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    This book describes the critical and top-priority topic of current research, which is waste valorization for value-added products. The first chapter deals with plant-derived waste utilization. Abundant plant-derived organic wastes can be bio-transformed into bio-fuels like bio-ethanol, bio-butanol, biogas, and hydrogen. They can produce biochemicals like lactic acid, succinic acid, xylose, and xylitol. This chapter discusses some advanced methods for biofuel production. The second chapter discusses the various aspects of lignin bioconversion. Valorization of food waste is another critical area. The organic nature of food waste makes it fit to serve as the raw material for the enzyme industry, bio-fuels, bioactive compounds and bio-degradable plastic. The third chapter discusses this topic. The fourth chapter discusses the use of waste from the olive oil industry. This waste can be used to produce phytochemicals like phenols, flavonoids, and clean energy. Chapter five addresses the use of organic residues present in the waste using manufacturing platform chemicals. Date fruits have earned great importance in human nutrition, owing to their rich content of essential nutrients. Apart from nutraceuticals, a vast and diverse range of biomolecules can be produced, including active pharmaceutical ingredients. Date industry waste can be used for producing a vast array of antibiotics, phenolics, sterols, carotenoids, anthocyanins, flavonoids, different vitamins, economically helpful amino acids, organic acids, bio-surfactants, biopolymers, and exopolysaccharides. Date seeds can be used to produce bio-diesel and biochar and activated carbon. Citrus fruits are equally crucial as dates.




    Industrial processing of citrus fruit produces various end-products like juices, concentrated jam, jellies, marmalades, and ice cream. Chapter seven is on the commercial utilization of citrus fruit processing waste to produce various chemicals like essential oils, flavonoids, pectin, enzymes, and methane. The increase in the use of plastic products has caused a significant problem in the disposal of plastic solid waste. The eighth chapter reviews how solid plastic waste can be converted into fuels and other valuable chemicals through thermal degradation, catalytic cracking and gasification, and other novel routes. Chapter nine discusses the lignin structure and the recent significant advancement in different synthesis methods for lignin nanoparticles.




    Bio-plastics refer to polymers derived from plants, animals, and microorganisms. The integrated strategy of waste valorization with bio-plastic production is considered a cost-effective and sustainable approach to bio-plastic production and commercialization. Chapter ten describes biotechnological processes for valorizing food waste into commercially important biopolymeric components like Chitosan, polyhydroxyalkanoates, HAp and cellulose-based polymers. Chapter eleven discusses reliable methods for poultry waste management.




    Chapter 12 deals with valorization of sugar industry waste for value-added products.




    India is the second-largest cultivator of sugarcane. A significant amount of molasses and solid waste, including bagasse and filter cake, are produced every year. Sugarcane industries waste is a rich source of lignocellulosic organic biomass which can be used as a raw material to produce bio-fuel, single-cell proteins, enzymes and organic acids, food additives and nutraceuticals.




    During the last century, rapid urbanization, industrialization, and globalization have increased the consumption of resources, polluting the environment. The concept of a circular economy based on restoration and regeneration by creating a connection between technology and biological cycles is gaining ground. Changing the linear economy of the produce-use-throw model into a circular economy can achieve several sustainable development goals. The last chapter discusses how the circular economy brings about transformation in Indian Industries.




    This book is a very timely treatise on different valorization processes. Various government policies towards the environment and their implementation have also been discussed. It shall help formulate a business strategy that makes a way for waste valorization and brings actual revenue and tangible benefits to the environment and society.
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    PREFACE




    


    Vinay Kumar


    


    


    


  




  

    The presented book is a comprehensive compilation of the use of various wastes to produce useful products. The present book contains thirteen chapters. The book highlights the following topics in all the chapters: applications of plant-derived wastes utilization for value-added product formation; lignin valorization for fuels and chemicals production; use of date palm fruit processing wastes to produce high-value products; citrus waste valorization for value-added product production; valorization of sugar industry wastes for value-added products; olive oil wastes valorization for high-value compounds production; food waste bioconversion to high-value products; organic residues valorization for value-added chemicals production; valorization of waste plastics to produce fuels and chemicals and food valorization for bioplastic production and concepts of circular economy in the valorization process. The chapters are written in an organized and strategic manner, which will help the readers gain knowledge related to their subjects. The chapters also include the major research contributions in recent years. It will help researchers advance their knowledge in the areas.




    This book covers multidisciplinary concepts, including very recent findings, which will be a great help to the researchers, students, and teachers working in the areas of environmental engineering, waste valorization, agricultural engineering, agricultural biotechnology, nanotechnology, food microbiology, bioremediation, biodegradation, organic chemistry, and agricultural economics. This book will be a great reference for undergraduate, postgraduate, and doctoral students. We are thankful to all the contributing authors for providing their valuable contributions to completing this book. We are thankful to all the reviewers for their valuable suggestions for the improvement of the book.
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      Abstract




      Depletion of fossil fuels and environmental concern has impelled to search for alternative biofuels and biobased chemicals. Biofuels have been considered an alternative clean energy carrier due to their environmentally friendly nature. Recently, research has been focused on finding a readily available, low-cost and renewable lignocellulosic biomass to produce value-added products. In this context, the plant-derived organic wastes can be transformed to produce biofuels (bioethanol, biobutanol, biogas and biohydrogen) and biochemicals (lactic acid, succinic acid, xylose and xylitol). It will be a sustainable effort to reduce the huge amount of plant waste generated. In addition, in the recent decades, several efficient conversion methods have been invented.




      During the past few years, a large number of chemical pretreatment methods have also been developed for efficient lignocellulosic conversion. The current chapter discusses the advanced methods for biofuels and biochemicals’ production, focusing primarily on different pretreatment methods for effective conversion of plant derived wastes.
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      INTRODUCTION




      Energy plays a crucial role in the socio-economic development of a country. According to the Global Status Report on energy, the major part of energy share of around 78% is obtained from nonrenewable resources (fossil fuels such as petroleum, gases and coal) and only 19% comes from renewable energy resources




      (solar, wind, hydropower and biomass) [1, 2]. The fossil fuel reserves are diminishing very rapidly, and also its overuse is creating serious pollution in the environment. Therefore, it is necessary to explore alternative resources of energy to meet the future demand of energy [3]. In this context, plant biomass containing starch and lignocellulose has emerged as a renewable, sustainable and economically feasible source for biofuel production. Scientists and investors have coined a term to the bio-based economy, that is circular bio-economy because of its renewable nature [2-4]. In this context, plant biomass containing starch and lignocelluloses can be used to produce value-added products.




      Biofuels are classified into primary and secondary biofuels based on the type of biomass used [4]. First-generation biofuels are produced from edible food crops such as starch and sugar containing crops [5]. Since the first-generation biofuels directly compete with the food items, the focus has shifted to second-generation biofuels which are obtained from lignocellulosic materials. Lignocellulosic biomass resources are generally discarded as residual and agricultural wastes. The most significant and abundant renewable biomass resources include crop residues like corn stover, wheat straw, rice straw and sugarcane bagasse [3, 6-11]. Due to their abundance and renewable nature, lignocellulosic biomass is considered an excellent alternative substrate for production of several value-added products [12]. Several biofuels and biochemicals can be produced from lignocellulosic biomass [13-15].




      Lignocellulose is the connecting link between cellulose and lignin. Hemicellulose is present as the matrix surrounding the cellulose skeleton, while lignin is an encrusting material serving hemicelluloses and celluloses as a protective layer [12]. All three components are covalently cross-linked among the polysaccharides and lignin, making biomass a composite material [16, 17]. Therefore, a pretreatment step is mostly required to break these bonds. Pretreatment is an essential pre-requisite to convert lignocellulosic biomass into fermentable sugars with the help of enzymes [18, 19]. Sometimes, these pretreatment strategies further lead to the production of inhibitors such as vanillic acid, uronic acid, 4-hydroxybenzoic acid, phenol, furaldehydes, cinnamaldehyde, and formaldehyde which may intervene with the growth of the fermentative microorganisms. Much advancement has been featured in the field of chemistry which has led to the development of novel processing technologies. These technologies are available at a commercial scale and emerge as promising solutions. In addition, they proved to be low cost at commercial scales [15, 20, 21].




      This chapter has been focused on the production of biofuels, and biochemicals. In addition, the nature of inhibitors is also discussed at the end of the chapter.


    




    

      PLANT BASED BIOMASS PRETREATMENT




      Pretreatment is an indispensable step for the preparation of lignocellulosic biomass for its further processing. Pretreatment is essential to weaken the recalcitrant structure of lignocellulose making cellulose, lignin, and hemicellulose more accessible for enzymes or chemicals. Moreover, pretreatment is followed by the removal of lignin, degradation of hemicellulose, reduction in cellulose crystallinity, and an increase of surface porosity [2, 22]. Pretreatment is considered as the most expensive step in the entire biomass processing. Therefore, necessary efforts should be made to lower the operating costs, and increase the process effectiveness, and recovery of lignocellulosic components [23]. The critical factors for biomass pretreatment that should be considered are: (1) The possibility of large-scale feedstock processing; (2) High yields regardless of the type and origin of biomass; (3) Reducing the waste and inhibitors; (4) Compatibility of the pretreatment with further processing; (5) Efficient recovery of lignin; and (6) Reducing equipment and energy cost. Pretreatment methods of plant based biomass are classified into three basic categories: physical, chemical and biological [1, 24, 25].




      Physical pretreatment consists of an increase in temperature and/or pressure, which causes structural changes in the biomass. Chemical treatment is characterized by the use of organic or inorganic compounds, which disrupts the lignocellulosic structure [2, 23]. Although individual pretreatment methods are effective, but their combination has higher efficacy. Biological pretreatment includes the microorganisms and enzymes for the hydrolysis of lignocellulosic polymers into their monomers [2]. An extensive number of the research papers concerning plant based biomass pretreatment have been published in the last decade focusing on the strengths and weaknesses of various technologies to get a competent pretreatment suitable for an eco-friendly cost effective process. The schematic route of pretreatment is shown in Fig. (1).


    




    

      DIFFERENT PRETREATMENT METHODS




      

        Physical




        Plant materials require a rigorous method to break them into components. There are several physical methods available for plant-based biomass pretreatment. Mechanical, microwave, ultrasound, and hydrodynamic cavitation are the most common techniques used for plant-based biomass pretreatments [23, 26].
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Fig. (1))


        Schematic configuration showing composition of lignocellulosic biomass before and after the pretreatment.



        

          Milling




          Milling is the first step of pretreatment of a plant-based biomass. The milling process reduces the crystallinity of plant biomass cellulose and the degree of polymerization [18]. Milling requires high energy consumption. To achieve the high yield, biomass has to be ground into fine particles which is the first step in the pretreatment process [27]. Ball milling, roll milling, hammer milling, colloid milling, knife milling and disk milling are several types of millings used in the pretreatment of plant-based biomass. Zhang et al. [28] studied the knife milling of poplar wood with size reduction to increase the sugar yield. They reported that the poplar wood particles with a size of 4 mm provided higher sugar yield than 1 mm and 2 mm particles.


        




        

          Ultrasound




          Ultrasound pretreatment is used to break and remove the hemicellulose from lignin and cellulose [29]. Ultrasound disrupts the α-O-4 and β-O-4 linkages in lignin which leads to the formation of small cavitation bubbles by splitting structural polysaccharides and lignin fractions [13-30]. Ultrasound is considered as an effective technology because it generates a high pressure and temperature [31]. This method is efficient in the production of high cellulose content and less undesired components such as lignin and hemicellulose [32]. Ultrasonication has been reported to increase biohydrogen production rate in pulp and paper mill effluent [33].


        




        

          Microwave




          Microwave (MW) irradiation is widely used for plant-based biomass pretreatment It has added advantages such as smooth operation, low energy requirement, high heating capacity and less inhibitor formation [34]. It is effective alone and in combination with other methods [13, 35]. When cellulose is treated by microwave irradiation in the presence of ionic liquid, the solubility of cellulose increases. This also decreases the degree of polymerization. Therefore, the rate of enzymatic hydrolysis of cellulose increases to manifold [36]. Keshwani et al. [37] studied the microwave-assisted alkali pretreatment of switch-grass and coastal bermudagrass for improving the enzymatic hydrolysis. They obtained glucose and xylose yield after subsequent enzymatic hydrolysis was as high as 82% and 63% for swichgrass and 89% and 59% bermudagrass, respectively. Li et al. [38] performed the microwave assisted KOH pretreatment of bamboo biomass. They reported that the yields of glucose (20.87%) and xylose (63.06%) were increased up to 8.7-fold and 20.5-fold, respectively after pretreatment with a cellulase.


        


      




      

        Chemical




        Chemical pretreatment is a crucial method in terms of recovery of sugar monomers. Acid and alkali-based hydrolyses are the most commonly used chemical pretreatments [39].




        

          Acidic




          Acid hydrolysis is the most commonly used method for pretreatment. The most commonly used acids are sulphuric, hydrochloric, nitric, phosphoric and peracetic acid. Acid pretreatment is generally carried out with concentrated or diluted acids. Concentrated acid hydrolysis is performed at a low-temperature range (30-60°C). The use of higher acid concentration yields more sugar [40]. The process can be made effective by the acid recovery. Diluted acid hydrolysis is the most efficient treatment in hemicellulose. It increases the biomass porosity and cellulose hydrolysis. It is performed at high temperature ranging from 120-170°C and 0.5-6.0% acids with a variable time frame. Dilute acid hydrolysis weakens the glycosidic bond in the lignocellulosic biomass. Dilute acid treatment increases the plant biomass porosity. High hydrolysis yields have been obtained when plant-based biomass was pretreated with dilute sulfuric acid as compared to hydrochloric, phosphoric, and nitric acid. Acid pretreatment forms the furan and short-chain aliphatic acid derivatives, which act as potent inhibitors in the microbial fermentation process [39].




          Sulfuric (H2SO4) and phosphoric (H3PO4) acids are commonly used for acid pretreatment because they are relatively inexpensive and give efficient hydrolysis of plant-based biomass. HCl has better penetration efficiency in the biomass. It is more volatile in nature and the recovery of HCl is easier than H2SO4 [40]. Peracetic acid (PAA) is a strong oxidizing agent, which helps to remove lignin. At a substrate concentration of 2% and PAA concentration of 20% (for 120 min at 120°C temperature), it gives a high yield of reducing sugars [41]. De Vasconcelos et al. [42] optimized dilute phosphoric acid pretreatment for sugarcane bagasse and found 0.2% acid concentration and 186oC as very effective for hemicellulose solubilisation. Moraes et al. [43] studied the effects of sugarcane bagasse with dilute mixture of sulfuric acid and acetic acid pretreatment. It efficiently hydrolysed the hemicellulose with a removal efficiency of 90%. In addition, cellulose degradation was observed to be below 15% corresponding to low crystallinity fraction. On the other hand, Singh et al. [44] investigated a research on the sulfuric acid pretreatment of rice straw, corncorb, barley straw and wheat bran. They found promising results for rice straw as compared to other plants’ biomass taken.


        




        

          Alkaline




          Alkali pretreatment can be carried out using sodium hydroxide (NaOH), potassium hydroxide (KOH), calcium hydroxide (CaOH2), ammonium hydroxide (NH4OH) and ammonia (NH3). Alkali treatment is used to disrupt the hemicellulose and lignin binding. It can increase the digestibility of hemicellulose which helps to promote the enzyme access to cellulose [45]. Lignin decomposition is the cleavage of a-aryl ether bonds from its polyphenolic monomers, whereas hemicellulose dissolution and cellulose swelling are due to hydrogen bond weakening [1, 46, 47].




          Alkaline pretreatment is the de-lignification process which disrupts the cell wall by dissolving hemicellulose, lignin and cellulose. This process gives a liquid fraction (containing hemicellulose and lignin) and solid fraction (cellulose) [46]. Physical structure and chemical composition of the substrate are critical factors in the effective alkaline pretreatment. Sodium hydroxide gives the most significant lignin degradation as compared to other alkalis, such as sodium carbonate, ammonium hydroxide, calcium hydroxide, and hydrogen peroxide [40]. NaOH can be used in the pretreatment of different plant-based biomasses to remove lignin under appropriate conditions. Wunna et al. [48] reported 83.7% and 87.3% as the maximum removal of lignin from sugarcane bagasse.


        




        

          Steam Explosion




          Steam explosion is also known as auto-hydrolysis or steam disruption. It is a physiochemical process carried out by steaming with or without explosion. Steam explosion is typically initiated at 160-260°C temperature with a corresponding pressure of 0.69-4.83 MPa for several seconds to few minutes before exposure to the atmospheric pressure. High temperature and pressure cause degradation of hemicellulose and lignin. It further increases the cellulose hydrolysis potential of plant-based biomass. Steam explosion is generally used for ethanol and biogas production by using plant-based biomass. Saturated high-pressure steam is used for the pretreatment of plant-based biomass [13]. Boboescu et al. [49] employed steam-treatments on whole sweet sorghum biomass under certain severity factors which resulted in proper de-lignification and hydrolysis of lignocellulose fibres [49]. Walker et al. [50] optimized the steam explosion pretreatment method with phosphoric acid for four feedstocks wheat straw, corn stover, Miscanthus, and willow for xylose release. They reported that the maximum xylose recovery of 90% and >1000 L of wheat straw hydrolysate could be achieved at optimized conditions.


        




        

          Ammonia Fibre Explosion (AFEX)




          Ammonia fibre explosion (AFEX) is a physicochemical pretreatment carried out by variation of water loading, ammonia loading, reaction time and temperature. This process is advantageous because it doesn’t require a small particle size of biomass as well as there is no formation of inhibitors during the process. For high lignin content biomass, this process is less effective [51]. The AFEX process is very similar to the steam explosion pretreatment. AAFEX process for plant biomass disruption includes 1-2 kg of liquid ammonia/kg of dry biomass at 90°C temperature and 30 min residence time. AFEX gives a rapid expansion of the liquid ammonia, which causes swelling and physical disruption of lignocellulosic biomass fibres and partial de-crystallisation of cellulose. AFEX process can reduce or modify cellulose crystallinity and lignin fraction of the plant-based biomass. During the AFEX process, deacetylation process causes the removal of the least acetyl groups, which results in increasing digestibility of plant-based biomass [52].


        




        

          Carbon Dioxide Explosion




          In this process, CO2 is used as a supercritical fluid under high pressure, where CO2 penetrates the plant biomass resulting in the increased digestibility. Supercritical carbon dioxide is the promising green solvent in hydrothermal treatment as well as in the organosolv de-lignification, in single or multistage processes [53]. It is believed that once CO2 dissolves in water, it forms carbonic acid, which helps in the hydrolysis of hemicellulose. The yields of CO2 explosion are lower than those obtained by steam or ammonia explosion, but the yield is higher as compared to that without pretreatment. Park et al. [53] studied simultaneous pretreatment by CO2 explosion with enzymatic hydrolysis and obtained 100% glucose yield.


        


      




      

        Biological Pretreatment




        Biological plant biomass pretreatment is carried out by using a wide variety of naturally found microorganisms or enzymes. The microorganisms secrete the hydrolytic enzymes such as hydrolases and ligninolytic enzymes which degrade or depolymerize the lignin [35, 54]. In the process, the cell wall structure is disrupted and subsequently results in the hydrolysis of cellulose and hemicelluloses. In biological plant biomass, pretreatment is affected by the processes such as temperature, moisture, substrate size, aeration, pH, and structural complexity [13]. Biological pretreatment is environment-friendly and sustainable. This is because it requires very less energy, is chemical-free, does not release toxic products and can be performed in mild conditions. However, as compared to other processes, this process is very convenient [27].




        Some bacteria (Azospirillum sp., Bacillus sp., Cellulomonas sp., Clostridium sp., Pseudomonas sp., Streptomyces sp. and Thermomonospora sp.) and several fungi (Aspergillus sp., Fusarium sp. Neurospora sp. and Trichoderma sp.) are reported to hydrolyze plant-based biomass [26, 35, 55]. Streptomycetes is one of the most important genera of ligninolytic microorganisms which produce several oxidative enzymes. These enzymes include peroxidases and laccases [9, 56]. It has been observed that Pseudomonas sp. and Actinobactor sp. removed 52% and 57% of lignin from poplar wood in a 30 day pretreatment [57, 58]. Other bacterial species such as Streptomyces cyaneous and Thermomonospora mesophila can degrade 50% of lignin from barley straw. There are several predominant rumen cellulolytic bacteria (for example Fibrobactor succinogenes, Ruminococcus flavefaciens, and Roseovarius albus) and anaerobic bacteria (Clostridium thermocellum and Bacteroides cellulosolvens etc.) that produce cellulases with high enzyme activity [26, 54]. Bacterial species such as Azospirillum lipoferum, and Bacillus subtilis have been studied for bacterial laccase, which depolymerizes the lignin [1, 59]. Therefore, more research work is required in the field of bacterial lignin degradation from plant-based biomass. Nanoparticle-mediated methods can be used to produce value-added products [60-63]. The ligno- cellulolytic fungi include species from the ascomycetes (e.g. Aspergillus sp., Penicillium sp., Trichoderma reesei), basidiomycetes including white-rot fungi (e.g. Schizophyllum sp., P. chrysosporium), brown-rot fungi (e.g. Fomitopsis palustris) and few anaerobic species (e.g. Orpinomyces sp.) [26]. In recent years, a number of research studies have been performed using fungal strains for the pretreatment of plant-based biomass [2, 64, 65]. These fungi secrete the ligninolytic enzymes such as laccase, magnease peroxidase and lignin peroxidase, which help in depolymerization and mineralization of lignin [66].


      


    




    

      PRODUCT FORMATION




      Plant-based biomass can be used to produce biofuels and biochemicals. Biofuels include bioethanol, biobutanol, biogas, and biohydrogen. Biochemicals include lactic acid, succinic acid, xylitol and xylose.




      

        Biofuels




        

          Bioethanol




          Bioethanol is widely known as a renewable and sustainable liquid fuel with economic, environmental and strategic attributes [67]. It can be blended with petrol to increase the octane number. In addition, it can be used directly to reduce greenhouse gas emissions up to 80% as compared to gasoline. Therefore it is considered as a cleaner fuel for future [68, 69]. There are different generations of bioethanol production based on different substrates These include 1st generation (produced from food grade material), 2ndgeneraion (produced from agro residues) and 3rd generation (produced from microalgae). Bioethanol can be produced from a variety of plant-based biomasses including rice straw, wheat straw, corn stover, sugarcane bagasse and microalgae [70-77].




          In the current scenario, most of the bioethanol is produced from 1st generartion feedstock i.e. sugarcane and maize. However, many scientific and industrial efforts are going on to produce 2nd generation bioethanol to make the process economic. In India, around 120-160 MMT of surplus biomass is available which has the potential to produce 3000 crore litres of bioethanol annually [78]. Bioethanol production from lignocellulosic biomass (2G ethanol) generally consists of four sequential steps i.e. pre-treatment, hydrolysis, fermentation and distillation. 2G ethanol is generally produced through separate hydrolysis and fermentation (SHF) or simultaneous saccharification and fermentation (SSF) [79, 80]. Zymomonas mobilis and Saccharomyces cerevisiae are the most commonly used microorganisms for the production of ethanol from hexose sugars (glucose) [80]. However, these two microorganisms are incapable of fermenting the pentose sugar (xylose), and therefore, yeast strains such as Candida shehatae, Pichia stipitis, and Pachysolen tannophilus are being used for the xylose-based ethanol production [80]. Liu and coworkers [81] subjected the alkali-pretreated sugarcane bagasse for ethanol production at high solid loading (30%, w/v) in a fed batch with simultaneous saccharification and fermentation. They achieved 66.92 g/L of ethanol with a conversion efficiency of 72.89% after 96 h of fermentation. Some of the recent studies related to ethanol production from pretreated biomass are mentioned in Table 1.




          

            Table 1 Production of ethanol from plant-based biomass after different pretreatments




            

              

                

                  	Raw Material



                  	Pretreatment



                  	Titer



                  	Yield



                  	Reference

                


              



              

                

                  	Sugarcane Bagasse



                  	Alkali



                  	66.92 g/L



                  	-



                  	[81]

                




                

                  	Acid-alkali



                  	31.5 g/L



                  	0.34 g/g



                  	[82]

                




                

                  	



                  	Hydrodynamic cavitation (HC)-assisted alkaline hydrogen peroxide (AHP)



                  	28.44 g/L



                  	0.43 g/g



                  	[83]

                




                

                  	Wheat Straw



                  	Alkaline



                  	54.5 g/L



                  	0.23 g/g



                  	[84]

                




                

                  	Dilute H2SO4




                  	36.0 g/L



                  	0.29 g/g



                  	[85]

                




                

                  	H3PO4 + H2O2




                  	71.2 g/L



                  	0.11 g/ g



                  	[86]

                




                

                  	Sodium carbonate



                  	99.4 g/L



                  	-



                  	[87]

                




                

                  	Choline chloride/glycerol



                  	36.7 g/L



                  	-



                  	[88]

                




                

                  	Corn Stover



                  	H2SO4 + NaOH



                  	115.3 g/L



                  	0.09 g/g



                  	[72]

                


              

            




          


        




        

          Biobutanol




          Butanol is considered a promising gasoline substitute to ethanol. For gasoline blending, four-carbon alcohol (butanol) is highly desirable due to its higher energy density, lower hygroscopicity, lower vapour pressure, blending ability, and use in conventional combustion engines without engine modification [89]. Biobutanol production using renewable feedstocks through the ABE (acetone–butanol–ethanol) fermentation process involving microorganisms is a sustainable approach [89, 90]. However, there are certain challenges in the ABE fermentation process. These include strict anaerobic conditions, rapid pH shift, low butanol titer, low solvent yield, high recovery cost, and low solvent tolerance by the microorganisms [91]. Alternative plant-based materials can be used to produce economic biobutanol [92]. These plant-based biomasses need the process of pretreatment, enzymatic saccharification and further ABE fermentation for the production of solvents. Strains like C. acetobutylicum and C. beijerinckii are mostly studied microorganisms for the production of butanol with the involvement of two phases i.e. acidogenesis and solventogenesis [92].




          Amiri et al. [93] followed organosolv pretreatment of rice straw for the production of butanol and obtained 10.5 g/L of ABE. Li et al. [94] compared the pretreatment of sugarcane bagasse using diluted acid, and aqueous ammonia and their combinations for enzymatic hydrolysis, structural characterization and ABE fermentation. Diluted acid and oxidative ammonolysis in combination could improve the digestibility. It further enhanced butanol production to 12.12 g/L in ABE fermentation. Qi et al. [95] performed pretreatment of wheat straw by ammonium sulfite for enhanced production of acetone-butanol-ethanol (ABE). Fermentation of corn stover (CS) hydrolysate could produce 50.14 g/L of ABE with a yield of 0.43 and a productivity of 0.70 g/L/h [96]. Butanol production from plant-based biomass after pretreatments from some recent studies is shown in Table 2.




          

            Table 2 Production of butanol from plant-based biomass after pretreatment.




            

              

                

                  	Raw material



                  	Pretreatment



                  	Titer



                  	Yield



                  	References

                


              



              

                

                  	Sugarcane bagasse



                  	Dilute acid (HCl/ H2SO4)



                  	15 g/L



                  	0.3 g/g



                  	[97]

                




                

                  	Alkali



                  	21.11 g/L



                  	0.15 g/g



                  	[98]

                




                

                  	Hydrothermal



                  	14.5 g /L



                  	0.29 g/g



                  	[99]

                




                

                  	Rice Straw



                  	Foraceline+ sodium carbonate



                  	9.5 g/L



                  	0.25 g/g



                  	[100]

                




                

                  	liquid ammonia



                  	7.0 g/L



                  	0.36 g/g



                  	[101]

                




                

                  	Alkali pretreatment



                  	6.9 g/L



                  	-



                  	[102]

                




                

                  	H2SO4




                  	4.9 g /L



                  	-



                  	[101]

                




                

                  	Soybean Hull



                  	Dilute acid (HCl/ H2SO4)



                  	15 g/L



                  	0.3 g/g



                  	[97]

                




                

                  	Cotton Stalk



                  	Dilute acid (HCl/ H2SO4)



                  	15 g/L



                  	0.3 g/g



                  	[97]

                


              

            




          


        




        

          Biogas




          Plant-based biomass with high organic content can be converted into another form of energy such as biogas via anaerobic digestion (AD). Anaerobic digestion is a biochemical process which converts organic substrates into methane-rich biogas by sequential stages including hydrolysis, acidogenesis, acetogenesis and methanogenesis [103]. The four steps of AD process are (i) Hydrolysis of proteins, lipids, carbohydrates, (ii) Conversion of hydrolysis products and monomers into volatile fatty acids (VFAs), (iii) Conversion of VFAs into acetate, carbon dioxide, and hydrogen, and (iv) Methane formation by methanogenesis [104]. Biogas composition slightly varies with the different feedstocks used in the anaerobic digestion and mainly composed of CH4 (40-75%) and CO2 (25-60%), with H2S, NH3 in minor amounts [105].




          Mechanical pretreatment is the most significant process to increase methane yield, but it is not able to remove lignin which acts as a barrier in the bioavailability of carbohydrates [106-108]. During chemical pretreatment, the cost of reagents, operations (neutralization step) and the requirement for corrosion-resistant reactors are the known limitations. Thus, achieving higher efficiency and lowering the formation of inhibitory compounds by combining lower concentration of chemical reagents with other pretreatments can help to reduce the cost [108, 109]. For the substitution of natural gas and medium calorific value gases, the methane production using agricultural residues via the anaerobic digestion process is an effective method. Hashemi et al. [110] reported that the pretreatment of sugarcane bagasse by ammonia improved the biogas production up to 299 mL/g VS. Mancini et al. [111] employed the organosolv pretreatment method with ethanol for wheat straw and improved the biogas production up to 274 mL/g VS [111]. Rajput et al. [112] studied the effect of thermal pretreatment (180°C) on wheat straw in anaerobic batch digestion reaction and showed 615 mL/g VS of biogas yield and 69% of volatile solids reduction [112]. The biogas production from different biomass after pretreatment is shown in Table 3.




          

            Table 3 Production of biogas from plant-based biomass after different pretreatments.




            

              

                

                  	Pretreatment



                  	
Substrate/


                  Biomass




                  	Methane yield (Untreated) mL/g VS



                  	
Methane yield (Treated)


                  mL/g VS




                  	Reference

                


              



              

                

                  	Mechanical, Multistage Milling



                  	Wheat straw



                  	167.8



                  	245.6



                  	[113]

                




                

                  	Mechanical, Milling



                  	Rice straw



                  	58.1



                  	65.7



                  	[114]

                




                

                  	Chemical, Alkali



                  	Wheat straw



                  	274



                  	315



                  	[111]

                




                

                  	Physicochemical, Hydrothermal



                  	Rice straw



                  	92



                  	280



                  	[115]

                




                

                  	Physicochemical



                  	Sugarcane bagasse



                  	105.6



                  	299.3



                  	[110]

                




                

                  	Physicochemical, Hydrothermal



                  	Wheat straw



                  	388.9



                  	488.3 -611.7



                  	[112]

                




                

                  	Physicochemical, Steam Explosion



                  	Reed



                  	188



                  	226 & 355



                  	[116]

                




                

                  	Biological



                  	Sawdust



                  	89.9



                  	155.2



                  	[117]

                




                

                  	Chemical, Acid



                  	Wheat straw



                  	159.1



                  	163.7



                  	[118]

                




                

                  	Physicochemical, Steam Explosion



                  	Corn stover



                  	285



                  	348



                  	[119]

                




                

                  	Physicochemical,


                  Alkaline and Hydrothermal



                  	Sugarcane bagasse



                  	215



                  	318



                  	[120]

                


              

            




          


        




        

          Biohydrogen




          Hydrogen is considered a potential clean fuel because of its carbon-free nature, and it oxidizes to water as a combustion product. Conventional method of hydrogen production is usually based on fossil fuels, but due to high energy requirement and CO2 emission, it causes a greenhouse effect which is not considered environment friendly [121]. Biohydrogen can be produced through two biological routes i.e. light-dependent photo fermentation and light-independent dark fermentation which has several advantages in comparison to the conventional method [45]. Several microorganisms such as Chlamydomonas reinhardtii, Platymonas subcordiformis, Chlorella fusca, Scenedesmus obliquus, Chlorococcum littorale, Rhodopseudomonas palustris, and Rhodobacter sphaeroides are used for light dependent biohydrogen production [122]. Facultative (E. coli, Enterobacter sp.) and obligate microorganisms (Clostridia and rumen bacteria) are used for the dark fermentation process of biohydrogen production [123]. The cost of the hydrogen production process can be lowered by using starch and lignocelluloses-based renewable raw materials [124].




          In a study, biohydrogen production from rice straw through combined pretreatments, resulted in a higher biohydrogen yield (129 mL/g COD) [45]. Moodley et al. [125] compared the acidic pretreatment (HCl, H2SO4 and HNO3) of sugarcane leaf wastes for the production of hydrogen. The HCl based pretreatment provided 160% more sugar and gave a yield of 18.6 ml H2/g fermentable sugar. Gonzales et al. [126] performed acidic pretreatment of rice husk and could get 1860 ± 245 mL H2/L/day hydrogen yield by optimizing the downstream of fermentable sugar. Mirza et al. [127] carried out photofermentative biohydrogen production in a batch process using raw sugarcane bagasse (SCB) for the production of 148-513 mL/L of H2 with purple non-sulfur bacteria (PNSB). Biohydrogen production from various types of plant-based biomass using different pretreatments is shown in Table 4.




          

            Table 4 Production of biohydrogen from plant-based biomass after pretreatments.




            

              

                

                  	Raw Material



                  	Pretreatment



                  	Yield



                  	Reference

                


              



              

                

                  	Empty palm fruit bunch



                  	Acid



                  	1.27 mol H2/ mol of sugar



                  	[126]

                




                

                  	Poplar leaves



                  	Alkali



                  	44.92 mL H2/g sugar



                  	[128]

                




                

                  	Pine tree wood



                  	Acid + Alkali



                  	179 mL H2/g sugar



                  	[126]

                




                

                  	Waste sorghum leaves



                  	Physicochemical



                  	213.14 mL H2/g sugar



                  	[129]

                




                

                  	Sugarcane leaf waste



                  	Physicochemical



                  	18.6 ml H2/g sugar



                  	[125]

                


              

            




          


        


      




      

        Biochemicals




        

          Lactic Acid Production




          Lactic acid (LA) is a 2-hydroxypropanoic acid and it is used in the various industries like food, pharmaceutical, cosmetic, chemical, leather tanning and to produce biodegradable polymers [130, 131]. Global lactic acid market size is expected to rise to USD 8.77 billion by 2025 with an increase in the CAGR of 18.7%. The global demand for lactic was 1220.0 kt in 2016 but with increasing annual demand of about 16.2%, it will reach up to 1960.1 kt in 2025 [132]. It is present naturally in two optical isomeric forms i.e L (+)-lactic acid and D (-)- lactic acid. Generally, lactic acid is produced through microbial fermentation and chemical synthesis. Chemical synthesis of lactic acid produces a racemic mixture of two optical isomers, whereas microbial fermentation can give racemic mixtures as well as optically pure isomers depending on microorganisms used for synthesis and fermentation conditions.




          Lactic acid production via microbial synthesis is currently driven by several microbes such as lactic acid bacteria (LAB), Bacilli and genetically-modified strains, including E. coli and Coryne-bacterium sp [133, 134]. Most of these microorganisms are mesophilic or neutrophilic and their conditions are ideal for the survival of commonly found contaminating microorganisms which adversely affect the fermentation process [135]. Batch, fed-batch, and continuous fermentation are commonly used processes in the production of lactic acid. Higher lactic acid titre is generally obtained by using batch and fed-batch cultures rather than continuous culture [136]. Lactic acid can also be produced from fungal and bacterial cells by solid state fermentation. Rhizopus sp. is the most commonly used fungal species [137] and in case of bacterial cultures, Lactobacillus sp. is widely used [138].




          Various factors such as nitrogen sources and neutralizing agents affect lactic acid production [139]. There are cheaper alternative sources of plant-based biomass. These include starchy raw materials such as corn, maize, cassava, barley, potato, rice, rye, and wheat [140-144]. Plant-based wastes include sugarcane bagasse, wheat straw, rice straw, corn stover, banana stalk, corn cobs, and sweet sorghum [98, 145-147] for lactic acid production. Lactic acid production from plant-based biomass is based on four major steps i.e. pretreatment, sachharification, fermentation and purification [75, 148, 149].




          Nalawade et al. [134] reported that 2G lactic acid was produced using Bacillus coagulans NCIM 5648 from alkali pre-treated sugarcane bagasse. Optically pure L-lactic acid (52.5 g/L) was obtained within 45 to 55 h of fermentation time [134]. Wishral et al. [150] performed SSCF of pre-treated hemicellulosic hydrolysate and partially delignified cellulignin (PDCL) from sugarcane bagasse by using L. pentosus ATCC 8041. The study reported 64.8 g/L lactic acid with productivity of 1.01 g/L/h. Dilute acid pre-treatment usually generates hemicellulose hydrolysate (HH) fraction which is rich in xylose. Xylose fermentation is more difficult as compared to the fermentation of glucose. One of the microorganisms L. pentosus assimilate xylose during the fermentation process [151]. Several techniques are used to purify lactic acid. These include liquid-liquid extraction, diffusion dialysis, and bipolar membrane electrodialysis [131, 152]. Although, lactic acid purification is not an economic process. However, plant waste based substrate used for the production will definitely meet the current demand of chemicals with an affordable price.


        




        

          Succinic Acid




          Succinic acid is a naturally-occurring chemical, and is considered a promising candidate for industrial applications [153]. Succinic acid can be used for manufacturing of lacquers, resins, and other coating chemicals as well as a flavour additives in the food and beverage industry [132]. The annual production of succinic acid worldwide is about 16, 000tons approximately and the price ranges from $6-9 per kilogram depending on its purity [132]. It has four existing markets; (1) Surfactant, additives, foaming agents and detergent, (2) Iron chelators, (3) The food market, and (4) Pharmaceutical industry [154].




          Succinic acid can be produced chemically through the techniques of paraffin oxidation, catalytic hydrogenation, electro-reduction of maleic acid or maleic anhydride. However, these techniques are not considered as environment-friendly and cause serious pollution [132]. Succinic acid can be produced by fermentation of sugars from renewable feedstocks such as plant biomass. It can be produced from bio-based techniques as a building block for commodity and high value chemicals [155]. The recent developments in the production of succinic acid have been focused on biotechnological alternatives that include processes such as microbial transformation. Lactic acid can be produced from sugarcane bagasse [156], corn stalk [157], sweet sorghum [158], agave [159], cassava bagasse [160], rice straw [161], and wheat straw [162]. The succinic acid pathway partly or wholly were observed in the following bacterial species: Actinobacillus succinogenes [157], Anaerobiospirillum, succiniciproducens [163], Coryne-bacterium crenetum [164], Corynebacterium glutamicum [165] Escherichia coli [166], Fibrobacter succinogenes [162], and Mannheimia succiniciproducens [165].




          Borges et al. [156] optimized nutrients concentration of batch fermentation to produce succinic acid from sugarcane bagasse using A. succinogenes CIP 106512. They reported 22.5 g L-1 of succinc acid at optimized conditions. Shi et al. [160] reported an enhanced production of succinic acid with a concentration of 22.5 g L-1 and productivity of 0.42 g L−1 h−1 using immobilized cells of Corynebacterium glutamicum in batch fermentation. The study produced 35 g L-1 of glucose cassava bagasse. In another study, Salvach et al. [153] reported a yield of 0.69 g/g and a productivity of 0.43 g L-1h-1. In the study, B. succiniciproducens was used on corn stover in a 0.5 L reactor. Lo et al. [158] reported the production of 17.8 g L-1 of succinic acid by Actinobacillus succinogenes from 28.9 g L-1 of cellulosic glucose which was obtained by enzymatic hydrolysis of acid pretreated with sweet sorghum bagasse.




          Although biological techniques for succinate production are considered an eco-friendly route as compared to petrochemical-derived succinate, yet it is not an economic option. This is due to some drawbacks, such as the high cost of feedstocks, low concentration of products, the co-production of low-value acid by-products and difficulties in the recovery of product [167]. Future work should be focused on the metabolic engineering to maximize product yield. To minimize the problems such as production inhibition, processes such as in-situ product removal can be performed.


        




        

          Xylitol




          Xylitol is a five-carbon sugar alcohol with its commercial uses in food, confectionary industries, different healthcare sectors and most specifically as an alternative sweetener for diabetic patients [168]. Xylitol has created an attractive global demand mainly due to its insulin-independent metabolism, anticariogenic properties, and pharmacological properties [169, 170]. Based on its utility as a building block, it can also be used as an important intermediate source and a heat-transferring agent for many other processes such as the production of polyester resins, PET bottling, hydraulic fluids, paintings, coatings and de-icing fluids used in aircraft [171]. Its market is tremendously rising and is estimated to be over US$ 340 million/year and priced at US$ 6-7 per kg [171].




          Xylitol can be synthesized either by chemical hydrogenation or by enzymatic bio-transformation of purified substrates. The purified substrates are quite expensive due to some limitations and high purification cost [172]. The chemical method required for the manufacturing of xylitol is very laborious, energy consuming and cost-intensive [173]. However, it can also be produced by the microbial fermentation process from xylose sugar [174]. The plant biomass for xylitol production includes corn cob [175], wheat straw [176], corn waste [177], wheat bran [178] and miscanthus [179]. Xylitol can be produced by xylose-assimilating microorganisms such as Candida parapsilosis [180], Candida tropicalism [181], Candida guilliermondii [182], Pachysolentannophilus [183], Corynebacterium sp [184], Petromyces albertensis [185], etc. The biotechnological route for xylitol production offers several advantages as compared to the chemical route. These advantages include (1) Xylose purification and crystallization is not required as it is a biologically selective process; (2) It requires milder temperature and pressure conditions; (3) Some organic and inorganic impurities of the hemicellulosic hydrolysate are partially degraded or used as nutrients by the microorganism, making xylitol purification convenient and less expensive; (4) Exhaustion of xylose and glucose during the fermentation process favours xylitol purification, despite the presence of other contaminant sugars such as galactose and arabinose [186].




          Xylitol is industrially produced by xylose reduction. The chemical process for the xylitol production comprise multiple steps. These include (i) Hydrolysis of plant-based biomass by acid pre-treatment; (ii) Purification and separation of the hydrolysate to obtain a pure form of xylose; (iii) Catalytic reduction of xylose to xylitol; and (iv) Crystallization and separation of xylitol [187]. The hydrolysate generally contains a variety of sugars such as xylose, arabinose, glucose, galactose and mannose in different proportions depending on the type of biomass used [188]. A two-step biotransformation step is involved in xylitol production from glucose. The first step involves glucose conversion into D-arabitol by yeast. In the second step, D-arabitol is consumed by Gluconobacter strains to produce xylitol [189]. The production of xylitol from D-arabitol depends on the oxidation of D-arabitol into xylulose by D-arabitol dehydrogenase. This is a high efficiency reaction (>75%) and the xylulose reduction to xylitol by xylitol dehydrogenase is a low efficiency reaction [190].




          Strategies have been explored to overcome the limitations associated with a microbial conversion of xylitol into xylose. Metabolic pathway engineering can be enhanced for xylose transport by a heterologous expression of a transporting gene, changes in cofactor dependency and the use of enzyme technology to increase xylitol production [191, 192]. Dasgupta et al. [193] improved xylitol production in the native yeast strain of Kluyveromyces marxianus IIPE453 by the over-expression of an endogenous d-xylose reductase gene. They observed a 2.1-fold enhanced xylose reductase with a 1.62-fold increase in the overall xylitol yield in the modified strain. The study reported an excess of 58.62 ± 0.15 g xylitol production from 2 kg of fermentable sugars derived from sugarcane bagasse. Ethanol production by this strain was unaffected through this strain engineering approach. They observed a 1.6 fold increase in xylitol yield as compared to the native strain. In addition, an excess of 58.62 ± 0.15 g of xylitol production from 2 kg of fermentable sugars derived from sugarcane bagasse was recorded. Ko et al. [190] performed the gene disruption of xylitol dehydrogenase enzyme of Candida tropicalis for enhancement in xylitol production using D-xylose as a substrate and glycerol as a co-substrate. They observed xylitol volumetric productivity of 3.23 g L−1 h−1, and specific productivity of 0.76 g g−1 h−1. However, studies also reported that the use of engineered strains delivered some challenges which are needed to be overcome such as an increase in their metabolic stability.


        




        

          Xylose




          Xylose is a five-carbon sugar obtained from the hemicelluloses and is used as a substrate for the production of ethanol, furfural, xylitol, green surfactants and furan resins [194]. It has been used by several industries such as xylitol is used as a flavour, fragrance, food-beverage, and pet food [195]. Xylose is produced by industries in two forms: first as raw material grade and refine grade. Raw grade xylose is commonly used by xylitol and glycoside industry because of its low price. Whereas the refine grade xylose is mainly used by the flavour and fragrance industry, food and beverage industry and pet food industry and other industries [186]. According to the study, the current worldwide market for xylose is 250 million USD and it is expected that it would reach 270 million USD in 2024.




          Xylose is commercially produced by the hydrolysis of xylan by diluted acid at a high temperature of 140-180oC [196]. Xylans are heteropolymers mainly consisting of xylose and arabinose which can be obtained from plant biomass rich in hemicelluloses, such as sawdust, sugarcane bagasse, rice straw, rice husk, and corn cobs [197]. The hydrolysis of hemicelluloses can be enhanced by using conventional acid catalysts. After the pretreatment and hydrolysis of plant-based biomass by enzymes, glucose and xylose are found as major sugars. Microorganisms can readily utilize glucose for the production of valuable products such as ethanol, lactic acid, acetic acid, etc [19]. However, xylose is leftover in the mother liquor, which can be recovered for other biotransformation processes. The utilization of xylose present in hydrolyzed liquor could improve the process economy.




          Several process strategies have been proposed for efficient separation and recovery of xylose from the mother liquor. A xylose recovery method from the spent liquor was employed having 30-60% liquor, using a nano-filtration system to get xylose in the crystallized form with 85-95% of xylose [198]. A screw-steam-explosive extrusion process was employed for the pretreatment and hydrolysis of corncob at 1.55 MPa with 9 mg of sulphuric acid/g of corncob concentration for xylose recovery. In this process, about 3.575 kg of crystals xylose was produced and recovered from 22 kg of corncob [199]. Chen et al. [200] proposed a chromatography technique where a cation exchange resin (Amberlite IRP69 (Ca2+) was used for the recovery of monosaccharide from pine biomass hydrolysate with 88% recovery of xylose. In another study, about 13.8 g of xylose was produced and recovered from 100 g of rice straw. In this process, rice straw was firstly pre-impregnated with nitric acid at with 0.5% HNO3 and further hydrolysed by using 2.5% (w/v) NaOH [201]. Loow et al. [202] proposed a xylose recovery method from stalks of oil palm fronds using inorganic salts including FeCl3 and CuCl2. Table 5 shows the production parameters of some important biochemicals from plant-based biomass.


        


      


    




    

      INHIBITOR FORMATION




      Inhibitory compound formation is strongly based on the type of feedstock and the type of pretreatment used in the process. Pretreatment generates inhibitory products mostly due to severe conditions like long duration, pH, high temperature and pressure [217].Various inhibitors such as phenolics, furfural, 5-hydroxymethyl furfural, etc. are formed during pretreatment [39]. Inhibitors negatively affect the microbial cell growth and fermentation which reduce productivity and the yield of the end product. A small inhibitory compound easily penetrates through the cell membrane and disrupts the cell structure. Hydrolysis efficiency is reduced in the presence of inhibitors which induce protein precipitation. Phenolics with higher carbonyl content inhibit the cellulase hydrolysis activity.




      

        Table 5 Production of different biochemicals from plant-based biomass after different pretreatments.




        

          

            

              	Product



              	Substrate



              	Microorganism



              	Pretreatment



              	Titer



              	Yield



              	Productivity



              	Reference

            




            

              	(g/L)



              	(g/g)



              	(g/L/h)

            


          



          

            

              	Lactic acid



              	Sugarcane bagasse



              	Lactobacillus pentosus



              	Steam-Acid



              	72.75



              	0.61



              	1.01



              	[203]

            




            

              	Sugarcane bagasse



              	
B. coagulans DSM 2314



              	Acid-Steam explosion



              	70.4



              	0.9



              	1.14



              	[204]

            




            

              	Sugarcane bagasse



              	
Bacillus sp. P38



              	Acid-alkaline



              	185



              	0.99



              	1.93



              	[205]

            




            

              	Corn stover



              	Engineered Pediococcus


              Acidilactici




              	Acid



              	104.4



              	0.72



              	1.45



              	[206]

            




            

              	Corncob



              	
Lactobacillus pentosus CECT 4023T



              	Acid



              	26



              	0.53



              	0.34



              	[207]

            




            

              	Xylitol



              	Sugarcane bagasse



              	C. tropicalis



              	Autohydrolysis



              	32



              	0.46



              	0.27



              	[208]

            




            

              	Sugarcane bagasse



              	
Debaryomyceshansenii NRRL Y-7426



              	Acid



              	10.54



              	0.71



              	0.22



              	[209]

            




            

              	Rice straw



              	
C. tropicalis JH030



              	Acid



              	31.1



              	0.71



              	0.44



              	[210]

            




            

              	Corn cob



              	
C. tropicalis W103



              	Acid



              	68.4



              	0.7



              	0.95



              	[211]

            




            

              	Succinic acid



              	Corn stover



              	
B. succiniciproducens (CCUG57335)



              	Deacylated –ACID



              	30



              	0.69



              	0.43



              	[153]

            




            

              	Cotton stalk hydrolysate



              	
A. succinogenes 130ZT



              	Steam-Alkali-oxidation



              	63 0.



              	-



              	1.17



              	[212]

            




            

              	Wheat bran hydrolysate



              	C. crenatum



              	Acid



              	43.6



              	1.03



              	4.36



              	[213]

            




            

              	Wheat bran hydrolysate



              	A. succinogenes



              	Milling



              	62.1



              	1.02



              	0.91



              	[214]

            




            

              	Xylose



              	Sugarcane bagasse



              	-



              	Acid



              	-



              	0.96



              	-



              	[215]

            




            

              	Oil palm empty fruit bunches



              	-



              	Acid



              	44.94



              	0.53



              	-



              	[216]

            


          

        




      




      To overcome the inhibitory effect on fermentation process, either the hydrolysate needs to be detoxified or microorganisms can be adapted to these inhibitory compounds. Detoxification of lignocellulosic hydrolysate for the removal of inhibitors can be carried out using different methods to reduce the inhibitory effect on fermentation and enzyme hydrolysis. Detoxification of hydrolysates includes physicochemical methods (membrane filtration, evaporation, biochar adsorption, alkaline detoxification and ion exchange process) and biological methods (enzymatic and microbial methods) [23]. Phenolic inhibitors formed during pretreatment can be removed by washing, but it can lead to a 15% loss of sugars. Lignocellulosic hydrolysates which are in acidic conditions need to neutralize before fermentation. Several alkali solutions used for neutralization of hydrolysates are NH4OH, CaOH2 and NaOH. The main problems related to this processes are toxicity, cost and recycling of solvents [23, 39]. Biological detoxification methods are more substrate-specific and eco-friendly in nature. Laccase and peroxidase are widely used for enzymatic detoxification and they are distributed in plants, fungi, bacteria, algae and insects. Laccase activity depends on structural variations in plant-based biomass. Enzymes production cost is the main problem in enzymatic detoxification which can be minimized by binding them with the carrier.


    




    

      COMMERCIAL PLANTS




      The details of commercial plants based on the plant-derived feedstocks are mentioned in Table 6.




      

        Table 6 Details of commercial plants based on plant-derived feedstocks




        

          

            

              	S. No.



              	Product



              	Substrate



              	Plant Detail



              	Place

            


          



          

            

              	1



              	Ethanol



              	Corn stover



              	DuPont Danisco Cellulosic Ethanol plant



              	Nevada, Iowa, US

            




            

              	2



              	Biogas



              	Agricultural Residue



              	Verbio India Pvt. Ltd.



              	Village Bhutalkalan, Lehragaga, Sangrur, Punjab, India

            




            

              	3



              	Biogas



              	Agricultural Waste



              	Shri Govardhannathji Energies LLP



              	Nadiad, Kheda, Gujarat, India

            


          

        




      


    




    

      CONCLUSION




      The significance of various pre-treatments for the production of biofuels is discussed in this chapter. Pretreatment varies with the desired end-products like biogas, bioethanol, biobutanol, biohydrogen and other value-added products. As discussed in the chapter, pretreatment is the most energy-consuming and costlier process in biofuel production. Harsh operating conditions generate some inhibitors which affect the downstream processing of the product and also reduce the yield and productivity of the specific product. However, while choosing the pretreatment method, cost analysis study should be carried out to get a cost-effective process. Furthermore, proper selection of pretreatment is based on the energy requirement, solvent (chemical) recycling and effect on the environment. Due to high availability of plant-based biomass, the sustainability norms should comply with the pretreatment methods to signify eco-friendly vicinity with great industrial applications. As per the discussion reviewed about varied pretreatments, researchers have to keep in mind that the overall process for biofuel and biochemical production has to be cost-effective, energetically viable, environment-friendly and less inhibitory for the industrial avenues.
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