion with an opposite ionic charge to the stationary ion, the structure achieves electrical neutrality. The resin is a cation exchanger if it contains a fixed anionic insoluble counterpart and the resin is an anion exchanger if the fixed charge is cationic [55].


Ion exchange resin is of greater potential than lipase enzymes and can be used to catalyze etherification, esterification, and transesterification reactions [70]. It can be conveniently separated and regenerated. When used in industry, it is not regenerated because it is more expensive than fresh resin. Ion exchange resins are divinylbenzene (DVB) and styrene copolymers comprising of sulfonic acid or quaternary ammonium functional groups on the copolymer backbones. Ion exchange resins are divided into two types: gel and macroporous resins. HPA25, PA306s, Diaion PA308, and Amberlyst A26 and A27 are a few of the anion exchange resin catalysts. Macroporous types of cation exchange resin catalyst for biodiesel synthesis include Lewatit K2629, Amberlyst 15, Amberlyst 16, Amberlyst 35, Lewatit K2640, and Diaion PK208LH, while gel type cation exchange resin catalysts include Dowex HCR-W2, Amberlyst 31, Lewatit K1221, Diaion SK1BH, and Diaion SK104H [71]. Analysis reports that anion exchange catalysts have substantially greater catalytic activity than cation exchange resins in transesterification [3, 70, 71]. Moreover, because of molecular sieve action, at low temperatures anionic basic resins are active and create fewer by-products [70]. The ion exchange capability, physical structure, and functional group of each ion exchange resin are all unique. All of these have an impact on response yield. Higher FFA conversion was attributed largely to an improvement in ion-exchange capacity [71].






(c) Sulfated Catalyst


These catalysts possess superior acidic property. Sulfated inorganic metal oxides are renowned for their chemical stability, high acidic strength, and their extraordinary acid-base and redox properties [3]. Sulfated zirconia (SO42-/ZrO2), tin oxide, zirconia-alumina [3], and titanium oxide (SO42-/TiO2) are several sulfated catalysts used in biodiesel production. Various others like Ce/ZrO2-TiO2/SO42-, TiO2/SO42- -(NH4)2SO4, and TiO2/SO42--H2SO4 have also been studied for transesterification reactions [16]. ZrO2 possesses superior surface acidity but gives less yield when used alone. However, sulfonated zirconia (SO42-/ZrO2) upon transesterification shows a good yield ˃ 85%. It shows that coating of the zirconia oxide surface with anions like sulphate and tungstate gives promising yield. Modifications in the external surface of the metal oxide increase FAME conversion. SO42-/ZrO2 undergoes leaching effect due to sulfate and can cause catalyst deactivation during liquid-phase transesterification. Also, TiO2 possesses superior acidic strength which is further improvised by the entering of the sulfuric group on its external site. The activity of SO42-/TiO2 catalyst is found to vary directly with the surface area. The SO42-/TiO2 catalyst operates at high temperatures and its reactivity can be further enhanced with the addition of a secondary metal like SiO2, which increases its specific surface area, producing SO42-/TiO2-SiO2 [34]. Major drawbacks associated with sulphated catalysts are their low activity, extreme reaction conditions, reusability issues, uneven pore size, and smaller surface area. These hurdles can be curbed with the use of mesoporous materials as they possess excess surface area and even pore size [3].






(d) Sulfonated Carbon based Catalyst


These catalysts are exploited for transesterification as they are biogenic, ecological, cheap, and chemically and thermally stable with unique surface chemistry. Aromatic compounds with incomplete carbonization in concentrated sulfuric acid and sulfonation of incompletely carbonized natural organic materials (sugar, cellulose) are both convenient ways to make sulfonated carbon acid catalysts. These catalysts can be derived from natural organic carbon matter, agricultural waste, carbon bearing wastes from industry and polymer resins, nanostructured carbons, and different carbon supports. Various catalysts of this category are biochar, SO3H-functionalised acidic carbon materials, sulfonated carbon, sulfonated sugar, sulfonated activated carbon, sulfonated multiwalled carbon nanotube, coal based solid acid, etc. [3].






(e) Heteropoly Acids (HPAs)


HPAs and their salts are commonly deployed in the production of bio-diesel [16]. These are complex proton acids made up of heteropoly anions with a basic unit of metal-oxygen octahedral [35]. Keggin structure of HPAs are usually preferred as they can be synthesized conveniently in comparison to others [16]. These catalysts are renowned for their superior moisture tolerant potentiality, super Bronsted acidity, catalytic activity, stability [34], flexible structure [56], and low operating temperature [72]. A common formula of insoluble HPA salts is y CsxH3-xPW12O40, where x differs between 0.9-3 [72], H8-xXxM12VIO40, and H8-x+nXxM12-nVIVnVO40 where Xx = SiIV, GeIV, PV, AsV; M = MoVI, WVI [35]. H3PW12O40, H4SiW12O40, H3PMo12O40, H4SiMo12O40 [34], Cs2HPW12O40, Cs2.5H0.5PW12O40 [72], Ag0.5H2.5PW12O40, H3PW12O40/Nb, and H3PW12O40/ZrO2 [35] are various heteropoly acids used in biodiesel synthesis. HPAs supported on carrier material (like12-tungstophosphoric acid impregnated on γ-Al2O3) are preferred because of their structural mobility and super-acidity [16].








15.5.1.2.3 Bifunctional Catalyst


Bifunctional catalysts have gotten a lot of interest because they have amphoteric properties and both basic and acid sites. These catalysts can catalyze both esterification and transesterification in a single step with less expensive feedstocks. These are cost effective and operate at mild reaction conditions [37, 61]. Such catalysts do not lead to soap formation and with negligible energy loss, it may be reused, recycled, and regenerated. [73]. The acidic part of the bifunctional catalyst promotes esterification reactions, while the basic part promotes transesterification reactions [52]. These catalysts can operate with feedstocks having greater FFA content without any pre-treatment for its removal [3]. It can act as an acid catalyst, base catalyst, or bi-functional based upon the reaction parameters and reactant type [16]. Furthermore, these catalysts may be adjusted to include the necessary catalytic features for decreasing the negative impacts of moisture in inferior grade feed materials and FFA in the course of biodiesel synthesis via transesterification [61]. The main obstacle in commercialization of heterogeneous catalyst is production cost which can be solved with the development and employment of a heterogeneous bifunctional catalyst [74]. Bi2O3-La2O3, CaO- La2O3, K/TiO2, MgO/TiO2, WO3/Zr, MCM-41, Sr/ZrO2, MnCeOX [61], Mo-Mn/γ-Al2O3, γ-Al2O3-CeO2, KAcZX, Mn@ MgO-ZrO2, HPA@ZIF-8, and AWS/SO42- (originated from bio-waste angel wing shell) [3] are various bifunctional catalysts used in transesterification reactions. A general mechanism of transesterification reactions via bifunctional catalyst is shown in Scheme 15.8. Table 15.8 depicts the effect of different operating parameters on acid, base, and bifunctional heterogeneous catalysts.
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Scheme 15.8 Mechanism of bifunctional heterogeneous catalyst [75].












15.5.2 Biological Catalyst/Enzyme Catalyst


Biological catalysts/biocatalysts or, more probably, enzyme catalysts are effective and greener catalysts and potential alternatives to chemical catalysts for biodiesel production. Biocatalysts can also be called a 3rd generation of catalyst and is a greener method of biodiesel synthesis [78]. These catalysts are probable solutions to the problems faced by using homogeneous and heterogeneous catalysts. Also, these catalysts provide an attractive pathway for FAME synthesis via transesterification reactions with quantitatively higher yields. “Enzymes are organic polymers formed by amino acids having active sites in their structure that allow them act as biological catalyst with high specificity” [9]. Enzymes are highly active catalysts abstracted from living organisms (micro-organisms, plants, and animals) and bring about chemical change or catalyze the reaction without undergoing any chemical change itself [16]. Biocatalysts are advantageous in many ways, including the fact that they do not form soap, are tolerant to FFA and moisture content, are thermally stable and selective, have a high efficiency, operate under moderate conditions, have convenient downstream processing of products, are reusable and recyclable, are flexible with low-quality or cheap feedstocks, do not produce side products, and are environmentally safe [3, 18]. However, long reaction time and slower reaction rate, high price, high amount of catalyst for complete conversion, and sensitivity towards alcohol, particularly methanol, can lead to deactivation of the enzyme and enzyme denaturation limits its commercialization on an industrial scale [17, 18, 36, 79]. The problem of enzyme deactivation can be solved by using a solvent, particularly hexane, which can significantly improve the solubility of methanol and glycerol, thereby eliminating the chance of deactivation [34], but at the expense of extra production cost [79]. It has been investigated that biodiesel synthesis in a solvent free medium results in decreased yield. Nevertheless, good yield in a solvent free medium can be obtained with the use of secondary alcohol such as isopropanol. It will also improve cloud and pour points of biodiesel fuel [34]. Enzymes possess the capability to bring about ˃ 90% of bioconversion, keeping a temperature range between 30-50°C [80]. Enzyme catalysis can be carried out in solvent mediums and solvent-free mediums [16]. Various parameters are known to effect biodiesel productivity or yield via enzyme or lipase catalysis, including feedstock quality, oil/alcohol molar ratio, choice of biocatalyst/lipase, alcohol and solvent, reaction temperature, moisture content, acyl acceptor, and reactor system [16, 81]. Mostly, tert-butyl is selected as an acyl acceptor [54]. An enzyme catalyst can operate with various feedstocks having high free fatty acid content (ranging between 0.5-80% [16]) such as waste oils, beef, or pork suet that can be conveniently used for the transesterification process by deploying an enzyme catalyst as it is directly converted to alkyl esters [46]. Purification, washing, and neutralization issues are not encountered while employing biological catalysts [36]. Characteristics and constraints of biological catalysts are shown in Table 15.9.






Table 15.8 Effect of operating parameters on different heterogeneous catalysts for FAME production.








	Catalyst/support

	Vegetable oils and fats

	Reaction conditions

	Yield [%]

	Reused (no. of times)

	Ref.






	T [°C]

	Methanol/oil ratio

	Catalyst [wt. %]

	Time [h]

	Intensity of Mixing [rpm]










	Heterogeneous Base Catalyst






	Zn-CaO

	Eucalyptus oil

	65

	6:1

	5

	-

	 

	93.2

	 

	[57]






	Mg-Al HT

	Sunflower oil

	60

	48:1

	2

	8

	 

	92

	 

	[3]






	Waste chicken eggshell catalyst

	Waste cooking oil (WCO)

	50

	10:1

	1.5

	3.5

	 

	91.42

	 

	[76]






	Snail shells

	Soybean oil

	28

	6:1

	3

	7

	 

	98

	8

	[46]






	CuO-CaO

	Moringa oleifera oil

	65

	0.3:1

	4

	2.5

	 

	95.24

	 

	[77]






	CZO (calcium-doped zinc oxide)

	Algae oil

	55

	25:1

	2.9

	3

	 

	99

	3 times with yield up to 76%

	[59]






	C2 (4wt. % CaO@Carbon)

	Date pits oil

	70

	12:1

	4.5

	2

	-

	98.2

	-

	[66]






	Heterogeneous Acid Catalyst






	Amberlyst A26 OH anion exchange resin

	Acidic soybean oil

	50

	9:1

	2

	-

	 

	78

	 

	[3]






	Amberlyst 15

	Hydrolyzed sea mango oil

	30

	6:1

	30

	-

	 

	˃90

	 






	Amberlyst 15 ion exchange resin

	Lagenaria vulgaris seed oil

	60

	40:1

	5

	0.6

	 

	93.2

	 






	C-SO3H

	Oleic acid

	67

	10:1

	1.5

	2

	 

	93.04

	 






	SO2-4/corncob

	Oleic acid

	60

	15:1

	5

	8

	 

	˃80

	 






	TiO2/PrSO3H

	WCO

	60

	15:1

	4.5

	9

	 

	98.3

	 






	Heterogeneous Bifunctional Catalyst






	Cu/Zn(10:90)/γ-Al2O3-800°C

	WCO

	65±5

	18:1

	6

	3

	 

	88.82

	 

	[3]






	Mg/MCM-41

	WCO

	80

	8:1

	10

	3

	 

	94

	 






	Mn@MgO-ZrO2

	Kernel oil

	90

	15:1

	3

	4

	 

	96.4

	 






	HPA@ZIF-8

	Rapeseed oil

	240

	10:1

	4

	5

	 

	98.02

	 






	AWS/SO2-4

	PFAD (Palm fatty acid distillate)

	80

	15:1

	5

	3

	 

	98

	 






	CaO/Al2O3

	Waste palm oil (WPO)

	65

	9:1

	4

	4

	 

	89

	 

	[73]






	Waste sunflower oil (WSO)

	 

	98

	 











Enzymes that have potential for converting oil to FAME/biodiesel are lipases [36]. Lipase enzymes have potential for catalyzing esterification, transesterification, and hydro-esterification, as these are hydrolase and act on an ester bond of compounds [9]. These are quite stable and active in solvents [15]. Lipases are highly specific, regioselective, and enantioselective. These features enhance its applications in the field of organic synthesis [15, 49]. Lipases are of two types: extracellular lipases or free lipases and intracellular lipases or immobilized lipases [16, 60, 81]. In the former one, its movement is not restricted and is free to move in the reaction solution, while in the latter case, its movement is restricted and it remains localized within a support [81]. The percentage bioconversion of biodiesel using immobilized lipase is higher compared to free lipase at an optimum temperature of 50-60°C due to its extra stability and rigid confirmation, while free lipase gets denatured at this temperature. Traditionally, immobilized lipase and lipase immobilized on magnetic nanoparticles and free lipase [15] are discussed in detail below. Different biological catalysts applied in biodiesel formation from various sources are shown in the Table 15.10. Enzymatic transesterification completes in four sequential steps [54]:




	Nucleophilic addition results in the creation of an enzyme substrate complex


	Proton transfer from the amine’s conjugate acid to the substrate’s alkyl oxygen atom


	Addition of oxygen atom from alcohol to the acyl-enzyme intermediate forming acylated enzyme-alcohol complex


	Removal of oxygen atom from the complex followed by the formation of FAME by proton transfer from conjugate acid of amine







Table 15.9 Characteristics and constraints of biological catalyst.








	Characteristics [45]

	Constraints [45]










		Tolerant to moisture and FFA content [60]


	High output


	Easy product and catalyst separation [60]


	Recovered and reused


	Mild operating condition [60]



		Moderate-high reaction rate


	High price of catalyst [60]


	Enzyme deactivation [60]















15.5.2.1 Free Lipase


In 1990, Mittelbach first learned about lipase catalyzed FAME synthesis [81]. Features like biocompatibility, biodegradability, and environmental acceptability prove lipase is a better catalyst as compared to conventional alkali catalysts for biodiesel synthesis [15, 36]. It can be obtained from bacteria, yeast, and fungi for use on an industrial scale. However, its high price is a big factor that limits its use in the industry [81]. Free lipases are very responsive to pH, temperature, and contaminants present in the reactant and can hinder its biological process. There are some constraints to using free lipase [15]. These enzymes are soluble in nature and get freely homogenized in the reaction solution due to which they are difficult to separate and reuse. This issue can be solved through immobilization of the lipase enzyme via various techniques so that they can be separated and reused conveniently [81]. Enzymes can be retrieved from plants, animals, bacteria, and fungus such as Mucor javanicus (lipase M), Aspergillus niger (lipase A), Burkholderia cepacian (lipase PS), Pseudomonas fluorescens (lipase AK) [9], Candida sp. 99-125, Candida antarctica lipase, Pseudomonas cepacian, Rhizomucor miehei, Chromobacterium viscosum, Rhizopus oryzae lipase [44], Mucor miehei (Lipozym IM 60), Bacillus subtilis, and Penicillium expansum, to name a few, [34] and are also available commercially as Novozym, Lipolase, Lipozyme, Lipomax, Lumafast, etc. [82]. Using recombinant DNA technology, a massive amount of lipase can be produced [44].






Table 15.10 Different biological catalysts used in biodiesel synthesis from different sources.








	Enzyme catalyst

	Vegetable oils and fats

	Alcohol types

	Reaction condition

	Yield [%]

	Ref.






	T [°C]

	Alcohol to oil molar ratio

	Time [h]

	Enzyme [wt. %]

	Mixing Speed (rpm)










	Penicillium expansium lipase

	Corn oil

	Methanol

	40

	2:1

	24

	 

	 

	86

	[46]






	Pancreatic lipase

	WCO

	Methanol

	60

	3:1

	4

	1.5

	 

	88

	[16]






	Novozym 435 lipase

	Residual fish oil

	Ethanol

	35

	35.45:1

	8

	 

	 

	82.91






	Rice bran lipase

	Rice bran oil

	Methanol

	40

	6:1

	12 day

	-

	 

	83.4






	Novozym 435 lipase

	Ocimum basilicum seed oil

	Methanol

	47

	11:1

	68

	6

	 

	89















15.5.2.2 Traditionally Immobilized Lipase


Traditionally, immobilized lipase or lipase immobilized on non-magnetic materials are specially investigated to overcome the shortfalls of free lipase enzyme catalyst [17]. These are enzymes that have been refined after being extracted from microbe broth. In this, lipase is not found in the free state but stays either inside or fixed to the cell wall [81]. Lipase is generally immobilized naturally, directly, or together with the whole cell to enhance the stability and this can be done through diverse techniques like covalent bonding, cross-linking enzyme aggregate (CLEA), encapsulation, entrapment, and adsorption [44, 54, 81]. Lipase can be immobilized using various supports like polymeric support, colloidal support, powdered material, metallic and glass surface, and nano-size materials like carbon nanotubes along with porous and non-porous inorganic materials (mesoporous silicates, meso-cellular foam, etc.) could gently increase the surface area for bioconversion and acts as a catalytic bed [46, 82]. Immobilized lipase offers several advantages over chemical catalysts:




	It is reusable and recyclable [81]


	It is comparatively very stable [81]


	It increases surface area for bioconversion [81]


	Rigid external support expected to increase optimal temperature, thereby creating a faster reaction rate [81]


	It reduces price [44]


	Easy and convenient downstream processing of product and enzyme [44]


	It lacks sensitivity towards moisture content [62].


	It requires less energy and does not produce waste water [80]





However, a major constraint of immobilized lipase is its inactivation if deployed with polar short chain alcohols or primary alcohols [44]. Along with that, strong resistance to mass transfer, medium surface/volume ratio, costly fabrication, and requirement of separation techniques like centrifugation and filtration [15] makes it unfit for industry and requires more work and research. Such enzymes can be obtained naturally as well as commercially. The former can be obtained from Mucor miehei, Candida antarctica, Rhizopus oryzae, and Pseudomonas cepacian, while the latter one includes Novozym 435, Lipozyme TL IM, Lipozyme RM IM, and Lipase PS-C [16].






15.5.2.3 Lipase Immobilized on MNPs


Nanomaterials are absolutely vital and have uses in practically every industry, which is why they are attracting a lot of research attention these days. Enzymes can be immobilized on a variety of supports, but magnetic porous or non-porous nanoparticles have emerged as one the most promising supports due to additional features such as high surface activity, big surface/volume ratio, high catalytic efficiency and good adsorption capacity [83], convenient separation strategy [84], thermal stability for selective separation of immobilized enzymes from products using an external magnetic field, low mass-transfer resistance, and reduced fouling [15] over traditionally immobilized lipase [53]. Moreover, these can be conveniently isolated using an external magnetic field. These unique features are attributed due to pore confinement, surface/functionality interactions, and enhanced confirmational rigidity of the enzyme structure [53]. A variety of magnetic nanoparticles have been researched and developed over time comprising of gold nanoparticles, iron oxide magnetic nanoparticles, carbon nanomaterials, silver, silica, and carbon quantum dots (CQDs) [83]. Among these iron oxide magnetic nanoparticles, magnetite (Fe3O4) and maghemite (γ-Fe2O3) are the most frequently researched [84]. Silica coated nanoparticle with iron oxide core (Fe3O4@SiO2) has an exceptional magnetic reactivity, less toxicity, and a chemically modified surface [15]. Pure magnetic materials do not interact well with enzymes and Fe3O4 alone is prone to oxidation and acidic environments. Therefore, surface function modification of magnetic nanoparticles is required prior to bioconversion in order to enhance and improve the enzyme carrying capacity of magnetic nanoparticles [84].








15.5.3 Nanocatalyst


Nanotechnology is an emerging field of science today with branches spanning almost all scientific frontiers and vast applications in physical, chemical, and biological sciences. A drift towards the use of nanomaterials and nanoparticles as nanocatalysts for biodiesel synthesis has been seen in recent years due to their potential catalytic efficacy, which makes them popular and most suitable for biodiesel production [19]. Nanoparticles are the building block of nanotechnology [19]. Nanocatalysts are derived from nanoparticles, which are actually nano-sized (1-100 nm) functional particles prepared via top-down (ball milling, ceramic technique, mechanical grinding, thermal breakdown, chemical breakdown, and chemisorption) or bottom-up (co-precipitation, sol gel, sonochemical, microemulsion, electrochemical, chemical reduction, solvothermal, template directed, and microwave irradiation) approach [85]. Nanoparticles have some specific physical properties like elasticity, tenacity, large surface area and pore size, strength, electricity, and catalytic activity which distinguish them from others to be used as catalysts [19]. Nanocatalysts are thought to be the fourth generation of catalysts for biofuel production and they have recently gained researchers’ attention and interest. Nanocatalysts are of great use not only in biodiesel production, but also in drug delivery, water purification, fuel cell applications, photocatalytic activity, solid rocket propellant, thin film solar cells, and, most importantly, in environmental protection [85]. Table 15.11 represent the significance and shortcomings of using nanocatalysts.


Nanocatalysts closely resemble homogeneous catalysts, with the added feature of recyclability and reusability and acting as a connecting link or intermediate between homogeneous and heterogeneous catalysts [86]. It is often renowned as a “semi-heterogeneous” or “hetero-homogenized” catalyst [53] and provides a unique and excellent solution to the issues encountered with the use of homogeneous and heterogeneous catalysts. Unlike homogeneous catalysts, these are recyclable and reusable up to 5-6 cycles and sometimes even 11 times with optimum efficiency [16, 53]. Factors like the shape and size of nanoparticles, acid and base property, nature and composition of metals, and surface porosity are valuable and affect the acts of nanocatalysts. The size and shape of nanoparticles play a key role during catalysis and affect other parameters like catalytic activity and surface reactivity [63]. Nanocatalysts are categorized into three categories, namely acid nanocatalyst, base nanocatalyst, and bio-nanocatalyst [86], as shown in the flow chart. Metal oxide-based nanocatalysts, nano-hydrotalcites, nanozeolites, and magnetic nanocatalysts are among the important nanocatalysts widely used for FAME synthesis. These are highly efficient catalysts with superior productivity and selectivity [65]. Modifications in nanocatalyst state that the small particle size of powdered acid and base nanocatalyst makes them unfit for industry use as it affects catalytic activity and FAME yield [64]. Heterogeneous nanocatalysts have a lot of activity, a lot of surface reactivity, a lot of pore size, and a lot of surface area. Table 15.12 shows the effect of various parameters and reaction conditions on FAME yield when utilizing various nano-catalysts.




Table 15.11 Significance and shortcomings of nano-catalysts.








	Nanocatalyst










	Significance

	High stability, High catalytic activity and efficiency, Efficient surface area to volume ratio, Superior productivity in small duration, Resistant to soap formation, Moderate operating conditions [16], High selectivity, Retrievable (recoverable) up to many cycles, Reusable, Environmentally benign [85], Cost effective and tailor made [53, 85]






	Shortcomings

	Requirement of excess alcohol, Catalyst preparation cost is higher in comparison to other catalysts, Nanoparticles sintering and agglomeration [12]

















15.6 Catalyst Used for Bioalcohol Extraction


Bioalcohol can be produced via thermochemical and biochemical routes in the presence of an appropriate catalyst. The former include pyrolysis, gasification, and liquefaction, while the latter includes alcoholic fermentation, anaerobic digestion and agrochemical production [87]. The thermochemical route transforms biomass into bio-syngas or liquid in the reactor using non-biological catalysts (such as heat) which are subsequently transformed into methanol, lignocellulosic ethanol, or other higher alcohols in the presence of a suitable catalyst. However, in the biochemical method, biomass is pre-treated with physical (heat), biological, and chemical catalysts. Furthermore, in the hydrolysis of polysaccharides, biocatalysts such as enzymes are utilized and fermentative microorganisms (yeast or bacteria) are used in the fermentation of mixed sugar streams. Enzymatic hydrolysis liberates fermentable sugars, which are then transformed to ethanol via microbial catalysts [88]. Biomethanol is generated primarily by the catalytic conversion of bio-syngas, whereas bioethanol is produced primarily through sugar fermentation [89]. Biomass gasification is a common pathway for producing both biomethanol and bioethanol from agricultural residues [90]. However, fermentation is a widely used process for bioethanol production because of the requirement of mild operating conditions in comparison to thermochemical process that are capital-expensive [91]. Biobutanol, like bioethanol, is made by fermenting lignocellulosic sugars with various microorganisms such as algae. Bioglycerol is generally produced as a byproduct during biodiesel and bioethanol production [92].






Table 15.12 Effect of various parameters and reaction conditions on FAME yield using nanocatalysts.








	Nanocatalyst

	Feedstock

	Alcohol types

	Reaction condition

	No. of cycle

	Yield [%]

	Ref.






	T [°C]

	Alcohol/oil ratio

	Time [h]

	Catalyst [wt. %]










	NaAlO2/γ-Al2O3

	Palm oil

	Methanol

	64.72

	20.79:1

	3

	10.89

	1
6

	97.65
93.29

	[16]






	25%MoO3/B-ZSM-5

	Oleic acid

	Methanol

	160

	20:1

	6

	3

	1
6

	98
93






	CaO/CuFe2O4

	Chicken fat

	Methanol

	70

	15:1

	4

	3

	1

	94.52






	KOH/Fe3O4@Al2O3

	Canola oil

	Methanol

	65

	12:1

	6

	4

	1
6

	98.8
88.4






	MgO/MgFe2O4

	Sunflower oil

	Methanol

	110

	12:1

	4

	4

	1
6

	91.2
82.4






	Calcinated form of waste tucuma peels

	Soybean oil

	-

	80

	15:1

	4

	1

	 

	97.30

	[12]






	Ca(30%)/Al-MCM-41

	Sunflower oil

	-

	70

	12:1

	8

	10

	 

	84.20






	30Ca/APB-700

	Palm oil

	-

	65

	8:1

	2.5

	5

	 

	93.40






	NaAlO2/ γ-Al2O3

	Palm oil

	-

	64.72

	20.79:1

	3

	10.89

	 

	93.29











For the production of biomethanol from bio-syngas, various catalysts such as reduced cuprum/zinc oxide (Cu/ZnO) shift preparation, reduced nickel oxide (NiO)-based preparation, palladium/silicon oxide (Pd/SiO2), Cuprum/silicon oxide (Cu/SiO2), palladium/zinc oxide (Pd/ZnO) [93], CuO-ZnO-AlO [94], ZnO/Cr2O3 (high pressure catalyst), and Cu/ZnO/Al2O3 (low pressure catalyst) are used [87]. Alkali-doped catalyst or alkali doped sulfides such as molybdenum sulfide (MoS) and alkali doped oxides (CuO/CoO/Al2O3) yield higher alcohols [95]. Methylosinus trichosporium IMV 3011, a methanotrophic bacterium, was employed as a biocatalyst in the synthesis of methanol from greenhouse gases (CO2 and CH4) without the need of hydrogen. Methane generated from biomass feedstocks can be transformed straight into methanol via heterogeneous catalyst. Although homogeneous catalysis for low-temperature methane activation has been proposed, it creates a more reactive product than methane [87]. Biochemical conversion of biomass to produce biomethanol using bio-catalyst and methane monooxygenase (MMO) enzyme is more selective because it is specific, inexpensive, and requires optimal reaction conditions [95]. Methylotrophic microorganisms can oxidize lignocellulosic biomass to biomethanol and can also oxidize methane to methanol [96]. However, the main disadvantage of employing methanotrophs as a biocatalyst is their poor growth rates and poor product production [95].


Solid acid catalysts with a carbon base are preferred for bioethanol synthesis from waste lignocellulosic biomass because they result in greater catalytic activity due to the existence of -SO3H, -COOH, and -OH based functional groups in comparison to conventional acid catalyst. This might be explained by catalyst capacity to absorb β-1,4 glucan, facilitating reactants to approach the active sites of SO3H groups with ease. In comparison to traditional homogeneous H2SO4 catalysts, a carbon-based sulfonated catalyst has a reduced activation energy. As a result, carbon-based solid catalysts are an excellent substitute for the corrosive homogenous H2SO4 catalyst. The solid catalyst demonstrated superior acid density and stability in terms of catalytic activity and reusability. Sulfonated sucrose-carbon and glucose carbon are highly active catalysts. Moreover, sulfonated nut shell activated carbon, sulfonated cotton catalyst, and sucralose derived catalysts are also highly effective catalysts and possess significant benefits over traditional solid catalysts for the hydrolysis of biomass [97]. In case of cellulosic biomass, heterogeneous solid acid catalyst such as metal-oxides, ion-exchange resins, H-form zeolite, and heteropoly acids (H3PW12O40) are widely used. However, lignocellulosic biomass are not the same as cellulosic biomass. Therefore, lignocellulosic material derived biochar catalysts were shown to have better sugar yield. Despite the fact that these solid acid catalysts exhibited higher catalytic activity in hydrolysis, they are difficult to separate from the hydrolysis process, which distresses their recyclability. As a result, magnetically generated catalysts are gaining popularity these days since they can be readily isolated from the reaction system by using exterior magnetic fields. The performance of catalytic activity in cellulose hydrolysis was improved by infusing magnetic cores and functionalization with the –SO3H group, for example Fe3O4 @C-SO3H [98]. The green synthetic route for the production of iron oxide nanoparticles from Spinacia oleracea are subsequently sulfonated to produce active nanocatalyst material and gives good yield with catalyst recyclability [99]. Apart from these, bio-syngas fermentation via biocatalysts to produce bioethanol provides several advantages. Potential biocatalysts required for the same include Acetobacterium woodii, Clostridium aceticum, Clostridium thermoacetium, Clostridium ljungdahlii, Clostridium autoethanogenum, Clostridium carboxydivorans, Butyribacterium methylotrophicum, Methanosarcina barkeri, and Rhodospirillum rubrum [100].


Biopropanol can be synthesized by hydrogenolysis of glycerol which is a byproduct generated during biodiesel production. Biopropanol is generated through a dehydration-hydrogenation pathway over metal acid-bifunctional catalysts. For glycerol hydrogenolysis, noble metal-based catalysts have shown to be quite effective. Only a few catalytic systems based on Ni, Ir, Rh, Pt, and Ru-based catalysts for the direct synthesis of biopropanol from glycerol have been described so far, both in batch and fixed bed reactors. Other catalysts in Biopropanol production include Pt-H4SiW12O40/ZrO2 and Pd/MoO3-Al2O3 (bifunctional), Pt-HPA/ZrO2 (heteropoly acids), a combination of zeolite and Ni-based catalysts, etc. [101].


Biobutanol can be produced from bioethanol through the Guerbet mechanism and bimolecular condensation mechanism. A range of catalyst identified for this conversion includes metal oxide catalyst, promoted zeolites, and hydroxyapatites. The hydroxyapatite [Ca10(PO4)6(OH)2] catalysts have a unique characteristic in that they include both basic and acidic sites in a single crystal structure, which enhance its catalytic activity. Zeolites are also recognized to exhibit specific acidity-basicity characteristics and have shown high activity in acidity- and basicity-dependent reactions. These possess greater stability than hydroxyapatite catalyst and metal oxide catalyst. Because these catalysts may exist in a variety of crystalline forms with varying pore diameters, they can be used to improve selectivity to desired reaction products. Metal oxides are absolutely vital for catalyzing a variety of processes, containing the condensation of light alcohols into higher alcohols due to their basicity-acidity characteristics. Various oxide catalysts in biobutanol production include MgO, CaO, BaO, Al2O3, Ni/Al2O3, Co/Al2O3, Cu/Al2O3, MgO-Al2O3, etc. [102]. For the production of biobutanol through lignocellulosic biomass, homogeneous and heterogeneous catalysts such as heteropoly acids, resins, and molecular sieves have proved to be more efficient [103].






15.7 Conclusion


Increasing energy consumption, a global energy crisis, and rapidly decreasing demand for fossil fuel sources have shifted research to renewable fuels such as biofuels. Biofuels, especially biodiesel, are primarily made by transesterifying oil, fat, or other feedstocks in the existence of an ideal catalyst and alcohol. In the synthesis of FAME, the catalyst plays a crucial role. The types, advantages, and disadvantages of various chemical catalysts (homogeneous and heterogeneous), biological catalysts, and nanocatalysts used in FAME synthesis have been thoroughly explored. The efficiency of the catalyst depends on several factors like activity, selectivity, and catalyst stability. Homogeneous catalysts are highly selective and efficient, but it is tough to keep them apart from the reaction medium. Among homogeneous catalysts, alkaline catalysts have a fast reaction rate and give high FAME conversion in a short time, but they are sensitive to moisture content and FFA and can form soap, whereas acid catalysts are resistant to FFA and do not form soap, but they are corrosive and have a slow reaction rate as well as harsh operating conditions. Heterogeneous catalysts greatly overcome the major limitations of homogeneous catalysts in that they can be isolated conveniently from the reaction medium and regenerated and reused. Alkaline heterogeneous catalysts have a high reaction rate and require moderate operating conditions, but they are sensitive to FFA and moisture content and exhibit soap formation and leaching effects, whereas acidic heterogeneous catalysts can catalyze both esterification and transesterification but require a high temperature, a high alcohol/oil molar ratio, and a lot of energy. Leaching of active sites is another significant disadvantage. The utilization of acid-base catalysts or bifunctional heterogeneous catalysts can greatly overcome the limitations of individual acid or base heterogeneous catalysts. These catalysts are tolerant to both FFA and moisture content, do not undergo soap formation and leaching effect, and most importantly, can catalyze both esterification and transesterification reactions. However, these catalysts give a slow reaction rate and mild higher operating conditions. The approach of biocatalyst for biodiesel production is greener and gaining importance as they give high output and can be e-cycled. Furthermore, these catalysts are resistant to high FFA and moisture content and require mild operating conditions. However, these catalysts are costly and even deactivate enzymes. Nanomaterials are now being studied as a biodiesel catalyst because they have high surface/volume ratio, high stability, catalytic activity, selectivity, and efficacy. However, the cost of producing these catalysts is expensive, requires a lot of alcohol, and can cause sintering and agglomeration issues. Table 15.13 shows the comparison of different reaction parameters on different catalysts, usually working for biodiesel production. In the case of bioalcohol, heterogeneous catalysts and biocatalysts are the best options. Heteropoly acids catalysts, bifunctional catalysts, and metal oxide catalysts or mixed metal oxide catalysts are widely deployed in bioalcohol production.






Table 15.13 Effect of reaction parameters on different catalysts [54].








	Parameters

	Homogeneous catalyst

	Heterogeneous catalyst

	Biological catalyst

	Nanocatalyst [15]






	Acid

	Base

	Acid

	Base

	Bifunctional










	Time taken to complete the reaction [h]

	More than 4

	1-4

	3-20

	0.5-2

	-

	More than 24

	-






	Reaction temperature [°C]

	50-100

	40-75

	30-460

	60-65

	-

	35-60

	-






	Reaction pressure

	Atmospheric pressure

	0.05-20 MPa

	-

	 

	-






	Alcohol/oil ratio

	30:1-50:1

	3:1-9:1

	6:1-70:1

	6:1-18:1

	-

	3:1-18:1

	-






	Glycerol recovery

	Moderate

	Difficult

	Easy

	Moderate

	Easy [60]

	Easy

	Easy






	Product purification

	Moderate

	Difficult

	Easy

	Easy

	Easy [60]

	Easy

	Easy






	Price of catalyst

	Cheap

	Moderate

	Expensive

	Cheap






	Effect of water

	Tolerant to less water content

	Sensitive and inhibit reaction

	Tolerant to less water content

	Sensitive and inhibit reaction

	Insensitive [61]

	High amount will have negative impact

	Tolerant






	Effect of FFA

	Tolerant

	Saponification

	Tolerant

	Saponification

	Tolerant

	No effect

	Tolerant






	Reusability

	No

	Yes

	Yes

	Yes











According to the aforementioned works, biological catalysts are effective for biodiesel synthesis but their price constitutes a significant barrier. The development of an inexpensive enzyme catalyst for biodiesel production is an area where more research is needed. Aside from that, more research into hybrid catalysts, such as heterogeneous-nanocatalysts, for low cost biodiesel synthesis from low cost feedstocks is needed. The emphasis should be on maintaining moderate reaction conditions and boosting catalyst e-cyclability to maximum times with high efficiency.
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Abstract


For a long time, several physical, chemical, and biological processes have been known for carbon dioxide capturing from the atmosphere. Of all the biological methods adopted for CO2 sequestration, the use of microorganisms for the same has gained prominence in recent times. Photosynthesis is the most common process for capturing atmospheric carbon dioxide by terrestrial plants but because of their slower growth rate, absorption is not significant. Alternatively, rapidly multiplying microorganisms which can thrive in diverse habitat exhibit photosynthetic activities similar to terrestrial plants and can assimilate larger volumes of atmospheric carbon dioxide. This absorbed carbon dioxide can be successfully utilized for biofuel production. Since fossil fuels majorly contribute to the greenhouse effect by emitting CO2, in recent times biofuel has been considered a suitable alternative energy source. Microorganisms effectively capture CO2 from the atmosphere and convert it into sugars which in turn produce lipids. These macromolecules are then used for biofuel synthesis. Also, biofuel synthesized from microbes leads to a cleaner, greener, and cheaper system and reduces the greenhouse effect significantly. This book chapter highlights the use of different types of microorganisms for biofuel synthesis through carbon dioxide assimilation and their benefits to the environment.
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16.1 Introduction


Climate change and global warming have been the most concerning issues among the scientific community over the last few decades. The average surface temperature of the earth and the oceans is increasing gradually. According to the Intergovernmental Panel on Climate Change (IPCC) of the United Nations, the rise in the earth’s global average surface temperature is attributed to the increase in the concentration of greenhouse gases [1]. The greenhouse effect is the phenomenon where the outgoing infrared radiation is absorbed by carbon dioxide (CO2), water vapor, methane, and other atmospheric gases, increasing earth’s surface temperature by trapping the heat internally. Carbon dioxide is considered to be the most significant greenhouse gas. Several phenomena such as changes in rainfall pattern, increase in sea level, changes in yields in agricultural produces, etc. are happening because of enhancement of CO2 concentration in the atmosphere. Various factors like different natural processes and anthropogenic activities contribute to the increase in atmospheric CO2 concentration [1]. Of all the anthropogenic activities, simultaneous production and consumption of fossil fuels like coal, petroleum, oil etc. has been known to aggravate the atmospheric carbon dioxide concentrations massively. In order to reduce the dominance of carbon dioxide in the atmosphere it needs to be efficiently captured and stored safely [2, 3]. The process of absorbing carbon dioxide and using it as a building block for the production of useful feedstock is known as carbon capture and utilization (CCU). This concept has gained prominence in recent times as this technique has been found to be promising in reducing carbon dioxide concentration in the atmosphere by providing a potent solution for climate change and global warming.


Several physical and chemical processes have been reported in the past for absorbing atmospheric carbon dioxide. Such processes include adsorption, membranes, cryogenics and absorption, and direct air capture of carbon dioxide using chemicals [4–10]. However, there are several issues associated with such processes, the major being cost effectivity. In order to overcome the economic hurdle involved in atmospheric carbon dioxide assimilation, biological processes have also been explored in the recent past. The most common biological process involved in assimilation of atmospheric carbon dioxide is the process of photosynthesis. Plants convert solar energy into chemical energy by photosynthesis. Chlorophyll absorbs the solar energy and converts carbon dioxide into carbohydrates [11]. In ocean beds and forests, organisms absorb carbon dioxide and release oxygen into the atmosphere through photosynthesis. Since the rate of growth of conventional land plants is slow, the total carbon dioxide captured by them via photosynthesis is only 3-6% of the total amount of fossil fuel emitted into the atmosphere [12]. In the quest to find a more viable solution for carbon dioxide capturing by biological process, the use of microorganisms as potent atmospheric carbon dioxide capturer has been explored. The process of carbon dioxide capturing using microorganisms is better than physical and chemical processes since the biological process involves the use of biomass feedstocks which are easily degraded by microorganisms. Both eukaryotic and prokaryotic microorganisms have been reported to be capable of absorbing carbon dioxide and use it as a source of carbon. The microorganisms then carry out metabolism and carbon fixation through different biochemical pathways leading to the formation of several bio-based commercial products like lubricants, bio-alcohols, proteins, bio-plastics, and biofuels [13]. Over the years, biofuel has gained a lot of prominence for being a green energy source. Renewable sources of energy are necessary for sustainable growth and development of any nation. It is desirable that any form of energy to be produced should be reproducible over a period of time and should not pose any permanent harm and damage to the environment. Biofuel is an efficient renewable energy generated in short span cycles as compared to the processes involved in fossil fuel generation. This makes scalability of biofuel possible. Different types of biofuels are bioethanol, biodiesel, biomethanol, biohydrogen, etc. [14]. However, during biofuel synthesis a few factors like the choice of raw material, process adopted for the conversion of raw material into biofuel, etc. need to be considered [15]. Different types of microorganisms have been studied to assimilate atmospheric carbon dioxide and convert it into biofuel efficiently.






16.2 Microorganisms as Carbon Dioxide Assimilators


Microorganisms capable of assimilating atmospheric carbon dioxide range from certain photosynthetic organisms like algae and cyanobacteria to autotrophic bacteria like proteobacteria, clostridia, and archaea. Each of these microorganisms have their own spectrum of advantages and disadvantages and possibility of being scaled up for industrial bioprocesses. Certain inherent properties of such microorganisms like inhibitor tolerance, growth characteristics, and stability towards temperature are not tailor made for industrial processes. Manipulating some of these properties by genetic engineering makes them suitable for industrial use.






16.2.1 Algae


Of all the photosynthetic microorganisms capable of fixing carbon and having industrial importance, algae is the most prominent. Algae are eukaryotic organisms and can be both unicellular and multicellular. All algae contain chloroplasts which help in the photosynthetic process. Large sized macro-algae and smaller entities called micro-algae are found in abundance in the biosphere [15]. Algae are largely used for the purpose of carbon fixation because of their dominance in the environment, rapid growth rate, fast absorption and utilization of CO2, enhanced ability to synthesize lipids, and their ability to produce diverse commercial products from biomass [16–18]. Microalgal species are more prominently involved in atmospheric carbon dioxide capture and converting them into commercially viable products. According to their structures and natural environment, micro-algal entities can be further sub-divided into diatoms, brown algae, green and blue algae, golden algae, euglenoids, and also cyanobacteria. Such microalgae can produce antioxidants, toxins, fatty acids, carotenoids and peptides. Carbon fixed by microalgae are stored in cells in the form of starch, proteins, and lipids and are thus able to generate biofuel [19].




16.2.1.1 Mechanism of Carbon Capture by Algae


All photosynthetic organisms including algae tend to absorb atmospheric carbon dioxide by photosynthesis. Here, the solar energy is converted into chemical energy using the light source for fixing carbon, thereby recycling atmospheric carbon into biomass. The photosynthesis process is achieved by a combination of biophysical and biochemical reactions. In the biophysical process, oxygen is released by virtue of oxidation of water. The water is oxidized, releasing oxygen. The electrons liberated from water molecules are used to make adenosine triphosphate (ATP) and reduced nicotinamide adenine dinucleotide phosphate (NADPH). In the dark processes, the energy produced in the form of ATP and NADPH is used to fix CO2. One of the unique features of algal biomass is to trap carbon dioxide generated in aqueous environments like ponds in the form of bicarbonate [20]. When the temperature is below 30°C and at pH > 7, carbon dioxide is present mostly as bicarbonates in water. Since algae contain active bicarbonate pumps in their systems, bicarbonate gets concentrated in the cells. The bicarbonate is then dehydrated by carbonic anhydrase or on its own and the resultant carbon dioxide is absorbed via Calvin cycle in the form of algal biomass as depicted in Figure 16.1 [20, 21].






[image: Schematic illustration of calvin cycle for sugar synthesis from captured carbon dioxide.]

Figure 16.1 Calvin cycle for sugar synthesis from captured carbon dioxide.




Algal ponds serve as a reservoir for carbon dioxide from different industrial sources. The concentrations of CO2, temperature of the gas, and volume of CO2 produced decide how the CO2 delivery system needs to be designed for ponds. When algal ponds are injected with power plant flue gases, algal biomass increases many fold. However, the cost involved in the process is very high [22]. However, in recent times it has been found that algal ponds which are directly injected by flue gases show an enhancement in biomass production by approximately 30% as compared to the productivity rate when injected with an equivalent amount of pure CO2 [23]. Carbon dioxide capture efficiencies ranging from 80-99% can be achieved under optimum conditions with a very short gas residence time. The efficiency of carbon dioxide capture by algae depends on temperature, chemistry of the pond, and physiology of the algae. The high cost and energy involved in this process can be curtailed by setting up algal ponds near carbon dioxide point sources. Locating algal ponds near carbon dioxide point sources, however, depends on the availability of land and the suitability of the climate. Waste heat generation from the power plant can be limited and the cost involved in carbon dioxide transportation can be restricted if the power plants and algal ponds are integrated together. This process of biomass production by capturing carbon dioxide is not possible in the dark, thus the process needs to be maximized during the daytime [24].






16.2.1.2 Carbon Sequestration by Algae


For reducing the impact of greenhouse gases, capturing of carbon dioxide is not enough. The absorbed carbon dioxide needs to be sequestered over a period of time. One way to sequester carbon dioxide is by directly injecting it into geological establishments, but there is always a risk of the carbon dioxide escaping onto the earth’s surface if not secured efficiently which poses a threat to mankind [25, 26]. A much less risky process is to chemically convert carbon dioxide into stable solids like carbonate solids which can be buried deep within the earth or used for certain construction purposes [26]. After considerable research it has been deduced that there are two potential possible algal carbon sequestration systems. Firstly, the whole of the algal biomass can be permanently buried deep within geological establishments. Secondly, algal biomass and carbon-rich fractions that have been removed or processed are buried (Table 16.1).




Table 16.1 Carbon sequestration methods by algae.








	Carbon sequestration method by algae

	Advantages

	Drawbacks










	Permanent and deep burial of fresh algal biomass

		Maximum amount of carbon is captured


	No processing of biomass is required



	Inorganic nutrients and water present in biomass get buried






	Permanent and deep burial of algal lipids

		Inorganic nutrients are not lost


	Acts as a long-time energy reserve



		Less than 50% carbon present in algal biomass is sequestered


	High cost involved in biomass processing













The most simple and energy efficient process of sequestering carbon is by directly burying the total algal biomass since no dewatering is required after processing. But the problem with this process is that along with the algal biomass, substantial quantities of inorganic nutrients like nitrogen and phosphorus are also buried which are not sustainable in nature. Because neutral lipids and triglycerides make up 60% of the total dry weight of algae, the alternate strategy suggests burying only the neutral lipid and hydrocarbon part of the biomass (TAGs). TAGs are synonymous with captured carbon in the cells. They contain basic elements like carbon, oxygen and hydrogen, and essential nutrients required for the growth of algae and are also easily recyclable. Converting algal biomass into biochar, a stable form of carbon that can last for aeons in soils, is another option for sequestering carbon. Biochar is a by-product of pyrolysis which occurs when food is cooked at high temperatures without oxygen in the presence of catalysts. Gases like hydrogen, carbon dioxide, and methane are produced as by-products of the pyrolysis process. Instead of using the burial method, biochar containing inorganic elements can be directly supplied to the soil, lowering the energy cost of the process. Biochar containing inorganic elements can be directly added to the soil instead of the burial method which reduces the cost of energy involved in the process [27, 28].






16.2.1.3 Biosynthesis of Lipids by Algae


The most common type of lipids found in algae are Triglycerides or TAG which are made up of glycerols and fatty acids. They act as the storage unit in algal cells and are also used for the purpose of cell signalling. Along with TAG, the algal cells produce many other types of lipids like glycolipids, phospholipids, and sulfolipids [29]. The amount of lipid present in the algal cells vary according to the algal growth conditions. TAGs are present in greater quantities in eukaryotic algae. They are however not present in prokaryotes or cyanobacteria. Ideally, it has been found that lipids occupy 10-30% of the total algae dry weight, however the lipid concentration increases to 60-80% in some cases when they are exposed to high intensity light and under the condition of nutrient deficiency. Fatty acid concentrations in different microalgal species have been listed in Table 16.2 [30].


The three main steps involved in the biosynthesis of lipid molecules are fatty acid synthesis in plastids, glycerol-lipid formation in the endoplasmic reticulum, and packaging into oil bodies [19]. The enzyme complex CoA carboxylase (ACCase) acts as the catalyst in the synthesis of fatty acids [29]. ACC or acetyl CoA Carboxylase is an important biomolecule required for biofuel synthesis. It is usually found in prokaryotes, but it is also found in plant and algae chloroplasts. The enzyme aids in the irreversible carboxylation of acetyl-CoA catalysis. Malonyl-CoA, which is essential for fatty acid production, requires ACC as a substrate [19].


For the production of biofuel in substantial quantities, and in order to make it sustainable, algal biomass quantities need to be enhanced. Algal transgenics like genetic engineering and protein engineering techniques have become useful in recent times [31]. Nuclear transformation by genetic engineering has been achieved for many industrially relevant algal species like green algae. When such genetic engineering techniques are applied on the algae, they exhibit increased efficiency of cell cultivation in the presence of excess light. When the green algae Chlorella pyrenoidosa was exposed to 60Co γ, irradiation in the presence of exhaust gas containing 15% v/v CO2, mutagenesis was seen [32]. Under ideal conditions, biomass yield increased by 50 percent, while CO2 fixation efficiency climbed to 37 percent. The rate of CO2 fixation was 1.54 g CO2/L/day, which led to a CO2 fixation rate of 1.54 g CO2/L/day.




Table 16.2 Fatty acid [F. A.] concentrations in microalgal species [30].








	Microalgae

	Monounsaturated F.A. [%]

	Saturated F.A. [%]

	Polyunsaturated F.A. [%]

	Other F.A. [%]










	Phaeodactylum tricornutum

	25

	24

	31

	20






	Isochrysis galbana

	29

	32

	36

	3






	Nannochloropsis granulate

	29

	21

	32

	18






	Chlorella vulgaris

	14

	21

	51

	14

















16.2.2 Cyanobacteria


Apart from regular photosynthetic eukaryotes responsible for atmospheric carbon capture and sequestration, certain photosynthetic prokaryotes have also been reported to be equally effective in the process. Cyanobacteria are a special class of micro-algal species which are prokaryotic in nature with their chloroplast being present in the cytoplasm instead of chloroplasts, as in photosynthetic plants and eukaryotic algae. However, like algae, cyanobacteria are known to be distributed widely and are diverse in nature and have been found to play an important role in lowering atmospheric CO2 concentration by increasing the oxygen concentration [33].




16.2.2.1 Carbon Capture and Sequestration by Cyanobacteria


Similar to algae, carbon fixation by cyanobacteria is achieved through the Calvin-Benson-Bassham (CBB) cycle which is a series of biochemical redox reactions which are common in photosynthetic organisms. The redox reactions take place in the stroma of the chloroplast. The two-step photosynthetic process which takes place in the CBB cycle is catalysed by the enzyme RuBisCO. Carbon dioxide concentration mechanism or CCM is accomplished by cyanobacteria using carboxysomes. Carboxysomes are protein rich micro-compartments that encapsulate RuBisCO [34]. Despite their poor affinity for CO2, cyanobacterial RuBisCO can develop at a rapid rate even in low CO2 environments due to the intracellular concentration of CO2 produced by carbonic anhydrase [35]. Since cyanobacteria have simpler structures, they are able to fix atmospheric carbon more efficiently than algae but they cannot generate equivalent amounts of biomass [36]. However, with the help of genetic engineering, cyanobacteria can be manipulated to produce improved yield of biomass and enhanced RuBisCO’s CO2 affinity [37, 38] can be efficiently used for fixing inorganic carbon. In order to increase the biomass yield from cyanobacteria, metabolic engineering was performed which increased the possibility of production of potential products by cyanobacteria from CO2. Synechococcus elongates, a cyanobacterium species, was metabolically modified to produce 1-butanol and isopropanol from CO2 and light [39, 40]. Certain other cyanobacteria like Clostridium beijerinckii and S. elongates have also been reported to produce isopropanol and 2,3-butanediol in improved yields after metabolic engineering [41, 42].








16.2.3 Clostridia


Clostridia are gram positive anaerobic rod-shaped bacteria which have diverse applications. They find major use in human health physiology, degradation of carbohydrates in the absence of oxygen, degradation of complex organic molecules, carbon-cycle, and acidogenesis [43]. Different strains of the genus Clostridium can fix CO2 using H2 as an electron donor and also use other C compounds like formate HCOO- and methanol as a single carbon source. Clostridium has the ability to make use of a wide spectrum of carbon-based substrates like CO, CO2/H2, and carbohydrates. They also have the ability to resist hazardous substrates and demonstrate a variety of paths for the synthesis of important industrial products. Thus, Clostridium species exhibit properties which are useful for several biotechnological applications.




16.2.3.1 Carbon Capture and Sequestration by Clostridia


Since Clostridia are a class of bacteria killed under normal concentrations of atmospheric oxygen, it is difficult to cultivate them on a large scale. Thus, genetically modified Clostridium species are being studied recently to improve their productivity, but the productivity of genetically modified Clostridia species is slow because of the unavailability of appropriate genetic tools. However, with the advancement of chromosomal manipulation techniques and plasmid DNA technology, the diversity of genetic tools that can be used for the manipulation of Clostridia has improved significantly [43]. The genetic engineering technique of disrupting targeted genes by using mobile group II introns known as ClosTron has been successfully used on Clostridium [44, 45]. The ClosTron technique has been applied to Clostridium acetobutylicum for the fermentation of acetone-butanol-ethanol [46]. Such genetic engineering techniques could improve the productivity of Clostridium, thereby enhancing the carbon fixation efficiency.








16.2.4 Proteobacteria


Ralstonia eutropha (R. eutropha) is a type of β-proteobacterium which is commonly found in the soil. It is a gram-negative bacteria that has variable growth patterns based on the carbon sources available. R. eutropha thrives on hydrogen (H2) as its only energy source in the absence of any carbon source, using the CBB cycle to repair CO2 [47]. In this process, apart from RuBisCO carbonic anhydrase can also be used for regulation of CO2 concentration during the metabolism of autotrophic organisms [48]. R. eutropha has the ability to oxidize H2 aerobically and is easier to tackle when compared to microorganisms killed by a normal concentration of atmospheric oxygen. R. eutropha is thought to absorb CO2 from the atmosphere and use it to make industrial products [49, 50]. R. eutropha is well-known for its capacity to store carbon in the cytoplasm in the form of polyhydroxyalkanoates. Polyhydroxyalkanoates are more commonly known as bio-plastics. They are a popular class of bioplastics since they find application as a prominent carbon sink and are also biodegradable in nature while retaining certain essential features of natural plastic. Apart from producing polymers, R. eutropha are biologically compatible for the production of medicines. They also have the ability to exhibit diverse carbon utilization pathways. Genetic modification of the proteobacteria species aims at improving its production yield and its application in the synthesis of commercial useful products [51]. Li et al. reported on the manufacture of isobutanol and 3-methyl-1-butanol from CO2 utilising an integrated electromicrobial method. It required using genetically modified R. eutropha to generate formate from CO2 and then converting it to 3-methyl-1-butanol and isobutanol. This method yielded approximately 850 mg/L isobutanol and 570 mg/L 3-methyl-1-butanol. Apart from R. eutropha, another class of proteobacterium Ideonella sp. is also known to contain bio-polymers within its body using captured inorganic carbon [52]. However, the advantage of Ideonella sp. over R.eutropha is the fact that Ideonella sp. has higher tolerance towards H2 and CO gases and finds application in exhaust gases used for fermentation in the industries.






16.2.5 Archaea


Archaea are a class of microorganism which can survive in both high temperatures as well as extremely low temperature conditions. They are potential anaerobic acidophiles since they can easily thrive in acidic surroundings and can withstand high salinity. Also, they can exist in oxygenless surroundings in the presence of methane and are termed as methanogens. They are able to produce methane using H2 and CO or HCOO- as the respective energy and carbon sources [53]. Archaea are an excellent source of alternate energy generation. Several halogen containing archaea species like Haloquadratum, Haloarcula, etc. have been known to concentrate polyhydroxyalkanoates (PHA) within themselves [54]. Certain autotrophic archaea strains like Archaeoglobus, Sulfolobus, for example, captures CO2 via the 3-hydroxypropionate-4-hydroxybutyrate (3HP-4HB) cycle, in which one acetyl-CoA molecule is combined with inorganic carbon in the form of two bicarbonate molecules to generate succinyl-CoA, which is then transformed into two acetyl-CoA molecules. Since archaea can thrive under extreme weather conditions, they have proved to be a useful source of thermally stable carbonic anhydrase enzyme which is used for industrial CO2 capture and gas fermentation [55]. Since most archaea are thermophilic in nature, they can withstand changes in temperature and pH and environmental changes. They can easily ferment simple carbohydrates like pentose and hexose sugars as well as complex carbohydrates, which is an important attribute for biofuel synthesis [56]. Also, industrial fermentation carried out by thermophilic organisms do not easily get contaminated by microbes and can be accomplished with lower energy inputs. Thus, different archaea species play an important role in biogas production where psychrophiles are manipulated for biodiesel production from lipases. Genetically modified archaea have reportedly shown to assimilate a greater concentration of CO2.


Genetically engineered archaea species like P. furiosus could incorporate carbon dioxide into 3-hydroxypropionate at 70°C. P. furiosus metabolism is slowed at this temperature, lowering metabolic pressure during 3-hydroxypropionate synthesis [57].








16.3 Biofuel Production by Microorganisms Using Carbon Capture


Biofuels are obtained from biomass like sugarcane, palm, Jatropha, coconut, sunflower, and industrial biodegradable components and wastes collected from the municipalities [58]. Over the last 10-15 years, production of biofuel has gained significant importance. Factors like increasing price of crude oils, reduced supply of fossil fuels, and global warming due to excessive greenhouse gases have contributed towards production of bio-fuels as an alternative fuel source [59, 60]. Biological conversion of biomass into biofuels by microorganisms through carbon capture (Figure 16.2) have gained prominence over the last several years because of its cost effectivity. Biofuels derived from crops having starch and oil using conventional technologies are known as first-generation biofuels like bioethanol, biodiesel, and biobutanol [60]. Those biofuels which are derived from not so easily hydrolysable raw materials like lignocellulose are termed as second-generation biofuels. Those derived from microorganisms and genetically modified microorganisms fall under the category of third and fourth generation biofuels [60]. At present, the most commonly used bio-fuels are biodiesel and bioethanol and biobutanol [59]. Biofuel classification is depicted in Figure 16.3 [60].




[image: Schematic illustration of biofuel production from microorganisms through carbon capture.]

Figure 16.2 Biofuel production from microorganisms through carbon capture.
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Figure 16.3 Biofuel classification.






16.3.1 Biodiesel


Manufactured from lipid waste and renewable biomass, biodiesel is a low-emission fuel and serves as an alternative to diesel based on petroleum. Biodiesel is sulphur-free, non-toxic, and biodegradable in nature. Also, biodiesel has efficient lubricity and flash point which makes it a preferred fuel for extending engine life and reducing its maintenance cost [60]. When compared to petrol-based diesel, the emission of combustion products, unburned hydrocarbon, and CO in biofuel is less [61]. Biodiesel is synthesised by a transesterification reaction between vegetable oil and an alcohol using a catalyst. Factors that influence transesterification reactions are alcohol to oil ratio, water content, temperature, and the type of catalyst used. Generally, a strong base like KOH or NaOH is employed as the desired catalyst and the product formed is an alkyl ester more popularly known as biodiesel. The removal of the alkaline catalyst and glycerol from the product combination once the reaction is completed, as well as the treatment of the alkaline wastewater generated in the process, are two of the procedure’s problems [62]. In order to overcome such obstacles, biocatalysts like lipases are employed for the enzymatic transesterification process. However, during large scale production of biodiesel, the use of biocatalyst is expensive and it also inhibits methanol and glycerol [63]. Using the conventional transesterification method, only small quantities of biodiesel are generated. To produce biodiesel on a mass scale and to make it a cost-effective resource, its production from microorganisms needs to be explored. In recent times, production of biodiesel from microalgae and certain extremophiles have been studied.


Microalgae are eukaryotic, photosynthetic microorganisms capable of converting CO2 and water in the presence of sunlight to algal biomass. They can make fatty acids, which are then transformed to glycerol-based membrane lipids via the esterification process [64]. Under adverse climatic conditions, Botryococcus braunii can produce long chain hydrocarbons (up to C40), accounting for 80% of the dry cell weight [65]. Microalgae are considered to be the best starting material for biodiesel production because it is easy to cultivate and because of its high lipid content. Lipids in the form of triacylglycerides (TAGs) are important storage units and can survive under extreme weather conditions. After extraction, the lipid is converted into fatty acid methyl ester or FAME, i.e., biodiesel through transesterification reaction [66]. The advantages of using microalgae for biodiesel production are enormous. Microalgae can grow rapidly under adverse environmental conditions and double their biomass [67, 68]. They can concentrate oils and lipids within them in large quantities. Photobioreactors used for growth of microalgae are situated in semi-arid regions. Moreover, the nutrients required for their growth is provided from industrial and municipal waste water and agricultural run offs. Microalgae are also able to remove CO2 emitted due to excessive burning of fossil fuels and can produce valuable commercial products. After extracting the lipid, algal biomass is converted into biogas anaerobically and can provide a greater amount of energy compared to energy production from lipids [69].


Other than normal microalgae, different extremophilic microalgae like Galdieria Sulphuraria and Cyanidium caldarium have also been employed in biodiesel production. Such extremophilic microalgae can thrive under high temperature and low pH conditions of 50°C and 1 pH [70]. By using extremophilic microalgae, contamination inside photobioreactors can be minimised. Also, by using high temperature conditions, lipid content can be enhanced in certain microalgae like Nannocloropsis Salina and Ochromonas Danica [64]. But due to certain economic impediments involving algal oils, genetic modification of the microalgae species has become important. Genetic modulation of such algal species is important for making the technology economically viable [71, 72].








16.3.2 Bioethanol


Bioethanol is the earliest produced bioalcohol where direct incorporation of CO2 was studied in Rhodobacter and Synechococcus [73]. Ethanol which is used as a substitute for gasoline has low energy density and is corrosive in nature. Isopropanol which can be produced biologically is an ideal substitute for gasoline. However, in recent times, more focus has been concentrated on biofuels like isobutanol and n-butanol. The energy density of butanol is closer to gasoline. It is non-corrosive and is immiscible in water [74].


Algae are microorganisms which are rich in carbohydrates and lipids. The cell walls of algae are made up of cellulose and sulphated glycans and can be broken down chemically or enzymatically to simple sugars which are then converted to bioethanol using certain bacteria or yeast [75]. There are several mechanisms involved in the production of bioethanol from algae like selection of algae and its culturing, liquefaction, fermentation, and purification by distillation [76]. There have been a lot of disadvantages and conflicts among biofuels of previous generations in regards to land-usage modification, sustainability, and food crop usage as an energy source. Thus, conversion of algal biomass to bioethanol is dubious. In recent times, brown algae have gained a lot of prominence and is extensively studied for industrial scale production [77]. The principal constituents present in brown algae are laminaran, mannitol, and alginate. Out of these, laminaran and mannitol undergo microbial degradation, but the same is not true for alginate. Different strains and genetic modification are thus required for degrading alginate to produce bioethanol in higher yields. However, in order to make bioethanol synthesis economical, source material for bioethanol production should be lignocellulose. It involves cellulose hydrolysis which is catabolised into hemicellulose containing pentose sugars [78] and hexose sugars. Many thermophilic bacteria can ferment both hexose and pentose sugars derived from biomass, unlike S. cerevisiae and Z. mobilis, which use solely hexose sugars [79]. Apart from algae, clostridia, which can thrive under high temperature conditions, are also capable of producing bioethanol. Such thermophilic microorganisms can grow optimally between 60-65°C. They can breakdown lignocellulose waste by using a cellulosome, which is a multi-enzyme complex found on the cell membrane’s exterior that aids in the enzymatic destruction of cellulosic compounds [80]. Clostridium thermocellum contains cellulosome, which breaks down cellulose into cellodextrins and cellobiose, as well as hemicellulose into xylobiose and other pentose sugars. C. thermocellum absorbs cellobiose and cellodextrin efficiently and ferments them to ethanol, hydrogen, carbon dioxide, and lactate [80]. A disadvantage associated with bioethanol production using C. thermocellum is that most of its strains are highly sensitive to high concentrations of ethanol. This can be treated by continuously removing ethanol from the system or by genetic modulation of strains which are tolerant to high ethanol concentrations [81]. Another flip side of using such strains of Clostridium is the poor ethanol yield due to certain by-product formation like acetate and lactate [82]. The main problem with C. thermocellum is that while it can digest lignocellulosic waste to pentose and hexose sugars, it only uses the hexose sugars created by cellulose and ignores the pentose sugars produced by hemicellulose [83]. The five steps involved in the degradation and total utilization of lignocellulose are as follows. The first is C. thermocellum’s production of cellulase and hemicellulase enzymes. Hydrolysis of cellulose to cello-oligomers and hemicellulose to pentose sugars is the second stage. Uptake of these sugars, fermentation of hexose sugars by C. thermocellum for ethanol synthesis, and fermentation of pentose sugars by another thermophilic bacterium capable of making ethanol are the next stages. For thorough breakdown and fermentation of all sugars generated from lignocellulose materials, mixed cultures of different thermophilic bacteria are utilised to maximise bioethanol production [84, 85].






16.3.3 Biobutanol


Clostridium ABE fermentation is the most commonly used procedure for the production of biobutanol in recent times [86]. The major disadvantage involved in this process is the low yield of butanol production and inhibition of growth of organisms by these solvents. However, by altering the strain of Clostridium, the yield can be enhanced. A robust mutant strain which is highly stable is Clostrodium beijerinckii. This strain produces fuel in higher yields using cellulosic feedstocks which are cheap. This is achieved with reduced product inhibition. Thermophilic clostridia do not exhibit ABE fermentation for biobutanol synthesis [83]. Recent studies have focussed on genetically modifying strains of C. acetobutylicum to produce the biofuel in higher yields [87]. Bacteria like E. coli do not produce butanol under natural circumstances. When they are genetically engineered and coupled with genes of certain extremophiles, higher chain alcohols are produced. E. coli was mixed with genes of Clostridium acetobutylicum which after optimisation resulted in the production of 1-butanol [88]. Alcohols like 1-propanol, 1-butanol, and other higher chain alcohols could be produced by genetic engineering of E. coli. By employing the amino acid biosynthetic pathways of the host microorganism, higher chain alcohols were produced [89, 90]. The enzyme citramalate synthase (CimA) was recently isolated from the extremophile Methanococcus jannaschii and manipulated throughout a temperature range of 30-70°C to increase its activity. It was then mixed with E. coli for the production of 1-propanaol and 1-butanol. The biosynthetic pathway involving the citramalte aimed at direct conversion of pyruvate to 2-ketobutyrate without taking into account threonine synthesis [91].


Apart from certain extremophiles like Bacillus species which can tolerate high butanol concentration of 2.5-7%, most of them cannot grow at butanol concentrations above 2% [92, 93]. Pseudomonas genus is known to have higher butanol tolerance. This is due to certain physico-chemical changes of lipids in their membranes [94]. Certain P. putida strains have moderate butanol tolerance while other strains have slightly better tolerance. Genetic engineering of different strains of P. putida have initiated studies on enhancing productivity of butanol from solvent-tolerant microorganisms [95].






16.3.4 Biogas and Biohydrogen


Biogas, which is primarily made up of methane and carbon dioxide, is formed as a result of anaerobic fermentation. Biogas production from algae has certain advantages as well as certain limitations. Several factors which make algae a preferred choice for biogas production are absence of lignin with low cellulose content, large concentration of polysaccharides and lipids in marine microalgae, easy transformation, high growth rate, and low usage of land when compared to lignocellulose biomass. Also, the solid side product of anaerobic digestion can also be used as an additive for soil [96]. Certain disadvantages are also associated with using microalgae biomass for biogas production. While using algae, certain undesirable substances are produced which are poisonous to anaerobic microbes. Also, it produces a variable carbon to nitrogen ratio in the algal biomass which is undesirable. It was suggested that this problem could be overcome by the process of anaerobic co-digestion where the algal biomass is combined with a secondary biomass having a higher concentration of carbon [96]. Apart from microalgae, certain thermophilic and psychrophilic microorganisms like Methanothermococcus Okinawensis, Methanobacterium sp., and Methanolobus psychrophilus are capable of producing methane [97, 98]. Recent studies have suggested that a combination of different thermophilic and psychrophilic microorganisms can be used for the optimization of production of biomethane [99].


Compared to different fuels, hydrogen has high conversion efficiency and the highest gravimetric energy density. Biohydrogen is thus considered to be a promising fuel. Microalgae are employed for biohydrogen production because they are capable of reducing protons to hydrogen using the enzyme hydrogenase. Initially, the reaction is carried out in the dark where they become anaerobic and are later exposed to light. This method is however not efficient because of short reaction life due to deactivation of hydrogenase enzyme by oxygen which is generated during photosynthesis. Using thermophilic bacteria, it has been observed that the H2 yield is doubled when fermentations were carried out at 50–55°C rather than 30–40°C, suggesting that thermophilic bacteria produce greater concentrations of H2 compared to normal bacteria [100, 101]. Several thermophilic bacteria have the capability of producing H2 from both C5 and C6 sugars. By fermenting a biomass containing a mixture of glucose and xylose, Thermoanaerobacterium thermosaccharolyticum W16 was discovered to create H2. Clostridium thermocellum uses hexose carbohydrates to create H2 from delignified wood fibres [102]. However, it was shown that utilising a mixed culture of thermophiles can increase H2 output. H2 yield increased two-fold when a blend of C. thermocellum and T. thermosaccharolyticum was used [103].








16.4 Recent Advancements in Biofuel Production


Many recent studies have focussed on methods to improve microalgae-CO2 assimilation for biofuel production.




16.4.1 Nano-Additives


The traditional method of biofuel production form microalgae cultures has a few loopholes like production of microalgae on an industrial scale, large cost involved in harvesting microalgae, excess energy consumption during production of biofuel, etc. [104]. The use of nano materials has proved to increase cultivation of microalgae and improve the yield of microalgae-biofuel production. Several nano-materials like nanotubes and nanofibers have been effectively employed as nano-catalysts to improve the yield of different classes of biofuels [105]. Nano-additive applications for the enhancement of microalgae-biofuel production is achieved in three stages, i.e., use of nano-additives for cultivating microalgae, for converting microalgal biomass into biofuels, and for microalgae-biofuel application. For the process of enzyme immobilization of biodiesel and bioethanol generation, magnetic nanoparticles were used. They were also used to produce biomethane because of their paramagnetic characteristics and high coercivity [106]. It has been reported that Fe2O3 and CeO2-carbon nanotubes have been used for improving the yield of biomethanol, biobutanol, and bioethanol [107].






16.4.2 Genetic Engineering


Genetic engineering of microalgae is useful in improving photosynthesis and accumulation of biomass of microalgae, enhancing the rate of CO2 assimilation. The development of microalgae genomics is helpful in microalgae application. Studying the microalgae genomics is useful in this aspect. Mitochondrial, nuclear, and chloroplast genomes of different microalgal strains have been sequenced [108]. Using biotechnology for manipulating genes to modify microalgae is useful since it allows genes to orient themselves in a certain way. Genes can also be designed as per specification. An Artificial Intelligence algorithm has been used for genetic designing which has made the application of genetic engineering useful [109].






16.4.3 UV Mutagenesis


UV Mutagenesis has been applied as a useful method to study the metabolism and physiological changes of microalgae [109] since it is fast and can be easily controlled without the generation of any secondary pollution. The strain of Scenedesmus which is resistant to actual smoke was bred using UV mutagenesis and converted to a new strain Sc. Obli quus WUST4. The new strain exhibited greater tolerance towards large concentrations of CO2 and was capable of capturing CO2 from actual flue gas [110]. Also, certain strains of microalgae which have been altered by UV mutagenesis showed improved rate of reproduction and larger cell size. Such mutated strains also exhibited capability for production of biofuel and assimilating CO2, thereby playing a crucial role in reducing global warming [111].






16.4.4 Nuclear Radiation Mutagenesis


High energy density and short wavelength enable large mutation frequencies in γ rays during nuclear mutagenesis. Free radicals and γ rays which are formed through radiolysis of water activate the enzyme RuBisCO and enhance C3 production in the Calvin Cycle, thereby enhancing CO2 assimilation efficiency [112]. Photosynthetic process in microalgal cells is also improved. Factors like a proper source of nuclear radiation and directionless radiation need to be addressed in the future for better advancement in this area.






16.4.5 Adaptive Laboratory Evolution


Adaptive laboratory evolution (ALE) is an indispensable tool used for improving the microalgae strain properties. ALE is used for cultivating and harvesting microalgae with ideal characteristic features under conditions of high saline content and high CO2 concentration by combining genetic variation and selective selection of mutants [113]. The technique enhances the ability of the microalgae to tolerate extreme conditions [114, 115]. In the case of certain microalgae, photosynthetic metabolic pathways have improved, thereby enhancing the amount of CO2 fixation. In recent times ALE has been applied to smoke resistant microalgae strains [116].








16.5 Conclusion


The biological process of atmospheric carbon dioxide capture is in accordance with the principles of green chemistry. Thus, in recent times biological CCU has gained considerable significance. Of all the microorganisms used for capturing and sequestering atmospheric carbon dioxide, photosynthetic microorganisms like algae and cyanobacteria are primary. In recent times, certain strains of extremophilic microorganisms like proteobacteria, archae, and clostridia have also found application in the related field. Genetic engineering of specific strains of such species can enhance their chances of participating in atmospheric carbon dioxide capture. In order to develop a bioprocess successfully, certain factors need to be considered like rate of carbon dioxide fixation, type and yield of product formed, selection of an appropriate microorganism strain, different physiological parameters, and design of instruments. Because of the availability of a vast spectrum of CO2 assimilating microorganisms and the possibility of genetically modifying certain strains, a wide variety of bio-based products synthesised directly from CO2 can be manufactured. In the past couple of decades biofuel has evolved as a promising green fuel. In order to produce biofuel on an industrial scale, biological production of biofuels from different photosynthetic and extremophilic microorganisms has been explored. Mixed cultures of such microorganisms further tend to improve the yield of different biofuels making the process economically viable.
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Abstract


The widespread use of fossil fuels has immensely affected our planet. Change in climate and global warming are the outcomes of excessive use of fossil fuels. The serious concerns of depletion of exhaustible resources has shifted scientific attention to find alternative sources of existing transport fuels to reduce environmental pollution. Biofuels are considered as renewable, sustainable, and environmentally friendly sources of energy that can drive the modern-day world with the potential of reducing greenhouse gas emissions and are of current academic interest due to the rise in energy demand globally with growing economies and exorbitant oil prices in recent years. Development of cost-effective technology and use of indigenous sources should be considered for sustainable biofuel production. Extraction techniques are the key technology in the biofuel production process and extensive research is being conducted globally. In this chapter, the global aspects of extraction of biofuels and the effectiveness of biofuels in meeting the environmental objectives are discussed.
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17.1 Introduction


Energy is the basis of all living forms on the earth and our requirement of energy increases with our standard of living. Use of efficient energy plays a pivotal role in the social, economic, and industrial development of a nation. As the use of conventional sources of energy continues to grow, they are only in limited reserves and we need to look for viable energy sources to fulfill our energy demands. Therefore, we need to explore alternate energy sources keeping in mind the cost and ease of extracting energy from that source, the environment, and the efficiency of technology. The most commonly available renewable sources of energy are biogas, solar energy, wind power, biomass, etc. A number of biofuels are used as blends worldwide. Organic wastes are used to produce biogas, fermented sugar beets and cereals are used for making bioethanol, and vegetable oils are used to make biodiesel, a substitute for diesel. Biofuels are an excellent solution to overcome the growing energy demand and harmful emissions caused by combustion of fossil fuels. It helps to cope with not only the rising energy prices, but also gives financial aid to poverty stricken farmers and rural communities across the world. Considering the total global energy consumption, after the industry and building sector, transportation occupies third place which is expected to rise 60% by 2030. This level of utilization increases because of increase in population, better standards of living, and industrialization [1]. Kyoto protocol was originally proposed in 1997, is also a part of United Nations Framework Convention on Climate Change (UNFCCC) targeted for achieving reduction in GHG emissions by industrialized countries [2], and was subsequently revised in the Copenhagen Accord [3] that aimed to bring together all the nations of the world to invest in clean and green energy technologies. Most of the countries pledged to cut down carbon dioxide emissions for achieving a solution to global climate changes.






17.2 Biodiesel


Biodiesel is a renewable resource which is also biodegradable and has the ability to meet the growing demand for energy in the world. It has provided a feasible solution which will replace non-renewable fossil fuels responsible for degradation of the environment. It is thus called Eco-Diesel, particularly if it is derived from Pig Pancreatic Lipase [4]. Since biodiesel is nontoxic and sulphur free, it has added more value over petroleum-based diesel [5, 6]. Biodiesel has far more lubricity which extends engine life and contributes to fuel economy. It is economically advantageous as its price does not fluctuate much and it increases markets for local farm economy. Petroleum based diesel produces 94% more carcinogenic particulate matter when compared to biodiesel [7]. Since large areas of commercial agricultural production are required, this leads to the displacement of traditional agricultural systems and its major use can cause loss of natural vegetation. Thus, it has raised grave distress for social and environmental effects in developing countries. There was a decline in rainforest extent in Malaysia, Brazil, and Indonesia, as highlighted by many conservationists, due to production of palm and soybean oil. Now lots of research is being done to make biodiesel a future energy investment so that environment damage is minimum. Regardless of the atmospheric condition, it has the capacity to power different types of engines and is quite sustainable. The selection of suitable feedstock is a very important factor for the production of biodiesel [8]. More than 350 oil producing crops have been considered at present which are potential sources of triglycerides. An important factor is cheap availability of raw material which depends upon topographical location, conditions of weather in that region, the quality of soil, and farming procedures adopted by the country, which is also most important. Industrial scale production with minimum cost is a must for a suitable feed stock.


The US, Brazil, and Argentina are using soybean oil, European countries are using rapeseed oil, and Malaysia and Indonesia are using palm and coconut oil for the production of biodiesel. In Southeast Asia and India, Jatropha Curas [9] are utilized as a significant source of biodiesel. The soyabean and rapeseed oil are most commonly used [10].


Biodiesel offers many advantages as it is synthesized from animal fats and vegetable oils which are renewable carbon neutral substitutes having less harmful effects on the environment compared to conventional petroleum-based diesel. For this reason, it has become the source of attraction for several countries to focus on its production which is quite evident in its production after 2004. This sharp upward trend is not only seen in developed industrialized countries, but in developing nations including India, Malaysia, and Indonesia. Southern and eastern Africa have great potential for producing biodiesel. It was reported that about 40% of Mozambique’s land area and approximately half of Tanzania’s land area suitable for production of biodiesel [11, 12].


From 2005 to 2011, the production of biodiesel has increased from 736 million liters to approximately 2.7 billion liters, making Brazil the world’s leading producer after US and Germany [13, 14]. However, biodiesel production has risen to 5.9 billion liters in Brazil and 6.5 billion liters in the US in 2019. This could have been possible because of favorable climate and land extension for the growth of different oilseeds like 85% of total bio-diesel was from soyabean until 2012 [15]. The Decennial Energy Extension Plan has predicted that domestic demand of B7 biodiesel and B10 biodiesel will increase from 6 billion liters to 8.6 billion liters by 2023 [16]. It was ordained that diesel fuel sold to the consumer must contain 8% of biodiesel in 2017which is further expected to rise by 10% by 2019 [17]. The bulk production of sunflower, rapeseed, soybean, and peanut vegetable oil has recognized Argentina for production and exportation of biodiesel. 60% of 2.78 liters of biodiesel produced was exported in 2012 AND 70% of its production was exported between 2008 and 2014 [15]. Evolution of biodiesel production in Peru is because of two major feedstocks available such as Palm oil and Jatropha. Other sources like algae could be new feedstock for the production of biodiesel. Germany and France are springing as pinnacle producers of biodiesel [18]. Even though the European Union are the largest producer of biodiesel in the world, they are meeting their increasing demand by importing it. Germany has sufficient resources to carry out mass scale production from biomass to meet its requirements up to 35% by 2030 [19].


The EU has proposed a secure energy supply to ensure competitiveness of the EU economy and most importantly protect the environment by adopting to use of biodiesel to a minimum of 5.75% by 2010. By 2020, the share of biofuels must be raised from its current 2% to 10% as decided by EU leaders at the European Council in March 2007. Thailand, which is a third largest producer after Malaysia and Indonesia, is banning the use of fossil fuels and focusing on production of biodiesel from palm oil [15]. In Alternative and Renewable energy development plans, Indonesia established a B7 mandate in 2012. Since fuels are subsidized, its cost is the lowest as compared to other countries [20]. Indonesian Ministry of Energy and Mineral Resources (MEMR) emphasized blending 20% of biodiesel with petrol and to metamorphose domestic consumption of biodiesel by 2025 [21].


In India, the transport sector is responsible for 13% of energy-related CO2 emissions and is at the fourth position in the world for emitting GHG. To have a sustainable approach, a higher penetration of biofuels from these transport emissions can be controlled as quoted by India’s National Action Plan for Climate Change (NAPCC). Since 2000, the growing rate of the Indian economy is 7%, which has resulted in the increase in demand of energy. From 2011 to 2030, energy demand will be 750 million tons to 1469 million tons, i.e., double in 20 years.


The main sources of feedstock for the production of biodiesel in India are from Jatropha curcas (called Jangli arandi in Hindi and Pongamia pinnata) and the Indian Beech called Karanj in Hindi which occur plenty in forests and wastelands. It was found that Jatropha is the most suitable oilseed to serve the purpose on blending 20% with biodiesel by 2017. This was initiated by the National Biodiesel Mission (NBM) in 2009.


According to the blending requirements, Table 17.1 comprises of comparisons of demand of biodiesel estimated with the need of land for the plantation of Jatropha.


In India, a pilot program for the procurement was extended to six states in August 2015, which aimed to blend 85 million liters of bio-diesel in 2019, which was 83 million liters blended in 2018. Currently, India has six plants producing 650 million liters of biodiesel annually. In 2018, The National Biofuel Policy was entrusted in increasing the supply and appropriate technology to facilitate biodiesel production in India. On July 1, 2016, public sector Oil Manufacturing Companies (OMCs) were able to procure 1.32 crore liters of biodiesel as reported by the Union Ministry of Petroleum and Natural Gas (MoP&NG). It was estimated that its production will increase to 150 million liters in 2017 and 160 million liters in 2018.


Africa is the largest producer of bioenergy crops. It has emerged as a good prospect for the global production of biodiesel, making Africa a commercial producer of biodiesel. The common feedstock for the production of biodiesel in Ghana, Zambia, Liberia, Tanzania, and Kenya includes Karanja, castor, mahua, and jojoba.


In Australia, castor and beauty leaf, oil which are edible oils, have anticipated the production of biodiesel [22]. The Australian Renewable Energy Agency (ARENA) is funding Australian Biofuel Research Institute (ABRI) under the “Clean Energy Initiative” and the Australian government has improved its position on the consumption and use of biodiesel, particularly in the transportation sector by renewable sources by 2020. The blends which are available in countries like Europe, Asia, and the USA are capable of running modern diesel engines. The government of Canada is providing subsidies to promote biodiesel production and support the policy reduction of greenhouse gases. There has been tremendous reduction in carbon emissions, roughly 18 million metric tons and US consumers used 2.1 billion gallons of biodiesel as reported by the US National Biodiesel board. Biofuel fuel policies cited by the USA have been designed in such a way to improve the income of farmers, reduction of taxes, and rural development. [23, 24]. There are many tax credits introduced for the production and blending of biodiesel by the U.S. federal government. It proposed to give a tax credit of 10 cents per gallon for producers who produce biodiesel from agricultural products such as soyabean oil. A tax credit, i.e., $1.00 per gallon, was also given to the blenders of diesel based on biomass or blenders of pure diesel. The USA has the highest bioenergy capacity in the world with a total of 12450 megawatts extrapolating to reach production of biodiesel at over 1 billion gallons by 2025.












	Year

	Demand of diesel

	Biodiesel required (BL) for 5% blending

	Land area for Jatropha production (Mha) for 5% blending

	Biodiesel required (BL) for 10% blending

	Land area for Jatropha production (Mha) for 10% blending

	Biodiesel required (BL) for 20% blending

	Land area for jatropha production (Mha) for 20% blending










	2030-31

	155.7

	7.8

	9.9

	15.6

	19.8

	16.2

	39.7






	2025-26

	127.3

	6.4

	8.1

	12.7

	16.2

	25.5

	32.4






	2020-21

	98.9

	4.9

	6.3

	9.9

	12.6

	19.8

	25.2






	2015-16

	72.8

	3.6

	4.6

	7.3

	9.3

	14.6

	18.6











Mha Million hectare; BL Billion litres.








17.3 Biogas


Renewable energy sources have an immense potential to contribute towards sustainable development via sustainable economic growth and conservation of the environment [25]. Use of inexhaustible energy sources not only reduce the devastating effects of fossil fuels on the ecosystem, but also provide reliability and holds the key to the future. Biogas is a multilateral, environment friendly, non-polluting energy source and a versatile fuel for the world’s future, with a widespread range of applications [26, 27]. Biogas production is thus a part of circular economy. Biogas plays a prominent role in developing the renewable energy market and its use is expected to rise from 14.5 GW in 2012 to 29.5 GW in 2022 globally [28–30].


Across the world, the rural population has grown slowly since 1950 and is mainly located in Asia, Africa, and South America. Many developing countries are encouraging the installation of cheap, small scale rural biogas digesters for social, environmental, and health benefits to rural areas, but also to reduce organic waste in these areas. These digesters with a capacity less than 250 KW are smaller, less expensive, and easily self-sufficient, attracting economically backward people and farmers to generate their own heat and power for domestic use in cooking and heating, thus providing them financial aid. There have been numerous programs for production of biogas for domestic use in many Asian countries such as China, Thailand, India, Nepal, Vietnam, Bangladesh, Sri Lanka, and Pakistan [31–34]. Due to rich and low-cost energy resources-coal in South Africa, oil in the Middle Eastern African continent and the Sub-Saharan African region has experienced slow progress in the recent decade and still depends on traditional technologies. “Biogas for Better Life” was an ambitious target set in Africa that was ensured to provide two million household biogas digestors to replace wood fuel and charcoal used in cooking by 10 million Africans [35].


Until 2019, more than 50 million micro digesters were running globally, feeding around 126 million people. China had the maximum number of microdigesters and has been among the pioneers in biogas technology with substantial improvement of rural health and waste management. Biogas industry in China reported 24% share of small-scale digesters in 2019 and with initiatives from the government, this is expected to rise gradually during 2021-26 [36]. According to the World Biogas Association 2019, there are currently 132,000 small, medium, and large-scale AD and 700 upgrading plants operating in the world.




[image: Schematic illustration of mechanism of biogas production.]

Figure 17.1 Mechanism of biogas production.




Anaerobic Digestion is the most adopted technology used for decades for bioenergy generation with tremendous benefits over other techniques for biogas production. This bio-digestion technology used for energy production reduces greenhouse emissions as it helps to combat global warming, making it a sustainable option for a clean environment. It is the most desirable methodology for waste management including agricultural waste, industrial waste, animal manure, food waste, municipal solid waste, poultry waste, and forestry waste and provides an additional revenue stream from the nutrient enriched bio-manure. Anaerobic Digestion Technology is accomplished in four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [37]. It enables the use of producing biogas using biochemical treatment under anaerobic conditions to digest the complex organic material (from plants and animals) in sealed containers. Newer biogas plants use advanced anaerobic processes such as CSTR (Completely Stirred Tank Reactors), UASB (Upflow Anaerobic Sludge Blanket), USR (Upflow Solid Reactors), and UBF (Upflow Blanket Filter) [38]. The organic matter rich in nutrients produced by the digested slurry of biogas plants can be effectively used in agriculture. The sludge from anaerobic digestion can be used as a soil conditioner after stabilization or as a manure, depending on its composition. The produced biogas is processed in a CHP (Combined Heat and Power) unit to produce heat and electricity, which can be used in engines, microturbines, and fuel cells (Figure 17.1). Biogas can also be refined by removing carbon dioxide, water vapor, and other trace gases into biomethane, also called Renewable Natural Gas (RNG), which can be injected into a natural gas pipeline or be used in vehicles as a biofuel [37, 39, 40]. Various support schemes and programs have increased the use of upgraded biogas in transport application. Biomethane having high energy content is a renewable fuel and reduces the release of methane and other harmful gases into the atmosphere by about 60% to 80% compared to fossil-based fuel. Over the next two decades, biogas and biomethane will be the fastest growing forms of bioenergy.


In various countries, there has been an enormous demand of biogas which will replace about 50 Gg (million tons) of bulk coal consumed annually with more than 30x1027 M3 of biogas by 2030 [41]. According to the International Energy Agency (IEA) outlook, with growing interest in alternative fuel and to convert organic matter and waste into green energy, there are strong prospects for promoting biomethane and biogas utilization and generation. IEA foresees greater opportunities for growth of the biogas industry in Asia Pacific, North and South America, Europe, and Africa due to rising natural gas consumption. Growing consumer interest coupled with active collaboration with the government led to 90% of global biogas generation, which was done in Europe, the United States, and China and the remaining production was in developing countries in Asia like India and Thailand. IES Biogas is investing in the Southeast Asian market for biogas plants using agricultural and agro-industrial residues as feedstock. Southeast Asian countries have set up their bioenergy targets with Indonesia at 810 MW by 2025, Thailand 5,570 MW by 2036, and Malaysia aims to achieve 1,065 MW by 2020 [42].


India is one of the leading countries in biogas technology where research and construction of biogas plants has been carried out over several years. Government of India and MNRE continue to implement several schemes for the promotion of various biogas programs. National Biogas and Manure Management Program (NBMMP) provides installation of about 50 Lakh family type plants in the year 2017-18. A modified version of this scheme named the New National Biogas and Organic Manure Program (NNBOMP) and aims to increase the production of small size biogas plants of 1 to 25 M3 capacity for rural and semiurban households. A centrally sponsored scheme under the National Project on Biogas Development (NPBD) and National Biogas and Manure Organic Manure Programme (NNBOMP) have set up a total of 50.28 Lakh family/small size biogas plants in the country till 2018-19. Biogas plants of 30 M3 size to 2500 M3 size were installed and 389 power projects have been employed under the Biogas based Power Generation (off Grid) and Thermal Application Programme (BPGTP) biogas plans in 2018-19 [43].


China has accelerated rapidly in energy generation since 1980 due to rising energy demand, industrialization, and urbanization. China has plenty of biomass resources and has achieved a fast growing trend in all aspects of utilization and generation of biogas plants [44]. The development of biogas technology was integrated into the National Economy Program by the government and incentives were offered on innovative biogas projects. The Renewable Energy Law provides unprecedented policy support for biogas production [45]. China, in 1979, established BIOMA (Biogas Institute of the Ministry of Agriculture) for domestic and international training to promote research and development in biogas technology [46]. The BIOMA has established a strong cooperative relationship with Germany, the Netherlands, Italy, Australia, India, Korea, and Japan. Several biogas plants are operated in China by the German Federal Ministry of food and agriculture in collaboration with the Ministry of Agriculture, China in favorable parts of the country. According to IEA 2019, there was a rapid evolution of biogas production in between 2010 to 2018 [44, 47]. Focus on financial aid, political support, and cooperation by the government should be promoted for the bright future of China’s biogas market.


The European Union amounted to roughly half of the biogas production globally [48]. Biogas production has increased in the European Union (EU) and its member states and the EU is leading the biogas plant market with maximum production due to the favorable initiatives in several European Union member states. The biogas produced in EU is mostly used as fuel for electricity generation. The EU is dominating in biogas power generation with more than 10GW electricity capacity and 17,400 biogas plants in contrast with a worldwide biogas unit of 15 GW in 2015 [49]. The biogas from anaerobic digestors mainly comes from Germany, Italy, Denmark, Czech Republic, and Austria. By 2050, biogas production is targeted to reach 98 billion cubic meters (bcm) of biomethane by 2050 according to EBA (European Biogas Association) [58].


Market development of renewable energy technology in Germany has been mainly triggered by consecutive versions of the Renewable Energy Act (REA) and several regulations since 2004 [50]. In 2015, Germany was the leader among Europe’s biogas producers, producing 329 PJ of biogas and 50% share of total biogas generation in the EU. The Renewable Energy Act (EEG) aims at promoting electricity generation from renewable energy sources and to provide a subsidy for renewable electricity and biogas production. Most of the biogas plants in Germany depend on the feed-in tariffs (FiT) that guarantee renewable electricity generation from biogas. Energiewende is the planned energy transformation going on in Germany from a centralized fossil-based energy system to a low carbon, environmentally sound nuclear free economy. Germany was dominating the global biogas industry with 9527 biogas plants in 2019 and 13% share of biogas/biomethane in renewable based electricity generation. The integrated National Energy and Climate Plan (NECP) in Germany aims to achieve GHG neutrality by 2050 and a share of 30% renewable energies of the gross energy consumption by 2030 [51, 52].


In the Netherlands, biogas production growth was slow, while biomethane additions to the natural gas network was going on at a fast rate. The main support for the production of renewable energy in the Netherland is the SDE++ regulation (Stimulering duurzame energieproductie en klimaattransitie) that also provides subsidies for biogas plants. The ODE tax (Opslag Duurzame Energie- en Klimaattransitie) is a type of tax allowance available for manufacture of renewable energy from biomass. Biogas installations in The Netherlands is provided under the Energy Investment Allowance (EIA) Scheme [53]. The National Climate Agreement aims to make the country economical and sustainable for the future by reducing GHG emissions by 49% by 2030 in a cost-efficient way.


Biogas technology has developed rapidly in Denmark and is spread throughout the country. Danish biogas technology supported by various incentives and subsidy schemes claims to provide the world’s largest biogas facilities under development by NGF Nature Energy [54]. The majority of biogas generated is used for production of electricity and Denmark has targeted to provide the existing gas grid with 100% green gas from agricultural, food, and industrial waste by 2035 [55]. Denmark has significant potential for biomethane production due to a well-developed gas infrastructure. The density of livestock manure in Denmark is the highest in the world. Therefore, biogas production is a well-established technology in Denmark today and the manufacturing of biogas is expected to triple from 2012 to 2020, targeting production of 15PJ annually.


France’s multiyear energy plan (PPE) targets to achieve carbon neutrality and to decrease the renewable gas in the gas grid target to 7% by 2030. Due to active support and attractive financial incentives offered by the French government, the biogas and biomethane market continues to develop at a good pace. By the end of 2019, there were 738 biogas units producing heat and electricity, which accounts for 86% of all biogas plants in France. Several companies in France like Waga Energy, Prodeval, Air Liquide, and HoST France are creating interesting business opportunities in France for biogas and biomethane production [56].


The UK produces more than 100 million tonnes of organic matter including agricultural by-products, food waste from household and industry, and dry sewage sludge that is suitable for treatment by AD technology. The UK government targets for zero waste economy promote waste minimization and reuse and recycling of waste. In 2018, primary energy production from biogas in the UK amounted to 2,809 metric kilotons of oil equivalent. Several financial support incentives and regulations in the UK support biogas production, including the Renewable Obligation (RO) and Feed In Tariff (FIT) for electricity and Renewable Heat Incentive (RHI) for heat production.


There are large scale commercial projects on biogas generation running successfully all around the world. Nordic countries such as Finland and Norway already have 1/3 of Oslo city buses powered by biogas from sewage. Freshskills Landfill in New York, U.S. produces enough methane to power 30,000 homes and earns a revenue of $3 million to $5 million annually. The energy company Gasum [57] owns a nationwide network of biogas plants, e.g., Lohja in Finland, Nymolla Biogas plant in Sweden, and in many Nordic countries. By 2025, the company intends to make 4TWh of biogas available in the market from its own production and that of European partners. The share of bioenergy will rise from 5% to 12% and 67% of the global electricity demand will be met by renewables by 2040 according to International Energy Agency (IEA). The global biogas market size is expected to reach from USD 25.50 billion in 2019 to USD 31.69 billion by 2027, targeting a CAGR of 5.30% during the period of 2020-2027 [58].






17.4 Bioethanol


Bioethanol fuel is prepared by the fermentation of sugar, though it can be manufactured by reacting ethylene with steam, i.e., by chemical process. The main sources of sugar for the fermentation process required come from fuel and energy crops which include maize, corn, wheat crops, waste straw, willow and trees, cord grasses, sawdust, and reed canary grass. The choice of starting material depends on the climatic conditions, landscape, and constitution of soil. It also depends on the content of sugar and availability of easy processing from various available plants. Most of the bioethanol produced in Brazil is from sugarcane and in the USA from corn. Other materials are also available in the market which are starchy, such as wheat, rye, and barley, but they have to be first converted to sugar. Sugar beet and starch crops are the main crops grown for the production of bioethanol in Europe. Sugar beet is better than wheat, as it produces substantially more bioethanol. Since the bioethanol has high latent heat for vaporization and low vapor pressure, it is not possible to use neat ethanol in spark engines as it causes problems with a cold start. It has high calorific value that cannot run in engines of automobiles, but the higher calorific value of 10% of bioethanol is close to gasoline. So, it is blended with small proportions of gasoline which can be more economical and sustainable in the transportation sector such as E5G containing 5% of ethanol, with the rest being 95% gasoline. Some other examples of blended bioethanol are E26G, E85G, E15D, and E95D containing 26%, 85%, 15%, and 95% of ethanol with 74%,15%, 85%, and 5% of gasoline or diesel. These bioethanol blends [59] are used by more than 70 countries. The production of bioethanol using mostly sugarcane and corn as feedstock was reported as 109.8 billion liters in 2019 with a growth rate of 5.3% per annum until 2024 [60–62].


Countries like China, the European Union, Brazil, and the USA have implemented certain energy policies to promote the growth of bioethanol leading to tremendous demand of bioethanol globally. In the United States, corn starch is used for the production of bioethanol [63], however Brazil is using sugarcane in sugar mills to ferment bioethanol. The agricultural sector of Malaysia uses cellulosic fermentation of biomass to convert it into bioethanol. From 2000 to 2019, the production of world bioethanol production has increased from 13.2 billion liters to 109.8 billion liters [64]. In order to decrease carbon emissions and dependency on the import of crude oil, India targets blending of petrol with bioethanol to increase from 10% to 20% from 2022 to 2030 [65]. For blending, 1G and 2G plants are needed to set up for making bioethanol, which is still facing challenges in the private sector for attracting investments.


Byproducts in the production of sugar, i.e., sugarcane juice and molasses, are utilized by 1G plants as a raw material for the production of bioethanol, whereas surplus agricultural waste and biomass is used by 2G plants. Currently, Indian Oil Marketing companies (OMCs) felt that domestic production of bioethanol is not sufficient to blend with petrol. The domestic suppliers of bioethanol are sugar mills that are only able to supply 1.9 billion litres to OMCs instead of 3.3 billion litres, which is just 57.6%. The government worldwide targets that a certain blending done by bioethanol should be generated from 2G plants which can help in boosting investment in that particular area and it should provide greater vision on the price of bioethanol that sugar mills expect. The 2G bioethanol plant setting is in the process by the OMCs, Indian Oil Corporation Ltd., Bharat Petroleum Corporation Ltd., and Hindustan Petroleum Corporation Ltd., which are run by the state. Abengoa Bioenergía is involved in the production of bioethanol as a sustainable biofuel, as well as Galicia in Teixeiro (Coruña); these are the European leaders, having a total capacity of 176 and 150 million liters annually, respectively. Abengoa Bioenergía is also operating its third plant with Ebro Puleva in Babilafuente (Salamanca) and Biocarburantes de Castilla y León, having production capacity of 200 million litres per year, 5 million litres of which is obtained by the conversion of biomass from cereal. The greenhouse gas emissions in Mexico are from the transport sector, which is approximately 31% [66]. That is the reason Mexico is underway to form blends up to 10% [67, 68]. To boost the domestic economy and air quality, the demand for bioethanol is approximately 3 billion litres annually [69–72]. To meet its current demand, Mexico has introduced bioethanol as a fuel oxygenator to be produced chiefly from sugarcane. The second largest producer of bioethanol is Brazil, which employs E27 blend (27% v/v anhydrous ethanol, 73 % v/v gasoline) or hydrous bioethanol E-100 (92% v/v) in the auto transport sector [73]. It has its own distillery, a biorefinery with a 50:50 feedstock ratio for ethanol and sugar production, and a molasses distillery. In Europe, the production of bioethanol is 0.4 million tonnes from barley, 3.9 million tonnes from wheat, 12.1 million tonnes from sugar beet, 4.1 million tonnes from maize, and 0.4 million tonnes from rye.






17.5 Bio-Oil from Biomass


The renewable organic material obtained from plant and animal products is called biomass. Biomass is a source of substitute energy and is used to produce solid, liquid, and gaseous fuels. Biomass has tremendous utilization potential to be used as one of the important energy sources for the future with widespread applications. The sources of biomass include vegetable waste, agricultural waste from crops, bagasse, sawdust, grass, biosolids, aquatic plants, algae, municipal solid waste, sewage, animal manure and wood, and wood processing waste. On burning them, lots of smoke is given out and to be used as fuel, technological inputs are required to improve their efficiency. In developing countries, biomass is used as a fuel for heating and cooking. In many developed countries, biomass continues to be an efficient fuel for electricity generation and transportation. In the US, biomass has been used to provide 5 quadrillion British thermal units (Btu) in 2020. By various biological, biochemical, and thermochemical processes, hydrocarbons can be produced from biomass. Liquefication of biomass and pyrolysis are the most widely used processes to convert biomass into advanced biofuel [74]. Bio-oil thus obtained has high viscosity, low heating value, and is less volatile and unstable. To enhance the characteristics of bio-oil for various applications, deoxygenation using various chemical and physical methods is done. Hence, the bio-oil industry faces several economic and technical challenges globally to upgrade the use of bio-oil as fuel for transportation. North America, followed by Europe, dominates bio-oil generation globally due to an increase in industrial diesel engines and industrial boilers. The Asia Pacific region is also expected as a fast-growing market for bio-oil production due to emerging economies and rising urbanization [75].






17.6 Conclusion


Replacing fossil fuels with biofuels has not only reduced GHG emissions, but has also improved the quality of air, created job opportunities, and has led to rural and agricultural development and stability in fuel prices. The most economical benefit of using biofuels is minimizing pollution and meeting the energy demand for various purposes. The US and Brazil have pioneered in the world’s biofuel production, followed by Germany, Argentina, and China across the globe. Advantageous government policies and rapid advancement in biofuel research has diverted global attention towards the use of biofuels as a potential substitute for the future in the context of security of energy and environmental concerns. New technologies to improve the biofuel production process, cost reduction, and support schemes can thus be a key player in the development of the global biofuel market and result in a sustainable circular economy.
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Abstract


In the past few years, biofuel demand has been increasing due to limited crude oil reserves, which are predicted to deplete in the next 40 years. Moreover, because of the restricted development of arable land, the rapid growth of human population, improvement of economic status, deforestation, water shortages, environmental degradation, and global warming, there will be increasing pressure on existing forest lands. Due to the diminishing rate of fossil fuels and their higher emissions capacity, the demand for alternative or conventional fuels increases and biofuel is one alternative resource. Biofuels can be obtained or generated from biomass or biological material collected from living material or living resources. Biofuels include a wide range of fuels that can be extracted from renewable bioresources. The biofuel industries have gained increased development since the 1970s due to the shortage of sustainable energy resources (biofuel).


Biofuels can be obtained from fats, oils, or carbohydrates. However, ethanol extracted from sugars and starch offers a good contribution to the environment’s sustainable development. Ethanol can also be derived from cellulose biomass like wooden and herbaceous plants, forest and agricultural residues, and huge industrial and urban waste.


Furthermore, there will be a rise in the demand for biofuels, thereby requiring serious consideration of alternatives to raw materials over the coming decade. Several lignocellulose-derived sources like oilseeds, oils, agricultural residues, forest and wood wastes, wastes from the pulp and paper industry, and algae have the potential to produce as less-cost input for biofuels production. Advanced genetic engineering technologies provide the possibility of better biodegradative capabilities. This chapter focuses on the “New Advancements of Biofuel Extractions and Future Trends.” Thus, it defines different biofuels and their production techniques from different low-cost bioresources for future use.


Keywords: Biofuels, sustainable development, conventional fuels, advanced biofuels, cellulosic ethanol






18.1 Introduction


Biofuel is a fuel produced from inexhaustible biomass material and can be commonly used as a cleaner fuel source as an alternative to burning fossil fuels. Biofuels have low carbon emissions, thus they do not participate in affecting the surroundings. Moreover, it is suggested that biofuel resources can draw out materials like edible oil from the waste stream and logging waste [1].


Rapidly increasing oil prices worldwide, global warming, increasing population, and finding new possibilities for sustainable agriculture are enhanced to explore alternative energy sources that should be inexhaustible, clean, and have the characteristics of fossil energy. All these criteria are the major propelling forces for producing and preparing biofuels, becoming one of the assured energy models.


By the late 19th century, biofuel production started when corn was used to be the substrate and the first diesel engine by Rudolf was run on peanut oil. Reduction in fossil fuel prices was the main reason for further development and production of biofuels until the 1950s. Concern for the large-scale production of biofuels constantly accelerated in the mid-1970s. By that time, corn and sugarcane in the United States and Brazil were utilized as an essential raw material for ethanol production. But, in the past ten years, biofuel production has seen tremendous growth in many parts of the world favored by supportive aspiring government policies [2].


Moreover, green energy, sustainable agriculture interest, and reduced CO2 emissions from automobiles have become significant measures for biofuel production. Blending mandate is one of the frequent support methods, which demonstrates the percentage of biofuel that must be used as road transport fuel and is frequently mingled with other measures like tax benefits [3]. Around fifty countries have followed blending targets or mandates [4, 5]. Thus, biofuels are expanding their importance as an alternative to fossil fuels.


Any liquid fuel derived from organic sources and biological materials like agricultural waste, crops, grass, trees, leaf litter, and residue streams is considered a biofuel. They have the potential to replace non-renewable sources of energy fuels.


Biofuels can be categorized into different forms:




	Biodiesel (produced from animal fat, vegetable oils, or reused wax)


	Bioethanol (alcohol extracted through fermentation of starch crops and sugarcane)





Biofuels are extracted as an alternate source of petroleum due to their non-toxic, biodegradable nature, they are sulfur-free, and are obtained from inexhaustible sources.




18.1.1 Major Advances in Production of Various Generations of Biofuels


The name biofuel specifies liquid and gaseous fuels derived from biomass. These are mainly classified into first-, second-, and third-generation bio-fuels. However, they can categorize individually depending on GHG emission balance. Thus, the terms “advanced” and “conventional” are used for the classification established on the maturity of a technology [6].










	S. no.

	Category

	Substrate










	1

	First Generation

	oil-basis plants, sugar, and starch yields






	2

	Second Generation

	agricultural and woodland residues






	3

	Third Generation

	algae






	4

	Fourth Generation

	engineered cyanobacterial















18.1.2 Conventional and Advanced Biofuels


Depending upon the small- and large-scale applications of biofuels, various methodologies are equipped to convert energy from biomass, following the convention attained by the International Energy Agency (IEA) for the classification of biofuels, summarizing conventional and advanced biofuels and describing the technologies and production methods for obtaining them.


Conventional biofuel technologies are indulging with well-designed and established methodologies producing biofuels at a commercial scale. These biofuels, generally classified as first-generation, include oil-crop-based biodiesel, sugar- and starch-based ethanol, straight vegetable oil, and biogas produced from anaerobic digestion. Basic raw materials utilized in these processes include starch-bearing grains like wheat and corn, sugar beet and sugarcane, oil crops like soybean, rapeseed, oil palm, and, in some cases, animal fats.


Advanced biofuel technologies’ transformation processes are still in the initial phase of research and development and are referred to as a second or third generation. This group includes hydrogenated vegetable oil, extracted animal surplus and plant oil, as well as biofuels based on lignocellulosic biomass like ethanol derived from cellulose and biomass-to-liquids. Biofuels are extracted from algae along with the reformation of sugar into diesel-type biofuels using biological or chemical stimulants. It includes algae-based biofuels too [7].








18.2 Extraction and Purification of Biofuels


Production of advanced biofuels (renewable hydrocarbons, ethanol, or cellulosic ethanol) comprises of multistep processes producing advanced biofuels. The plant’s outer rigid and tough cell wall should be broken down to disrupt the biological molecules such as cellulose, hemicellulose, and lignin. Thus, the biofuel extraction process includes various steps and procedures depending upon the type of the substrate, which is as follows.




18.2.1 Sugar and Starch-Based Ethanol


In this method, the primary source of sucrose is sugar crops like sugarcane, sweet sorghum, and sugar beet and are utilized for subsequent fermentation through yeast to ethanol, producing other derivatives like carbon dioxide. The recovery of ethanol is made through a variety of processes. The method of ethanol production from sugarcane includes the following steps:


Steps of Ethanol Production:




	Milling: the substrate or the biomass is cleaned and ground


	Must Formulation: water is mixed with molasses and sugarcane juice to balance the amount of sugar for successive fermentation


	Fermentation: yeast is added to the mixture to convert sugars to ethanol and carbon dioxide


	Centrifugation: to separate the liquid and solid fractions


	Distillation: the liquid fraction consisting of ethanol is separated from water with a purity of approximately 95%


	Dehydration: Hydrated ethanol follows a procedure to remove the left-over water resulting in the dehydrated ethanol


	Denaturation: Purified ethanolis combined with a small number of additives, like methanol, acetone, isopropanol, methyl ethyl ketone, etc., in order to make it unfit for human consumption





In order to produce 1st generation bioethanol from corn, the above process used for sugarcane must be followed because the starch should undergo a preliminary operation so that it is separated into sugar before fermentation. The raw material is churned into small particles in the milling step. These tiny particles are then blended with water and α-amylase enzymes followed by the cooking of the mixture at high temperatures (140-180°C) to liquefy the starch. Further, the mixture goes through saccharification, in which a glucoamylase enzyme is added to convert the starch molecules into fermentable sugars. The fermentation and distillation steps are common to the ones used in sugarcane conversion. The processing temperatures advert high operating costs, making starch-based ethanol economically less beneficial compared to sugarcane-based ethanol.




	The first-generation ethanol can be combined with gasoline and other fuels or used as a pure biofuel.


	The recent advances in first-generation ethanol have emerged from upgrading ethanol production by Saccharomyces cerevisiae, following the genetic engineering process.









18.2.2 Conventional Biodiesel


Production of biodiesel with similar properties to kerosene and diesel is under development.


Biodiesel is a “synthetic liquid fuel, arising from renewable substrates and comprises a mixture of alkyl esters of long-chain fatty acids extracted from vegetable oils or animal fats.” Biodiesel can also be considered as a biomass derivative that can replace fossil fuels wholly or partially.


Transesterification of alcohols with vegetable oil is the most common form of biodiesel. Conventional biodiesel can be derived from raw vegetable oils extracted from rapeseed, soybean, sunflower palm oil, and animal fats. During the process of transesterification, the molecular arrangement of the vegetable oil is modified to match the physicochemical properties of mineral oil. This reaction is accomplished along with an enzymatic catalyst, acid or base, and short-chain alcohol. Moreover, glycerin is produced as an adjunct that has very wide applications in the cosmetics industry. This transesterification reaction proceeds at a very slow rate at room temperature and it can be enhanced by applying heat or any catalyzers. Approximately 100-105 kg biodiesel and 10-12 kg glycerol can be produced from 100kg of crude vegetable oil [8].


Biodiesel is a kind of fuel that has similar properties to fossil fuels. Thus, it can be easily integrated with conventional fossil fuels in adequate proportions to perform similar functions for the engines of various vehicles. According to the present scenario, worldwide biodiesel production derived from various raw materials reaches about 6.2 billion liters annually and contributes around 10% of total biofuel production.


Thus, in order to produce biodiesel at a low cost, several approaches are under investigation.






18.2.3 Biogas Production


Biogas is another category of biofuel which can be produced by the anaerobic degradation of farmyard manure, animal manure, organic waste, sewage sludge, and crop waste (grass, maize, and wheat). This process of biomethanization gives a suitable treatment methodology for the production of biogas, thereby decreasing the chances of contamination of various biosolids to benefit society by introducing an alternative bio-fuel source from various organic wastes. In this process, methanogenic and acidogenic bacteria are retained with the separation. Sequential steps achieve Biomethanization through biochemical transformations followed by two steps:




	Process of hydrolysis, acidification, and liquification


	Hydrogen, Acetate, and CO2 are reformed into methane.











18.2.4 Cellulosic Ethanol


Ethanol can be produced from cellulose though it requires extra input to degrade the cellulosic materials into sugars. Cellulosic materials are comprised of leaves, stems, stalks, and the trunks of trees. All these substrate materials can be processed to form ethanol.


In order to produce cellulosic ethanol, non-edible lignocellulose biomass can also be used as it is fast-growing and cost-effective. Lignocellulosic biomass constitutes cellulose, lignin, and hemicellulose.


A wide range of fuels can be extracted using chemical or biological synthesis procedures from cellulose, lignin, and hemicellulose. The conventional method of ethanol production includes fermentation of simple sugars from sugarcane and other sugar crops or by hydrolysis of starch crops to derive ethanol. To prepare ethanol from lignocellulose is more difficult than from starch or sugar due to complex sugar polymers like hemicellulose and cellulose [9]. Thus, it requires some additional steps to complete the extraction process. It consists of two basic steps:




	Pretreatment


	Fermentation





The above two steps are the reasons for increasing the production cost and complexity of ethanol production.




	Pre-treatment: Pretreatment is important for arranging cellulosic materials for hydrolysis to convert cellulose and hemicellulose into glucose. This process requires acid for chemical pretreatment, while grinding is helpful for physical pretreatment. The above steps are highly fruitful in digesting cellulose to produce glucose in the presence of the cellulase enzyme. Furthermore, microorganisms are employed to catalyze the further hydrolysis reaction. This hydrolysis and pretreatment process commonly results in one co-product, lignin, which can be burned to generate heat or electricity.


	Fermentation: When sugars have been extracted from cellulosic materials, they are allowed to undergo a fermentation process in yeast and bacteria. The extracted liquid is comprised of water and ethanol. Using the distillation process, water can be removed, leaving behind ethanol.





Presently, Sweden, Canada, the United States, India, Italy, Spain, France, Japan, Denmark, Norway, and Australia are manufacturing ethanol from cellulosic raw material with diverse development stages and various private/public worldwide projects have been developed in the biorenewable field to endorse a bio-based economy [10, 11].






18.2.5 Syngas


Bio-SG, also known as Bio-synthetic gas or syngas, is a biomethane produced from biomass using thermochemical processes like gasification. The major principle of biomass gasification is the partial combustion of biomass because of less oxygen to give CO2, CO, and H2 instead of water and CO2. It includes the process which involves continuous reaction and steps like drying, pyrolysis, char gasification, and oxidation, generally at high temperatures up to 1500°C and pressure. This process is completed with the operational mode of the gasifier, which can be operated in a fluidized bed or fixed bed entrained flow mode. Along with this, catalyst such as alkali, dolomite, or nickel can also be used [12]. This synthetic biofuel produces very clean biofuel followed by liquification to form biodiesel.


Even after it has been practiced for many years and also has several examples of demonstration, the gasification process is utilized for several years and there are many examples of demonstration along with its commercial application, but still, it has few successful operational units [13].






18.2.6 Advanced Biodiesel


Advanced biodiesel like hydrogenated vegetable oil and biomass to liquid (BtL) are derived from lignocellulosic biomass through thermochemical operation. Green diesel can be produced from hydroprocessing of oils into hydrocarbons using a suitable catalyst and this biodiesel can be blended with fractions of diesel. Moreover, it has a high cetane number and as a result, higher stability [14]. To produce second-generation biodiesel, BtL is the most efficient process. BtL biodiesel can be produced from any biomass, like lignocellulose, with reduced moisture level.


Gasification is carried out in order to produce biomass from BtL, where the biomass is converted to syngas composed of CO and hydrogen. A 3-step gasification process derives the syngas: i) low-temperature gasification, ii) high-temperature gasification, and iii) endothermic entrained bed gasification [15].


Various innovative methods have been calculated for biodiesel production, like cracking (pyrolysis) and enzymatic hydrolysis, often selected as breakthroughs for converting vegetable oils into fuels.








18.3 Application of Biofuels


Modern biofuels are an alternative source of fossil fuels or conventional fuels, but they have several other applications not only for transportation, but also used for cooking purposes. Various applications of biofuels are as follows:




18.3.1 Energy Production




	Other than transportation fuel, it can also be used as power generation in the form of electricity. In most of the places where backup systems are necessary, biofuels can be used to produce electricity where backup systems are necessary, such as hospitals, schools, colleges, etc.









18.3.2 Transportation




	More than 35% of energy is consumed for vehicle transportation and worldwide energy consumption accounts for 24%. This means that more than one-third of the oil is utilized for driving vehicles.


	The different forms of energy like sun, wind, water, or other alternate forms are not practical for transportation. Experts believe that research and effective breakthroughs in practical technology development are still decades away.


	In advancement to biofuels, they can be converted to hydrogen vapors for fuel cells. More, and more major car brands have already invested in establishing depots for biofueldriven vehicles.









18.3.3 Heat Production




	Heat production has risen over the past few years. Natural gas can be produced from the hydro-crushing of fossil fuels. Natural gas does not have to come from fossil materials, but it can be derived from recently grown materials.


	The places where wood is used to generate energy release various harmful emissions. The energy produced from bio-fuel reduces the emission of Sulphur dioxide and nitrogen. Most of the biofuels used for heating are significant. Houses use wooden stoves, not gas or electricity, because wood is the most practical way to heat. Biodiesel mixing reduces emissions of nitrogen and sulfur dioxide.









18.3.4 Charging Electronics




	By cooking sugar with oil, electricity can be produced as per the research at Saint Louis University. People can utilize these cells for charging their mobile phones, laptops, and other electronic gadgets rather than using batteries. However, the process is still under development.









18.3.5 Clean Oil Spills and Grease




	Due to their eco-friendly nature, these biofuels also help clean oil spills and remove oil from water. Moreover, due to its less toxic nature, it can also be used as an industrial solvent for metal cleaning.









18.3.6 Cooking




	Kerosene is the major fuel utilized for cooking other than a wood fire. It can be replaced with biofuel.









18.3.7 Remove Paint and Adhesive




	Biofuels are beneficial in removing toxic products from paint and other adhesives. Biofuels are also considered the best way to remove unwanted applications.













18.4 Advantages Associated with Biofuels




18.4.1 Fuel Efficiency


Biofuels are derived from renewable energy resources and are less flammable than fossil fuels. They also consist of good lubricating properties. Harmful emissions are comparatively low and they are quite cost-effective [16].






18.4.2 Effective


Biofuel is cost-effective fuel similar to gasoline. They are much cleaner fuels producing less emissions on burning. In the future, biofuels have the potential of becoming cheaper with increasing demand.






18.4.3 Durability of Vehicle Engine


Biofuels are highly suitable and adaptable to present engine designs and have good performance. Because of the high cetane number and better lubricating properties, it can increase the durability of engines and demands less maintenance.






18.4.4 Availability of Source


As biofuels are derived from waste products like crop waste, agriculture waste, other byproducts, and algae, the substrate materials can be readily available.






18.4.5 Renewable


The current fossil fuels are not sufficient to fulfill the increasing demand of the population and they will be used up soon. But, resources like corn, sugarcane waste, switchgrass, soybeans, and crop plants/waste are renewable and will not expire with time [17].






18.4.6 Reduce Greenhouse Gases


Studies have shown that biofuels are helpful in reducing greenhouse gases up to 60%. However, conventional fossil fuels emit a high quantity of greenhouse gases (CO2), making the environment warm by trapping the sunlight. Thus, to reduce harmful emissions, biofuels are coming into practice.








18.4.7 Economic Security


With the increasing demand for fossil fuels, it is not possible for each country to fulfill this demand. If biofuel consumption increases, the dependency of a country on fossil fuel reduces. Moreover, for satisfying the increasing demand of biofuel, the production of appropriate biofuel crops also increases, thereby boosting the agriculture industry. This will result in more job opportunities to the country.






18.4.8 Reduced Pollution


As biofuels are produced from renewable resources, they do not cause harmful emissions or increase air pollution in the atmosphere.








18.5 Disadvantages Associated with Biofuels




18.5.1 High-Cost Production


Though biofuels are produced from renewable and waste resources, they also have costlier techniques and strategies to make them commercially. If their demand increases, there will still be costly operations and techniques to produce them. This could be a big disadvantage, which is creating a hurdle for biofuels to become popular.






18.5.2 Monoculture


Producing a similar crop year after year in the same field is known as monoculture. As a result, it will make the soil deficient in nutrients which can cause further problems. Therefore, monoculture is a big issue to biodiversity, which simply has a wide range of plants and animals at the same time.






18.5.3 Fertilizer Usage


In order to increase the desired crops for biofuel production, it is necessary to apply fertilizers to improve crop quality as well as quantity.


The other side of this picture will lead to soil degradation, water, and the environment. Thus, it is a problem in producing biofuels on a large scale.








18.5.4 Industrial Pollution


Though the harmful emissions are much less from biofuels than conventional fuels, the production process utilizes a large quantity of water and oil and as a result, it will cause water pollution at a small scale.






18.5.5 Future Rise in Price


Scientists are still busy developing cost-effective techniques to produce biofuels. As a result, there might be several chances of increasing the production cost in the future.








18.6 Future Trends


The advancements in technology are improving with increased demand for renewable resources. The depletion of fossil fuels in the future has already created a threat to replace these conventional fuels completely. Thus, commercialization and industrial production of biofuels have now been enhanced to fulfill the increasing demand for transportation fuel. Replacing conventional fuel with biofuels will reduce carbon emissions and air pollution and is an efficient alternative form of energy.






18.7 Conclusion


Biofuels were initiated to be propelled in the late 19th century. Further, the commercial production of biofuels for transport began in the mid-1970s and in the past 10 years, a tremendous growth in biofuel production has taken place. Other than energy security and sustainable agriculture interest, the reduced CO2 emissions and the blending mandate policies for transportation enhance the importance of biofuels as a fossil fuel alternative.


Biofuels are a cleaner fuel with special features that efficiently include ecology, environmental sciences, economics, plant biology, agronomy, microbiology, chemistry, biochemistry, genetics, chemical engineering, mechanical engineering, law, and policy. Though they cannot replace fossil fuels completely, they depict a crucial role to fulfill in the long term to help lower emissions of GHG.


The cultivation of the crops which are essential for biofuel production can be increased. Enhancing these production processes for biofuel generation will be the major goal for the coming years. It is also mandatory to proceed with the advancement of the laboratory-scale procedures to increase the yield and productivity for the commercial production of biofuels. As a result, advanced biofuels must be economically competitive with the present products, overcoming the primary economic drivers of feedstock prices and the overall process of productivity and yield.
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CH, +0.50, = CO +2H,...... AH® (1,000 °C) = -35.67 kJ/mol [25].
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