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Lignocellulosic biomass (LCB) is the most abundantly available bioresource amounting to about a global yield of up to 1. 3 billion tons per year. The hydrolysis of LCB results in the release of various reducing sugars which are highly valued in the production of biofuels such as bioethanol and biogas, various organic acids, phenols, and aldehydes. The majority of LCB is composed of biological polymers such as cellulose, hemicellulose, and lignin, which are strongly associated with each other by covalent and hydrogen bonds thus forming a highly recalcitrant structure. The presence of lignin renders the bio-polymeric structure highly resistant to solubilization thereby inhibiting the hydrolysis of cellulose and hemicellulose which presents a significant challenge for the isolation of the respective bio-polymeric components. This has led to extensive research in the development of various pretreatment techniques utilizing various physical, chemical, physicochemical, and biological approaches which are specifically tailored toward the source biomaterial and its application. The objective of this review is to discuss the various pretreatment strategies currently in use and provide an overview of their utilization for the isolation of high-value bio-polymeric components. The article further discusses the advantages and disadvantages of the various pretreatment methodologies as well as addresses the role of various key factors that are likely to have a significant impact on the pretreatment and digestibility of LCB.
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INTRODUCTION

The population of the world is projected to reach 8.5 billion by 2030 and 9.7 billion in 2050. Commensurate with the increasing population, the global energy consumption is expected to rise from 575 British thermal units (BTU), as estimated in 2015, to about 736 quadrillion BTU in 2040, which is a 28% increase over a period of 25 years (EIA, 2017). The global dependence on non-renewable fossil fuels for meeting the current energy needs, cannot be sustained for long in the face of the depleting fuel reserves. The effects of this excessive dependence are already evident in the escalation of fuel prices, over the past decade and the severe environmental impacts like climate change. With a mere 23.7% utilization of renewable energy sources for energy needs, it is vital that world switches over to renewable and sustainable energy alternatives, on an urgent basis (Hussain et al., 2017; Oliva et al., 2017). Amidst the existing alternative sources for energy, bioenergy derived from the renewable and sustainable resources, LCB for the production of biofuels like biodiesel/ biogasoline, high value chemicals such as ethanol fuels, acids, saccharides, phenols, aldehydes, xylitol, and cellulose acetate with low carbon emissions are the most promising (Behera et al., 2014; Chen et al., 2017). LCB involves organic materials including agricultural crops and agrowastes, algae, grass, wood all of which are abundant and renewable resources.

In the past two decades, LCB such as wheat straw, rice straw, sugarcane bagasse, barley, and timothy grass, woody raw materials, forest residues, softwoods and paper pulps have been extensively researched for biofuel production (Loow et al., 2015; Akhtar et al., 2016). Lignocelluloses are composed of cellulose (40–50%), hemicelluloses (25–35%) and lignin (15–20%) in an intricate structure where the components are rigidly associated through non-covalent bonds and covalent cross-linkages (Figure 1) (Sun S. et al., 2016). Crystallized cellulose and hemicellulose polymer matrix are encrusted by the highly polymerized phenolic lignin that leads to the difficulties in the conversion processes. The complex, hierarchical and recalcitrant nature of the LCB is the primary bottleneck in the utilizing of these resources for bioenergy production (Akhtar et al., 2016). This problem has so far been addressed by increasing the digestibility and availability of cellulosic and hemicellulosic fractions, together with the removal of the lignin fractions, through a series of targeted pretreatments steps (Kumari and Singh, 2018). The pretreatment techniques currently in use, may be broadly classified as physical, chemical, physicochemical, and biological processes. It is worthwhile to mention that the pretreatment phase contributes to a minimum of 20% of the total cost of conversion for different products and is one area where the energy inputs can be significantly lowered (Mafe et al., 2015; Seidl and Goulart, 2016). This urges further study on the understanding of the different techniques and is imperative for the improvement upon the pretreatment phase so as to make the process of conversion of biomass to biofuels and value-added chemicals economical and adaptable to sustainable biorefinery based approaches. This paper reviews the currently pretreatment techniques for production of biofuels and value-added chemicals, highlights their pros and cons, their recent advancements and effect on different LCBs.
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FIGURE 1. Schematic structure of lignocellulose.



STRUCTURE OF LCB AND ITS COMPONENTS

LCB is mainly composed of three polymers: cellulose (C6H10O5)n, hemicellulose (C5H8O4)m, and lignin [C9H10O3(OCH3)0.9−1.7]x along with minor amounts of other compounds such as proteins, ash, and pectin (Akhtar et al., 2016). In general, the cellulose, hemicellulose and lignin contents in a typical LCB fall within the range of 30–60, 20–40, and 15–25%, respectively (Dahadha et al., 2017). However, the composition of these major components varies depending on the source as depicted in Table 1. Cellulose is a main structural and integral part of LCB which is a linear polysaccharide and consists of D-glucose subunits linked by β-(1,4)-glycosidic bonds (Kumar et al., 2017). This polymer is insoluble in water unless at extremely low or high pH levels. However, it is soluble in solvents like ionic liquids (ILs) and N-methylmorpholine-N-oxide (NMMO) (Liu et al., 2016). Cellulose possesses the advantageous properties such as biocompatibility, stereoregularity, hydrophilicity, and reactive hydroxyl groups and serves as a versatile resource for derivatized materials such as fibers, films, composites as well as fuels and chemicals (Jedvert and Heinze, 2017). Hemicellulose is a second major component of LCB that consists of short chains of different polysaccharides such as xylan, galactomannan, glucuronoxylan, arabinoxylan, glucomannan, and xyloglucan that are held together by β-(1,4)- and/or β-(1,3)-glycosidic bonds (Zhou S. et al., 2017). In contrast to cellulose, hemicellulose is readily degradable into monosaccharides due to low degree of polymerization and non-crystalline nature and thereby widely used in industrial applications such as drug carriers, hydrogels, and cosmetics (Farhat et al., 2017). Lignin forms a protecting boundary by covalently linking to the cellulose and hemicellulose which enhances the recalcitrance of the lignocellulose. It is a complex, three-dimensional cross-linked polymer that consists of phenyl propane structural units and vary depending on the substitute of the methoxyl groups present in the aromatic rings and are linked to each other by aryl ether linkages e.g., β-O-4, α-O-4 and carbon-carbon bonds e.g., 5–5, β-β. Three basic units that constitute the lignin polymer are p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) (Xu and Ferdosian, 2017).


Table 1. Composition of various lignocellulosic biomass.
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PRETREATMENT OF LCB: NECESSITY

LCBs are resistant to chemical and biological breakdown, known as biomass recalcitrance. Several factors such as the crystalline structure of cellulose, the degree of lignification and the structural heterogeneity and complexity of cell-wall constituents are responsible for the biomass recalcitrance that must be overcome for valuable utilization of lignocellulosic feedstocks (Guerriero et al., 2016). In this context, the pretreatment is a significant step in the biorefinery process. Throughout the pretreatment process, the recalcitrant structure of lignocellulose is disrupted resulting in breakage of lignin sheath, degradation of hemicellulose and reduction in crystallinity and degree of polymerization of cellulose (Loow et al., 2015; Chen et al., 2017). A multitude of pretreatment techniques have been developed in the last few decades to improve the deconstruction of LCBs and can be categorized as shown in Figure 2. Among the several pretreatment processes the preference of the convenient one depends on the type of LCBs used as the composition of cellulose, hemicellulose and lignin vary (Dahadha et al., 2017). In the following sections, the major pretreatment techniques and their effects on the separation of the complex components of various lignocellulosic sources are discussed.
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FIGURE 2. Flow chart diagram of pretreatment processes.



Physical Pretreatment

Physical pretreatment of LCB is a prerequisite prior to any other pretreatment methods. It is primarily carried out to reduce the particle size that results in the increase in surface area, and decrease in degree of polymerization and crystallinity (Rajendran et al., 2017). Consequently, the subsequent processes become more effective and easier (Chen et al., 2017). These methods are eco-friendly and seldom produce any toxic material (Shirkavand et al., 2016). However, one major disadvantage of physical pretreatment is its high energy consumption. Generally, energy consumption depends on the type of LCB used. It was reported that size reduction of softwoods such as corn stover and switchgrass requires 11.0 and 27.6 kWh/metric ton, respectively, while hardwoods such as pine and poplar chips require 85.4 and 118.5 kWh/metric ton, respectively (Rajendran et al., 2017). The commonly prevalent physical pretreatment methods include milling, extrusion, microwave treatment, and ultrasonication. These approaches are described in detail in the following sections.

Milling

Milling is employed to reduce the crystallinity and particle size of LCB. Milling can reduce the particle size upto 0.2 mm. However, Chang et al. (1997) unveiled that biomass particle of size < 0.4 mm has no remarkable effect on the rate and yield of hydrolysis. Depending upon the type of motorized equipment operated the different milling methods are two-roll milling, ball milling, rod milling, hammer milling, vibratory milling, colloid milling, and wet disk milling. The reduction in particle size and crystallinity is determined by the type of milling method adopted, processing time and also the type of biomass used (Kumar and Sharma, 2017). Bai et al. (2018) studied the efficiency of pyrolysis using rod-milling and hammer-milling pretreatment in wheat straw wherein they have found significant size reduction and a decrease in crystallinity using rod-milling at an optimum duration of 60 min. The effective size reduction and the decrease in crystallinity lead to high surface contact and pore volume of wheat straw. Also, the kinetic analysis showed that wheat straw pretreated through rod milling has lower thermal degradation temperature as compared to the hammer-milled wheat straw that enhanced the pyrolysis efficiency. However, one of the biggest shortcomings of milling pretreatment is its high-energy requirement and the capital cost of mechanical equipment. Gu et al. (2018) studied the effect of planetary ball milling on pre-milled wood fiber and found an improved energy consumption efficiency of 0.50–2.15 kWh/kg for 7–30 min of milling at 270 rpm. The process produced high glucose and xylose in the range of 24.45–59.67% and 11.92–23.82%, respectively through enzymatic hydrolysis. Also, mild acid hydrolysis of pretreated cellulose paper and cellulose powder using ball milling resulted in a high yield of nanocellulose with high crystallinity and high thermal stability (Phanthong et al., 2016). Milling pretreatment of raw LCB for solid-state anaerobic digestion process showed that reduction in particle size greatly increases the substrate solubility thereby increasing the reaction kinetics (Motte et al., 2014).

Wet disk milling has been a well-known physical pretreatment owing to its low energy consumption. A study of combined pretreatment using hydrothermal and wet disk milling on oil palm mesocarp fiber (OPMF) demonstrated that hydrothermal pretreatment of OPMF followed by wet disk milling reduces the power consumption upto 9.6 MJ/kg with more than 98% glucose yield (Zakaria et al., 2015b). Another combined pretreatment of hot compressed water (HCW) and wet disk milling on oil palm biomass produced 85.5 and 100% of total sugar yields from oil palm empty fruit branch and oil palm frond fiber, respectively (Zakaria et al., 2015a). Kim et al. (2013) compared three different methods of milling; ball, attrition and planetary milling. It was found that attrition and planetary milling effectively reduced biomass particle size as compared to ball milling and the highest yield of glucose and galactose was obtained by planetary milling. Since milling pretreatment does not result in any toxic or inhibitory compounds it is a preferred preliminary pretreatment method for a wide variety of lignocellulosic feedstocks.

Microwave Assisted Size Reduction

Microwave irradiation is a non-conventional heating method that has long been used for the pretreatment of LCB under an applied electromagnetic field. The first study of microwave irradiation pretreatment was carried out by Ooshima et al. (1984) and since then this method has been retained a convenient one owing to its several advantages including easy operation, energy efficient, minimum inhibitors formation and high heating capacity in short period of time (Tayyab et al., 2018). In this method, the dielectric polarization causes molecular collisions and generates thermal energy that results in the disruption of the complex lignocellulosic structure (Aguilar-Reynosa et al., 2017). Microwave irradiation was categorized into atmospheric and high-pressure treatment. High-pressure microwave pretreatments are operated in closed reactors within the temperature range from 150 to 250°C (Li H. et al., 2016). A study on the microwave pretreatment of Panicum spp. and Miscanthus spp. showed 7–10% higher solubility of the materials in subcritical water as compared to the untreated materials. The samples were pretreated at different temperatures and the optimum conditions obtained are 60°C and 120°C for Miscanthus spp. and Panicum spp., respectively at 1,600 W treatment power (Irmak et al., 2018). In another study, the microwave pretreatment of Hyacinthus spp. was examined to enhance the methane production from anaerobic digestion and obtained the highest methane yield of 221 mL·g-sub−1 which was 38.3% higher than the substrate pretreated with water-heating (Zhao et al., 2017). In recent researches, microwave pretreatment is often added up with other treatment methods as an upgraded attempt. Liu et al. (2018) studied the effect of microwave irradiation during alkaline treatment for the separation of cellulose and hemicellulose from a delignified hardwood kraft pulp. They have found that under microwave treatment the complex fiber structure fractured effectively and the alkaline solution penetrated into the inner fiber structure that resulted in the significant removal of hemicelluloses and high cellulose yield of 93.05%. Microwave-assisted ionic liquid treatment of Crotalaria juncea fibers produced 78.7% glucose at 160°C in only 46 min processing time (Paul and Dutta, 2018). The studies of the microwave-assisted acid pretreatment of lignin and moso bamboo sawdust have been reported that microwave temperature is the most significant factor in determining the structure of the pretreated samples. The microwave temperature facilitated decarboxylation and dehydration during the process. Different analysis showed that the pretreated samples have lower O, H, and ash contents and higher C contents, while in raw bamboo sawdust the C, H, and O are predominant (Wang et al., 2017; Duan et al., 2018). Likewise, microwave-assisted acid hydrolysis of jabon kraft pulp produced 49.2% reducing sugars with 0% lignin content at 190°C. The lignin removal promoted the production of high sugar yield (Fatriasari et al., 2018). Moodley and Kana, 2017 investigated the effects of microwave-assisted inorganic salt pretreatment on sugarcane leaf wastes to enhance enzymatic saccharification. When pretreated with 2 M FeCl3 at 700 W and 3.5 min irradiation time, the maximum reducing sugar yield obtained was 0.406 g/g. Similarly, Germec et al. (2017) have studied extensively the microwave-assisted dilute acid pretreatment of different agricultural bioresources viz. barley husk, oat husk, wheat bran, and rye bran. The results established the microwave system as an assuring technique for fermentable sugar production from lignocellulosic materials.

Extrusion

Extrusion is one of the most commonly used physical pretreatment method applied to LCBs. The action of one or two screws that spin into a tight barrel, which is furnished with temperature control forms the basis of this method (Duque et al., 2017). The raw materials are passed through the barrel under high temperature (>300°C) where the recalcitrant structure of the lignocellulose disrupts due to the combined effects of high temperature and the shear forces caused by the rotating screw blades in the barrel (Kumar and Sharma, 2017). Extrusion machines are mainly classified into single-screw extruders (made of one single solid piece) and twin-screw extruders (made of small pieces called screw elements arranged cylindrically). The screw configuration is an important factor affecting the decomposition of LCB. Wahid et al. (2015) carried a study on the effect of different screw configurations during extrusion pretreatment on wheat straw and deep litter to enhance biogas production. They analyzed pretreatment using five screw configurations namely, mild kneading, long kneading, reverse, kneading, and reverse and kneading with reverse. The results showed effective sugar yield with each configurations that consequently led to significant methane production. However, high energy consumption (226–324 kWh t−1) is the main bottleneck in this study that requires further investigation to make the pretreatment economical.

Various parameters such as screw design, screw speed and barrel temperature also control the extrusion pretreatment (Duque et al., 2017). Moro et al. (2017) studied the pretreatment of sugarcane bagasse and straw using twin-screw extruder and optimized the variables viz. type of additives, biomass:additive ratio, number of extrusion passes, barrel temperature, screw speed, and screw configurations. The pretreatment was carried out using different additives such as water, glycerol, ethylene glycol and Tween® 80 with different loading amounts. Experiments showed glycerol as the suitable additive when pretreatment was conducted using a bagasse:glycerol and straw:glycerol ratios of 1:0.75 and 1:0.5 ratios, respectively. Also, the effect of extrusion was controlled by introducing two new screw configurations in the extruder and found glucose yield of 68.2% on enzymatic hydrolysis. This report proves extrusion pretreatment alone as an efficient technique over extrusion assisted alkaline pretreatment of olive tree pruning that yields 69% glucose (Negro et al., 2015). Heredia-Olea et al. (2015) investigated the different process parameters of extrusion pretreatment on sweet sorghum bagasse (SSB) and its successive enzymatic hydrolysis and bioethanol production. They operated the process at different conditions using surface response methodology and found 100°C barrel temperature, 200 rpm screw speed and 30% feedstock moisture content to be the optimal extrusion conditions and generated 70% of the total sugars on enzymatic hydrolysis. This study explains the effect of interaction between temperature and moisture content and its effect on extruder shear stress which consequently enhanced the disintegration of cellulose fibers and its porosity and contact surface to enzymes. Furthermore, subsequent fermentation of the extruded hydrolyzed SSB yielded ethanol of about 200 ml.kg−1 of bagasse.

Ultrasonication

Ultrasonication pretreatment is based on the principle of cavitation through the employment of ultrasonic radiation. The cavitation generates shear forces that cleaves the complex network structure of LCB and promotes the extraction of desired compounds such as, cellulose, hemicellulose, and/or lignin (Ravindran and Jaiswal, 2016). A study on the effects of ultrasound pretreatment on the structural changes of eucalyptus wood reveales that the crystallinity of the pretreated wood increased from 34.7 to 35.3% in aqueous soda solution, 32.6–35.5% in distilled water and 33.4–35.5% in aqueous acetic acid solvent. The increased crystallinity is due to the effective removal of the amorphous hemicellulose and lignin fractions that was established by the FTIR analysis (He et al., 2017). It has been seen that the choice of solvents (dilute aqueous solutions of inorganic acids or alkalis, organic solvents or ionic liquids) is critical in determining the optimum conditions for ultrasonication pretreatments (Koutsianitis et al., 2015). Several factors influencing the sonication treatment includes ultrasound frequency, sonication duration, sonication power and temperature Liyakathali et al. (2016) have found that the enzymatic digestibility of energy cane bagasse increases with increase in the sonication time and temperature while ultrasonic frequencies had no effect on enzymatic digestibility. Cherpozat et al. (2017) studied the use of ultrasonic pretreatment on wood chips for bio-oil production. The experiments were carried out at different conditions regarding frequency (40, 68, and 170 kHz), treatment time (0.5, 1 and 1.5 h) and applied power (125, 250, 500, and 1,000 W). They found the combination of 170 kHz for 0.5 h and 40 kHz for 1.5 h and a power of 1,000 W as adequate, resulting 12% increased yield of bio-oil as compared to untreated wood. However, ultrasonication for a prolonged period might cause adverse effect due to collision and aggregation between the particles (Ivetić et al., 2017). Li,kewise, high sonication power leads to cavitation near the ultrasound transducer tip that prohibits the energy transfer to the liquid medium (Subhedar and Gogate, 2014). Another study on the ultrasound pretreatment on sugar beet shreds followed by enzymatic hydrolysis resulted in a yield of 780 mg/g cellulose, which was 3.7 times higher than that of achieved with untreated samples (Ivetić et al., 2017). Luzzi et al. (2017) represented an interesting work on pretreatment of LCB where they performed the ultrasonication treatment and enzymatic hydrolysis in a single step. The activity of cellulase enzyme was examined in terms of temperature, Ph, and ultrasound power and found the maximum yield of 15.5 UPFml−1 at 40°C, pH 4.6 and applied power of 44 W. The optimum conditions further showed effective sugar production on enzymatic hydrolysis of filter paper and bagasse malt. Moreover, the impact of LCB characteristics, reactor geometry and kinetics was also observed during ultrasonic pretreatment (Nakashima et al., 2016).

The above studies clearly demonstrate that ultrasonication is a viable pretreatment technique owing to its potential to facilitate the disruption of various lignocellulosic materials. In fact, the use of ultrasound can scale down the hydrolysis time of biomass up to 80% aiding benefit to bio-fuel production (Luo et al., 2014). However, the process is energy intensive and detailed investigations are necessary to optimize the process parameters for high-scale applications.

Chemical Pretreatment

Alkali Pretreatment

Alkali pretreatment is a widely studied chemical pretreatment method which is based on the solubilization of lignin in the alkali solution. The various alkaline reagents used commonly for alkali pretreatment are the hydroxides of sodium, potassium, calcium and ammonium. Among these sodium hydroxide was found to be the most effective (Kim et al., 2016). A saponification reaction takes place throughout the alkali pretreatment process which causes cleavage of the intermolecular ester linkages between hemicelluloses and lignin. This results in solubilisation of lignin and hemicellulose fragments in the alkali solution and brings the cellulose in the interaction of enzymes (Sun S. et al., 2016). Also, alkali pretreatment changes the lignocellulosic structure via cellulose swelling that leads to reduction in crystallinity and degree of polymerization thereby increasing internal surface area (Behera et al., 2014). In addition, removal of acetyl groups and uronic acid substitutions in hemicelluloses during alkali pretreatment also increases the accessibility of the carbohydrates to enzymatic hydrolysis (Maurya et al., 2015).

Various studies reflect many advantages of the alkali pretreatment technique. A study on the alkaline pretreatment of rice straw for biomethane production reported that 1% NaOH at room temperature for 3 h significantly reduces the hemicellulose and lignin contents while the cellulose content remains unaltered. This led to an increase of methane yield by more than 34% compared to untreated rice straw (Shetty et al., 2017). Likewise, Talha et al. (2016) optimized the conditions of alkaline pretreatment of sugarcane bagasse and filter mud to enhance biomethanation. The results showed 86.27% lignin removal using 1% NaOH at 100°C for 3 h and increase of 82.20% methane yield. Shen et al. (2017) proved sodium hydroxide pretreatment as an effective method to enhance the process of anaerobic digestion. They optimized the pretreatment conditions on vinegar residue (VR) and found an increased methane yield of 205.86 mL g−1vs at 3% NaOH concentration which was 53.99% higher than the untreated VR. Alkaline pretreatment using calcium hydroxide (also called lime) has also been studied and found simple and effective since Ca(OH)2 is very inexpensive and safe to handle. A study on the lime pretreatment of corn cob residue to enhance biogas production revealed that the pretreatment accelerates the digestion process by removing lignin and obtained biogas 2 times higher than untreated corn cob (Shah and Tabassum, 2018). Rabelo et al. (2011) compared the effect of alkali pretreatment on sugarcane bagasse with lime and alkaline peroxide and found maximum glucose yield of 200 mg g−1 on lime loading of 0.04 g g−1 at 70°C for 37 h. However, lime pretreatment takes long residence time and high temperature compared to peroxide pretreatment. Ghorbani et al. (2017) investigated the lime pretreatment effects on date palm leaves under aerated and non-aerated conditions and found oxidative treatment at 40°C with 0.2 g g−1 Ca(OH)2 loading more suitable for delignification than the non-oxidative treatment. Extensive researches have also been conducted on ammonia-based alkali pretreatment because of non-corrosivity, non-toxicity and easy recovery of ammonia. Sakuragi et al. (2018) studied the effects of ammonia pretreatment on six different hardwood species and reported that species with high xylan and low lignin contents promotes enzymatic hydrolysis more effectively. (Oladi and Aita, 2017) optimized the ammonia pretreatment conditions for greater yield of sugar from energy cane bagasse. The optimal conditions obtained for the highest glucose and xylose yields were 208°C, 36 min and ammonium hydroxide to biomass ratio of 0.4:1 for glucose and 160°C, 60 min and ammonium hydroxide to biomass ratio of 0.31:1 for xylose. However, the pretreatment conditions yielded only 23.34 g glucose/100 g untreated biomass which was much low than the predicted value. Low xylose yield was also observed which can be ascribed to solubilization.

From the above studies we can summarize that the alkali pretreatment is an effective technique in removing lignin and makes carbohydrates more exposed to use for the downstream processes. However, a major disadvantage of the technique is the recovery of the added alkalis which requires further investigations. Furthermore, alkali pretreatment is more favorable for low lignin content biomass such as herbaceous crops and agricultural residues and less productive for hardwoods.

Acid Pretreatment

Acid pretreatment of LCBs is based on the susceptibility of the glucosidic bonds between hemicellulose and cellulose to acid. Hydronium ions which originates from the acid catalyst cause breakdown of the long cellulose and hemicellulose chains into sugar monomers (Lloyd and Wyman, 2005). Both, inorganic acids such as sulfuric acid (Kärcher et al., 2015), phosphoric acid (Nair et al., 2015), nitric acid (Kim et al., 2015), and hydrochloric acid (Zu et al., 2014), and organic acids such as formic acid (Du et al., 2016), maleic acid (Jung et al., 2015), and oxalic acid (Jeong and Lee, 2016) are used. Acid pretreatment can be used either as concentrated acids (30–70%) at low temperature (< 100°C) or as dilute acids (0.1–10%) at high temperatures (100–250°C). Although, the concentrated acid pretreatment can highly accelerate the sugar conversion rate (higher than 90%), most of the concentrated acids are very toxic and corrosive and hence require high operational and maintenance costs. Moreover, they cause undesired cellulose degradation leading to generation of inhibitory compounds viz. furfurals, 5-hydroxy methyl furfural, phenolic acids and aldehydes. There are several approaches which include chemical and biological detoxification methods to overcome the effect of these inhibitors (Jönsson and Martín, 2016). Chemical detoxification involves ion exchange resins, activated charcoal or tin oxides, calcium hydroxide overliming and neutralization techniques that either convert the inhibitor compounds into inert substances or reduce their concentration (Ko et al., 2015; Li et al., 2018). On the other hand, the biological methods are based on using microbes like Rhodococcus sp. YHY01, Streptomyces coelicolor etc. to bring about the same changes on the inhibitors (Bhatia et al., 2016, 2017a). However, it has to be kept in mind that the selection of feedstocks that are amenable to breakdown under milder pretreatment conditions and generate lesser inhibitors during the process is the simples and most effective way to counterpoise the problems relating to inhibition. As such, pretreatments with the dilute acids are most suitable at industrial scale as they bring about the conversions in an economical and environmentally friendly manner (Zheng et al., 2014; Kumar and Sharma, 2017).

Studies reveal that among the acids, dilute sulphuric acid (H2SO4) is the most extensively used to pretreat LCBs. Sahoo et al. (2018) compared the effect of dilute acid and alkali pretreatment on wild rice grass (Zizania latifolia) for enzymatic hydrolysis. Results showed that 0.4% H2SO4 with 10% biomass loading releases 163 mg sugar g−1 biomass, while only 92 mg sugar g−1 biomass was obtained on treated with 1 % NaOH. This proves dilute acid pretreatment a more feasible method for this grass compared to alkali pretreatment. Sindhu et al. (2014) studied dilute acid pretreatment of Indian bamboo (Bambusa spp.) varieties for bioethanol production. The pretreatment process with various mineral and organic acids revealed H2SO4 as the best pretreatment agent. Experiments were carried out with different biomass loadings, acid concentrations and pretreatment time. An optimized conditions of 15% (w/w) biomass loading, 5% acid concentration and 30 min pretreatment time yielded 0.319 g/g of reducing sugar which produced 1.76% (v/v) ethanol on subsequent enzymatic saccharification and fermentation. Acid pretreatment also depends on the characteristics of the LCB used. Research studies have been done on the effects of acid pretreatment on different parts of corn stalk for bioethanol production. They pretreated the stem, leaf, flower, cob, and husk by 2% H2SO4 at 121°C under 10% biomass loadings for 60 min and found that the cob had the highest sugar content resulting in 94.2% glucose and 24.0 gL−1 ethanol (Li P. et al., 2016). Furthermore, addition of surfactants like Tween-80 before or after the pretreatment with dilute sulphuric acid have shown significant increase in glucose concentrations on enzymatic hydrolysis, when used on waste-paper feedstocks (Alencar et al., 2017). Here, the role of Tween-80 was also believed to prevent thermal denaturation of the enzymes used for hydrolysis, even at higher temperatures. It has also been observed that the surfactants may get adsorbed on the lignin fraction of LCB, through hydrophobic interactions during the conversion of LCB to glucose. This prevents the cross-binding of enzymes to lignin and results in the improved turnover of glucose (Li K. et al., 2016). Nonetheless, dilute acid pretreatments also cause sugar degradation leading to the formation of inhibitory byproducts that needs to be removed. Moreover, neutralization of the pretreated slurry adds another negative effect on the downstream processes.

Amnuaycheewa et al. (2016) investigated rice straw pretreatment with organic acids for the improvement of enzymatic hydrolysis and biogas production. Using a response surface method they optimized the pretreatment conditions with acetic acid (C2H4O2), citric acid (C6H8O7), oxalic acid (C2H2O4) and hydrochloric acid (HCl) and compared their effects. Results showed that oxalic acid pretreatment under optimal conditions of 5%, 135.91°C and 30.86 min led to the highest sugar production of 213.4 mg/ 500 mg of pretreated sample on enzymatic saccharification. Organic acids such as maleic acid and formic acid are also more efficient than dilute mineral acid for LCB pretreatment (Qing et al., 2015). In addition, organic acids catalyze negligible sugar degradation. However, a study on the comparative effect of citric acid (C6H8O−7) pretreated rice husk and inorganic acids (HCl, H2SO4 and HNO3) pretreated rice husk on the adsorption of phenol from wastewater showed less adsorption by the citric acid treated rice husk (Daffalla et al., 2012). Therefore, detailed investigations are still awaited to explore the advantages of organic acids over mineral acids for the pretreatment of LCBs.

Ionic Liquids

Swatloski et al. (2002) put forward the use of ionic liquids (ILs) as cellulose solvent and ever since pretreatment of LCB by ILs has become a promising prospect. ILs are relatively new class of solvents with melting point < 100°C which are comprised of cations and anions. The cations, in general, are organic viz. imidazolium, pyridinium, aliphatic ammonium, alkylated phosphonium, and sulfonium ions, while the anions include both organic and inorganic ions (Yoo et al., 2017). During the pretreatment process both the cations and anions play a significant role in solubilizing the cellulose and lignin. Figure 3 represents the interruption of the intra- and intermolecular hydrogen bonding in cellulose by IL ions. Also, the cellulose dissolution increases in presence of electron-withdrawing groups in the alkyl chains of IL cations (Yoo et al., 2017). Most of the ILs are recoverable and reusable. They possess the striking advantages of negligible vapor pressure, non-volatility, non-toxicity, large thermal, and chemical stability and most importantly the adjustable nature of their cations and anions on which the properties of the ILs depend (Chen et al., 2017). These are the reasons why ILs have often been described as green solvents. Several types of ILs include imidazolium-based ([(C3N2)Xn]+), pyridinium based ([(C5N)Xn]+), pyrrolidinium-based ([C4N)Xn]+, ammonium-based [NX4]+, phosphonium-based [PX4]+, sulfonium-based [SO3]+, and others such as cholin. Among these, imidazolium salts are the most commonly used ILs (Zhang et al., 2017).
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FIGURE 3. Interruption of intra- and intermolecular H-bonding in cellulose by ILs.



Raj et al. (2018) investigated the effect of various imidazolium-based ILs pretreatment on enzymatic hydrolysis of mustard stalk. It was found that ILs containing acetate ion enhanced specific surface area and porosity accessible for enzymes and improved the yield of reducing sugar significantly. The effect of pretreatment temperature on acetate ion based ILs was also studied. Differential scanning calorimetry analysis showed an increased porosity (108.9 mg/g) at 130°C/2h compared to 100°C/5h (107.8 mg/g) and produced 97.7 and 78.7% glucose, respectively, on subsequent hydrolysis. Stanton et al. (2018) also studied the effect of different imidazolium-based ILs on the structure and properties of microcrystalline cellulose and silk blended biocomposite films. The results revealed that the intermolecular interactions in the films are directly correlated to the anion structure of the ILs. Smuga-Kogut et al. (2017) carried out the pretreatment of rye straw using 1-ethyl-3methylimidazonium chloride and found an optimal condition of 2 h, 120°C and 1 ml g−1. DM rye straw using response surface methodology for highest sugar yield. It was found that pretreatment led to threefold increase in the yields of reducing sugars on enzymatic hydrolysis in comparison with the untreated straw. Use of ILs other than imidazolium salts also showed strong influence on the pretreatment of lignocellulosic materials. For example, pretreatment of bagasse powder using choline acetate (ChOAc) enhanced the tensile strength of the propionylated bagasse composites from 35 MPa to 40 MPa and the elastic moduli from 2.0 GPa to 2.6 GPa compared to the composites made of untreated bagasse powder (Ninomiya et al., 2017). Likewise, Ma et al. (2016) compared the pretreatment of corn stalk with a series of pyrrolidonium-based ILs at 90°C for 30 min and observed 85.94% lignin removal and a reducing sugar yield of 91.81% after enzymatic hydrolysis.

Regardless of their distinctive chemical properties, ILs present the major shortcomings of being expensive and toxic to microorganisms and enzymes. Brandt-Talbot et al. (2017) investigated for the first time the application of the low-cost IL triethylammonium hydrogen sulfate for the pretreatment of Miscanthus x giganteus grass. They found up to 75% lignin and 100% hemicellulose solubilization in the IL solution and a yield of 77% glucose by enzymatic saccharification. Also the IL was reused four times with 99% recovery at each time. Nevertheless, further studies on these aspects with low-cost recovery technology and its toxicity to enzymes are still needed for economically-viable large-scale applications.

Organosolv Process

In this process, LCBs are pretreated with organic solvents or their aqueous solutions that causes break down of the internal bonds between lignin and hemicellulose thereby leaving a relatively pure cellulose residue. During the process delignification and solubilization of hemicellulose lead to increase of pore volume and surface area of cellulose and enhances the accessibility of enzymatic hydrolysis and saccharification (Zhang K. et al., 2016). A wide range of organic solvents such as, ethanol, methanol, acetone, organic acid, organic peracid, and ethylene glycol or their mixture with water have been employed to pretreat various LCBs. The process is often accompanied by the addition of a catalyst to either lower the pretreatment temperature or improve the delignification rate. Usually mineral acids (hydrochloric acid, sulfuric acid, phosphoric acid), bases (lime, sodium hydroxide, ammonia) and some salts are used as catalysts (Borand and Karaosmanoglu, 2018).

Organosolv presents itself as an emerging pretreatment process owing to its inherent advantages such as, easy recovery of the solvents by distillation, recycles the solvents back to pretreatment and utilization of high-quality lignin isolated from this process as value-added byproducts for industrial applications. However, there also lies a few major disadvantages to the organosolv pretreatment. Most of the organic solvents are too expensive and need to be recovered as much as possible which is an energy-intensive process. In addition, high flammability and volatility of the organic solvents make the pretreatment to be carried out under especially controlled conditions (Borand and Karaosmanoglu, 2018). The organosolv pretreatment process for various feedstocks has been summarized in Table 2.


Table 2. Effect of organosolv pretreatment on different lignocellulosic substrates.
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Deep Eutectic Solvents

Pretreatment of LCB using deep eutectic solvents (DES) has attracted much interest in recent years. DESs are a new generation of ionic fluids comprising of two or three components, often interlinked through hydrogen bonding and form a eutectic mixture with a lower melting point than each individual components. They are usually liquids at temperature < 100°C. DESs and ILs are much alike in terms of their physicochemical properties but their low-cost synthetic technology and biodegradability make them versatile alternatives to ILs (Zdanowicz et al., 2018). DESs are mostly derived by mixing a quaternary ammonium salt with a metal salt or hydrogen bond donor (HBD) which is capable of forming a complex with the halide ion of the quaternary ammonium salt (Smith et al., 2014). The decrease in melting point of the eutectic mixture is ascribed to the charge delocalization occurring between the halide ion and the hydrogen-donor moiety (Wagle et al., 2014).

DESs can be represented by the general formula

[image: image]

where Cat+ is basically any ammonium, phosphonium or sulfonium cation, X− is a Lewis base, commonly a halide anion, Y is Lewis or Brønsted acid, and z is the number of Y molecules that interact with the anion. The complexation between X− and Y forms different anionic species (Smith et al., 2014). Being a biodegradable, non-toxic and cheap organic salt, cholin chloride (ChCl) are used in most of the DESs in combination with the low-risk HBDs like, urea, glycerol, carboxylic acids, and polyols (Zdanowicz et al., 2018). A study on the corn stover pretreatment by different DESs having the same halide salt i.e., ChCl found ChCl:Formic acid to be the ideal mixture for butanol fermentation. The findings implied that DES with acidic hydrogen donors could enhance the removal of lignin and hemicellulose more efficiently and are superior to ILs (Xu et al., 2016). The results are further proved by Zhang and his coworkers where they investigated the pretreatment of corn cob by using three DESs; monocarboxylic acid: ChCl, dicarboxylic acid: ChCl and polyalcohol: ChCl. They found that delignification and cellulose accessibility greatly depends on the strength and amount of acid and the nature of hydrogen bond acceptors. The free hydroxyl groups of polyalcohol interacts with the free and etherified hydroxyl groups of lignin thereby making the polyalcohol: ChCl to be an adequate mixture for pretreatment (Zhang C. W. et al., 2016).

Physicochemical Pretreatments

Steam Explosion

Steam explosion is the most commonly employed and effective pretreatment method, which is typically a combination of both mechanical forces and chemical effects applied to LCBs. In this technique, the biomass is subjected to high-pressure saturated steam (0.69–4.83 MPa) at a temperature of 160–260°C to let water molecules penetrate the substrate structure. The pressure is then suddenly reduced to let the water molecules escape in an explosive way. This rapid release of pressure causes explosion of the bulk LCB into splitted fibers. Besides, the high temperature and pressure enhance the breakdown of the glycosidic bonds in cellulose and hemicellulose and cleavage of hemicellulose-lignin bonds (Chen and Liu, 2015). During this treatment, the hydrolysis of hemicellulose into glucose and xylose monomers liberate acetic acid which catalyze the further hydrolysis of hemicelluloses, and; hence the process is also termed as autohydrolysis (Singh et al., 2015).

Steam explosion has several advantages such as low environmental effect, limited chemicals use, high energy efficiency, no recycling costs and total sugar recovery compared with other pretreatment methods (Pielhop et al., 2016). It was found that almost 70% more energy is needed by the conventional mechanical methods than steam explosion to attain the same particle size reduction (Kim, 2018). This pretreatment is affected by several factors such as steam temperature, residence time, the size of biomass and moisture content (Rabemanolontsoa and Saka, 2016). Steam explosion can be employed directly to milled LCB without employing any chemicals. Vivekanand et al. (2013) pretreated birch samples with steam at 170–230°C to investigate their enzymatic hydrolysis performance. Results showed that steam explosion at 220°C for 10 min generates the maximum enzymatic hydrolysis yield. However, under harsh steam explosion conditions, the production of inhibitors such as aromatic compounds and dehydration byproducts (weak acids and furan derivatives) influenced the subsequent hydrolysis process (Vivekanand et al., 2013; Sun Y. G. et al., 2015; Verardi et al., 2018). Similar results were also observed when corn stover was pretreated with steam explosion at 140–220°C for biogas production. Pretreatment at 160 °C for 2 min increased the methane yield by 22% while harsh pretreatment conditions led to the formation of inhibitors (Lizasoain et al., 2017). Besides, many phenolic compounds are produced when the lignin is broken down. Therefore, some detoxification methods are required to reduce the hindrances caused by these compounds for the benefit of the downstream processes. Steam explosion was found to be an effective pretreatment technique in enhancing the microbial digestion of pretreated corn stover (Zhao et al., 2018). The efficiency of this pretreatment can be adequately improved by the use of catalysts such as H2SO4, H3PO4, SO2, or CO2. Addition of these catalysts in steam explosion can reduce the residence time and temperature, minimize the generation of inhibitory compounds, improve the enzymatic hydrolysis significantly and lead to complete hemicellulose sugar recovery (Negro et al., 2014; Neves et al., 2016). Guerrero et al. (2017) investigated the effect of temperature and residence time of acid-impregnated steam explosion of banana stem with response surface methodology. The optimal conditions were found at 170°C, 5 min and 2.2% H2SO4 (v/v) producing a high glucose yield of 91%. Wang et al. (2018) explored the enzymatic hydrolysis and fermentation of SO2 and H2SO4 impregnated spruce separately pretreated by steam explosion at 195–215 °C for the same time period. Higher yields of glucose and total sugar were obtained for SO2- impregnated spruce, while lower hemicellulosic sugar yield was observed for H2SO4- impregnated spruce. This is because H2SO4 accelerated the hydrolysis of polysaccharides thereby catalyzing the formation of inhibitors. However, comparatively low inhibitor contents were observed in the hydrolysates of SO2-impregnated spruce. Recently, a study on deacetylation of corn stover prior to steam explosion showed that deacetlyation eliminated over 85% inhibitor formation. However, an incorporation of a catalyst was required for better hydrolysis of the deacetylated feedstock (Tang et al., 2018).

Ammonia Fiber Explosion (AFEX)

In AFEX process, the LCB is heated with liquid ammonia (in 1:1 ratio) in a closed vessel at temperature around 60–100°C under high pressure for 5–30 min, and then the pressure is suddenly released (Shirkavand et al., 2016). The high pressure and given temperature causes swelling of lignocellulose and the rapid release of pressure disrupts the fibrous structure of biomass, reduces the crystallinity of cellulose and thereby improves the accessibility of enzyme. Optimization of AFEX pretreatment can be done by varying the four parameters including temperature, blowdown pressure, water loading and ammonia loading (El-Naggar et al., 2014). Silvergrass (Miscanthus spp.) when presoaked in water prior to AFEX pretreatment showed up to 10% increase in glucan conversion indicating that moisture content plays a major role in AFEX (Lee and Kuan, 2015). AFEX pretreatment partly removes the lignin and hemicellulose from lignocellulosic materials, but shows better enzymatic hydrolysis results at low enzyme loadings compared to other pretreatment processes. When oil palm empty fruit bunch fiber were pretreated with AFEX at 135°C for 45 min, the lignin-carbohydrate linkages changed along with some relocalization of lignin and resulted in 90% glucan conversion at lower enzyme loading of 13.8 FPU_g−1 glucan as compared to 25.5% conversion for untreated biomass (Abdul et al., 2016). Therefore, AFEX pretreatment is more suitable for low lignin-content LCB such as agricultural wastes and herbaceous plants like switch grass, rice straw, corn stover etc. Several investigations have been carried out to determine the optimal AFEX conditions for different LCBs. Zhao et al. (2014) reported ammonia to biomass loading of 5:1, 70% moisture content and 170°C as optimal for enhanced enzymatic digestibility of corn stover. They further demonstrated that presoaking of corn stover prior to AFEX pretreatment enhances the delignification of corn stover from 15.74 to 24.07% and thereby increases glucan digestibility from 82.13 to 87.78%. Mathew et al. (2016) when compared the effect of AFEX and dilute acid pretreatment on corn stover, found that AFEX treated hydrolysate of corn stover was superior to dilute acid treated hydrolysate for ethanol production.

The main advantage of AFEX lies in the negligible formation of inhibitors as compared to other pretreatment methods. Nonetheless, ammonia should be recovered and recycled due to its high cost and volatility to reduce the overall operating cost and minimize environmental damage.

CO2 Explosion Pretreatment

A key drawback in the application of steam explosion pretreatment lies in its use of high thermal energy which is essential for the decomposition of the LCB. The AFEX pretreatments on the other hand use ammonia, which is highly corrosive with detrimental environmental effects, thereby limiting its scope. In this context, supercritical CO2 explosion appears to be a viable alternative owing to its lower energy requirements and use of the greener alternative compared to ammonia (Bharathiraja et al., 2018). Because of its characteristics of mass transfer of a “gaslike” with a “liquidlike” solvating power, supercritical CO2 can diffuse through interspaces like gas and dissolve materials like liquid (Rostagno et al., 2015). Under high pressure the CO2 molecules penetrate into the biomass and shattered the higher level of structures comprising hemicellulose and lignin. Once dissolved in water, CO2 will form carbonic acid, which catalyzes the hydrolysis of hemicellulose. This is the reason why this pretreatment process is not satisfactory to biomass with no moisture content. On the other hand, when the pressurized gas is released, it breaks the compact matrix structure of biomass thereby improving the accessibility of cellulose fibers (Capolupo and Faraco, 2016). The penetrating rate of the CO2 molecules into the cellulosic pores increases with pressure and leads to high glucose yield. Also, it was reported that addition of water-ethanol as co-solvents during supercritical CO2 explosion pretreatment can significantly remove the lignin and enhance enzymatic hydrolysis of corn stover (Morais et al., 2014; Serna et al., 2016). Benazzi et al. (2013) reported a single-step process for the hydrolysis of sugarcane bagasse using supercritical CO2 and obtained 60% yield of fermentable sugars. Soybean hull pretreated with supercritical CO2 showed a high glucose yield of 97% after enzymatic hydrolysis. This high glucose yield was obtained under optimal conditions of 8 MPa pretreatment pressure and 130°C temperature for 30 min. Thus the pretreatment pressure and temperature also plays a significant role in supercritical-CO2 treatment (Islam et al., 2017). Likewise, Narayanaswamy et al. (2011) found that supercritical-CO2 pretreatment of corn stover (75% moisture content) under optimal conditions of 24 MPa and 150°C for 60 min, increased the glucose yield by 2.5 fold compared with native corn stove. A combined pretreatment of corn cob and corn stalk by supercritical CO2 and ultrasonic pretreatment improved the enzymatic hydrolysis by 75 and 13.4%, respectively under optimal conditions of 20 MPa and 170°C (Yin et al., 2014).

Low cost of CO2, low environmental impact, non-flammability, no toxins formation and easy recovery makes the employment of supercritical-CO2 in the pretreatment of LCB an attractive approach. However, the economic input for the experimental set up that can withstand high-pressure conditions of CO2 pretreatment is significantly high and is a great obstacle in its application in industrial scale.

Liquid Hot Water (LHW)

LHW pretreatment is very much alike to steam explosion but as the name suggests, LHW uses water at elevated temperature (170–230°C) and pressure (up to 5 MPa) in place of steam. Unlike steam explosion rapid release of pressure is not required in LHW and the application of pressure is only to prevent evaporation of water. LHW hydrolyzes hemicellulose by liberating its acetyl groups and removes lignin thereby making the cellulose fibers more exposable (Zhuang et al., 2016). The detached hemicellulose remains in the liquid fraction of the pretreated slurry and formation of monomeric sugars during the process is minimal. However, in order to avoid the sugar degradation and inhibitors formation, the LHW pretreatment is carried out at controlled pH between 4 and 7 (Li et al., 2014). It was reported that Miscanthus X giganteus pretreated with LHW under controlled pH at 200°C for 15 min showed high ethanol yield of 71.8% of theoretical on fermentation (Boakye-Boaten et al., 2015). Hongdan et al. (2013) optimized the process variables (temperature and residence time) in LHW pretreatment of sugarcane bagasse and achieved 90% glucose recovery on enzymatic hydrolysis at 180°C for 30 min. LHW pretreatment of corn cobs at 160°C for 10 min provided maximum hemicellulose-derived sugar recovery of 58.8% and enzymatic hydrolysis yield of 73.1% with more than 60% lignin removal (Imman et al., 2018). Furthermore, Imman et al. (2015) investigated the effect of the alkaline catalyst on LHW pretreatment of rice straw and demonstrated that rice straw pretreated with LHW in presence of NaOH showed remarkably higher glucose yield compared with LHW pretreatment in the absence of NaOH. Likewise, another study on the effects of acid and alkali promoters during LHW pretreatment of rice straw revealed that the presence of such promoters changes the physical structure of the pretreated biomass and thus lowered the required LHW temperature and improved the enzymatic digestibility (Imman et al., 2014).

LHW pretreatment possesses several advantages as it does not require any catalyst or chemicals, the formation of toxic materials is almost absent and has low-cost of the solvent for large-scale applications. Furthermore, biomass size has no influence since the particles are broken down during the treatment which makes the process more striking for large scale (Bhutto et al., 2017). However, the process is very energy intensive due to a large amount of water involved.

Biological Pretreatment

Biological pretreatment is a low cost and eco-friendly technique to treat LCB prior to enzymatic saccharification. This technique is promising as there is no inhibitor formation during the process, requires lesser energy consuming and is eco-friendly (Sindhu et al., 2016; Bhatia et al., 2017b). Through this method, lignin degrading bacteria or fungi, as whole cell or enzymes, are used to pretreat LCB. The enzymes used in degradation of lignin are laccases, lignin peroxidase, manganese peroxidase, and versatile peroxidase. Fungi are the best suited for such applications as they are capable of degrading cellulose, hemicelluloses, and lignin. Biological pretreatment is not only used for lignin removal, but also for removal of specific components such as antimicrobial substances (Wan and Li, 2012). White-rot, brown-rot and soft-rot fungi are used for degradation of lignin and hemicelluloses present in LCB (Chen et al., 2010). However, mostly white-rot fungi are involved in biological pretreatment due to high sugar yield associated with enzymatic saccharification (Yesilada et al., 2018). Some white-rot fungi can simultaneously degrade lignin and polysaccharides, resulting in the loss of carbohydrates, while other white-rot fungi can selectively degrade lignin. There are two extracellular enzymatic systems involved in microorganisms, one hydrolytic and another ligninolytic system (Wagner et al., 2018). Hydrolytic system is responsible for degradation of cellulose and hemicelluloses, while ligninolytic system depolymerizes the lignin. Lignin can be degraded by enzymes produced by various organisms, among which white-rot fungus has been found the most effective. Fungi are usually isolated from the soil, living plants, or agricultural waste materials (Vats et al., 2013).

Whole Cell Pretreatment

White-rot fungi are generally used as whole cell microorganism since it is less potent for the degradation of the cellulosic fraction of the LCB. The ligninolytic system in these fungi secretes one or more extracellular enzymes which are responsible for the degradation of lignin (aromatic polymer) and aliphatic fragments (Hammell, 1997). White-rot fungi commonly employed for ligninolytic pretreatment are Phanerochaete chrysosporium, Ceriporiopsis subvermispora, Ceriporia lacerata, Cyathus stercolerus, Pycnoporus cinnarbarinus, Pleurotus ostreaus, Phlebia subserialis, Pleurotus streatus, Postia placenta, Gloeophyllum trabeum, and Echindodontium taxodii (Kumar and Sharma, 2017) are capable of efficiently metabolizing lignin in a variety of LCBs. Among these, Phanerochaete chrysosporium is a model organism for lignin degradation. However, white-rot fungi may face challenges in lignin degradation due to presence of carbon-carbon bonds within the large lignin polymers (Martinez et al., 2004).

Table 3 summarizes the different biological pretreatment conditions that have been used in the recent past for treatment of various biomass feedstocks using whole cell biocatalyst. The major disadvantages of biological pretreatment methods are low efficiency and long residence periods, when used in isolation (Tian et al., 2012; Maurya et al., 2015). Saritha et al. (2012) studied biological pretreatment of paddy straw using Trametes hirsute, which enhanced the sugar recovery followed by enzymatic saccharification. Trametes hirsuta showed the high ligninase but low cellulase activity under solid state fermentation conditions and enhanced carbohydrate content recovery by 11.1% within 10 days of incubation time. Suhara et al. (2012) reported the biological pretreatment of bamboo culms using Ceriporiopsis subvermispora and showed lignin degradation bat an efficiency of 50%. Taha et al. (2015) reported the straw saccharification through co-culturing of lignocellulose degrading microorganisms and showed that enzyme activities of fungal isolates were 2-fold higher than those from bacteria. Co-culturing resulted in 7- fold increase in saccharification rate. Du et al. (2011) studied the white-rot fungi Irpex lacteus, which produces a variety of extracellular hydrolytic and oxidative enzymes and reported the hydrolysis yield of 82% after 28 days of biological pretreatment of corn stalks.


Table 3. Biological pretreatment conditions for various feedstocks.
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Enzymatic Pretreatment

Lignin is the most abundant aromatic polymer consisting of phenolic and non-phenolic compounds. Some fungi, bacteria, and insects are capable of producing enzymes which digest lignin. There are two families of ligninolytic enzymes which play an important role in enzymatic degradation: phenol oxidase (laccase) (Lac) and peroxidases (lignin peroxidase (LiP), versatile peroxidase (VP), and manganese peroxidase (MnP)) (Zamocky et al., 2014). These are heme-containing glycoproteins which require hydrogen peroxide (H2O2) as oxidant. The role of other enzymes has not yet been fully elucidated including glyoxal oxidase (GLOX; EC 1.2.3.5), glucose oxidase (EC 1.1.3.4), cellobiose dehydrogenase (CDH; EC 1.1.99.18) oxido-reductase and methanol oxidase (Janusz et al., 2017). There are different microorganisms i.e. bacteria and fungi, which produce celluloytic, hemicellulolytic and ligninolytic enzymes. Lignin degrading enzymes are directly employed to pretreat the biomass. These are employed in a group of one or more. Table 4 shows the effect of enzymatic pretreatment on different lignocellulosic feedstocks.


Table 4. Effect of enzymatic pretreatment on different lignocelluloses.
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Lignin Peroxidase

Lignin peroxidase (LiP) (EC 1.11.1.4) was first discovered in Phanerochaete chrysosporium grown in nitrogen-limited medium. LiP is H2O2 dependent glycoprotein, which contains heme and has a molecular mass ranges from 35 to 40 kDa (Hammel and Cullen, 2008). LiP has been reported to produce by white-rot fungi like Phlebia flavido-alba, Bjerkandera sp. strains BOS55, Trametes trogii, Phlebia tremesllosa, Gloeophyllum trabeum, Trametes versicolor, Phanerochaete chrysosporium, etc. (Houtman et al., 2018).

Laccases

Laccases (Lac) (EC 1.10.3.2) or benzenediol oxygen oxidoreductase is a multicopper enzyme that belongs to a group of blue copper containing oxidase. White-rot fungi produced laccase, catalyzes the oxidation of aromatic amines and phenolic compounds such as phenolic substructure of lignin (Wong, 2009; Heap et al., 2014). Lac is glycoprotein and its molecular weight ranges between 60 and 80 kDa. It is also able to oxidize non-phenolic substructure of lignin in the presence of low molecular weight compounds hydroxylbenzotriazole. Laccase producing microorganisms are both fungi (Trametes versicolor, Tremetes trogii, Phlebia floridensis), and bacteria (Citrobacter spp., Straphylococcus saprophlticus, Bacillus subtilis). Lac enzyme plays an important role in lignin degradation and modification processes which increase the yield of both hydrolysis and fermentation process (Piscitelli et al., 2011; Fillat et al., 2017). Laccase is an important enzyme since it oxidizes both toxic and non-toxic substrates. It is used in textile, food processing, wood processing, pharmaceutical, and chemical industries. Laccase enzyme is very specific, ecologically sustainable and a proficient catalyst (Giacobbea et al., 2018). Several bacterial and fungal laccases have been used for detoxification of various agrowaste (pretreated and unpretreated) feedstocks in the presence of mediator system. Rico et al. (2014) studied the ability of an industrial laccase-mediator system to modify and to remove the lignin during pretreatment of wood (Eucalyptus globulus) feedstock, to improve the saccharification, and to analyze the chemical modifications. Up to 50% lignin removal from ground eucalyptus wood was attained when pretreated with recombinant Myceliophthora thermophila (50 U·g−1) laccase.

Manganese Peroxidase

Manganese peroxidase (MnP) (EC 1.11.1.13), Mn (II) hydrogen peroxide oxidoreductase, catalyzes Mn dependent reactions. Similar to LiP, MnP is also heme glycoprotein. Major difference in MnP and LiP is: LiP generally oxidizes non-phenolic lignin, while MnP oxidizes phenolic ring of lignin and plays an important role in the initial stage of lignin degradation. Manganese peroxidase oxidizes phenolic and non-phenolic lignin units through lipid peroxidation reactions and forms various phenolic compounds i.e., 3-ethylthiazoline-6-sulfonate, 2, 6-dimethyloxyphenol syringol, guaiacol, and non-phenol compound i.e., alcohol (Brown and Chang, 2014). It oxidizes Mn2+ to Mn3+ which further oxidizes phenol rings to phenoxy radicals leading to decomposition of compounds.

Versatile Peroxidase (VP)

Versatile peroxidase (VP) (EC 1.11.1.16) oxidizes phenolic and non-phenolic aromatic compounds. VP enzymes have the catalytic activities of both MnP and LiP, and are able to oxidize Mn2+ like MnP as well as high-redox potential non-phenolic compounds like LiP (Abdel-Hamid et al., 2013; Zavarzina et al., 2018). VP is employed together with MnP, LiP and other microbial peroxidases in degradation of non-phenolic aromatic compounds such as veratrylglycerol β-guaiacyl ether to veratraldehyde. VP also oxidize Mn2+ to Mn3+, veratyl alcohol to veratraldehyde and p-dimethoxybenzene to p-benzoquinone (Narayanaswamy et al., 2013). VP comprises the ligninolytic heme peroxidase gene family of Pleutotus ostreatus (Fernandez-Fueyo et al., 2014). It is found in various Bjerkandera species and Pleurotus species (Chen et al., 2010). It catalyzes oxidation of wide range of substrates from plant peroxidase hydroquinones, substituted phenols to bulky recalcitrant lignin directly, without redox mediators. It is used in textile, bleaching, paper and pulp industries, production of biofuels, bioremediation of xenobiotic compounds, degradation of endocrine disrupting chemicals (Ravichandran and Sridhar, 2016).

CONCLUSION

The high crystallinity of cellulose and its sheathing by hemicellulose-lignin matrix furnish the resilient structure of LCB. Therefore, pretreatment is an extremely important step for conversion of LCB to sugars and further processing for industrially important bioproducts and biofuels. Extensive investigations have been carried out on the effects of different pretreatment methods on lignocellulosic composition and sugar yield. Analysis of various methods brings us to the conclusion that each method has its pros and cons. Therefore, assessing these methods straight through the test data is not accurate. Until now, a cost-effective and environmentally benign pretreatment method that can completely delignify biomass is yet to be established. Moreover, the reaction mechanisms of the different pretreatment technologies have not been explored in details to improve the existing methods and optimize the process conditions. In addition, the LCB properties and features greatly influence in choosing the correct pretreatment method. Hence, the challenges to pretreat biomass with high efficiency comprise of cost-effectivity, energy-effectivity, environmental sustainability, which are the existing bottlenecks for its integration as feedstocks in biorefinery approaches. On the basis of this review, we can propose that an improved chemical production and industrial lignocellulose applications can be achieved by the development of an economically feasible, extremely productive and ecofriendly pretreatment method based on the evaluation standard.
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Raw material Sovent Catalyst Condition Results References
Sorghum bagasse 25% Butanol 0.5% HpSO4 200°C, 60min 84.9% cellulose Teramura et al., 2017
Barley straw 50% Acetone 0.5% HpS04 140°C, 20min 83.9% glucose Salapa etal., 2018
Sugarcane bagasse 60% Ethanol 0.025% FeCly 160°C, 72h 93.8% glucose Zhang etal., 2018
Sugarcane bagasse 70% Glycerol - 220°C, 120min 94% cellulose SunF.F. etal. 2016
Wheat straw 25% Ethanol 1% HpSO4 190°C, 60min 80% glucose Vergara et al., 2018
Wheat straw 50% Ethanol 0.35% Hp804 180°C, 40 min 89% cellulose Salapa et al., 2017
Wheat straw 70% Glycerol - 220°C, 180min 70% cellulose SunF. F etal. 2015
Corn stover 60% Ethanol n-propylamine 140°C, 40 min 87.1% glucose Tang et al., 2017b
Corn stalk 60% Ethanol 4% NaOH 110°C, 90min 85% cellulose Tang et al., 2017a

Rice straw 45% Ethanol 1% HpS04 180°C, 30min 58.44% glucan Asadi and Ziouei, 2017
Rice straw 65% Ethanol 1.1% HpSO4 170°C, 60min 70% cellulose Sannigrahi et al., 2010
Bamboo 60% Ethanol - 160°C, 60 min 67.2% glucose Mou and Wu, 2017
Eucalyptus wood 56% Glycerol - 200°C, 69 min 99% cellulose Roman et al., 2016
Sweet sorghum 50% Ethanol 1% HpSO04 140°C, 30 min 77% total sugar Ostovareh et al., 2016
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Sugarcane bagasse 40-45 30-35 20-30 Cardona et al., 2010
Sweet sorghum bagasse 5 27 21 Kim and Day, 2011
Wheat straw 33-40 20-25 15-20 Talebria et al., 2010
Rice straw 38 32 12 Lu and Hsieh, 2012
Rice Husk 371 204 244 Kaitta et al., 2015b
Barley straw 38 35 16 Sun et al,, 2005
Soybean straw 34 16 22 Wan et al., 2011
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Corm cob M 31 12 Chen et al., 2010
Poplar a4 20 29 Kim et al., 2009

Pine 42 21 30 Sannigrahi et al., 2010
Gmelina arborea saw dust 23 - 233 Kalfta et al., 2015a
Salvadora oleoides saw dust 24 - 218 Kalita et al., 20152
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Coastal Bermuda Grass 30 29 23 Les etal, 2009
Napier Grass a7 31 22 Reddy et al., 2018
Elephant Grass. 36 24 28 Scholl et al., 2015
Bamboo 45 24 20 Lietal, 2015

Waste papers 85 13 1 Chen et al., 2004
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