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Abstract

:

One of the concerns for economical production of ethanol from biomass is the large volume and high cost of the cellulolytic enzymes used to convert biomass into fermentable sugars. The presence of acetyl groups in hemicellulose and lignin in plant cell walls reduces accessibility of biomass to the enzymes and makes conversion a slow process. In addition to low enzyme accessibility, a rapid deactivation of cellulases during biomass hydrolysis can be another factor contributing to the low sugar recovery. As of now, the economical reduction in lignin content of the biomass is considered a bottleneck, and raises issues for several reasons. The presence of lignin in biomass reduces the swelling of cellulose fibrils and accessibility of enzyme to carbohydrate polymers. It also causes an irreversible adsorption of the cellulolytic enzymes that prevents effective enzyme activity and recycling. Amphiphiles, such as surfactants and proteins have been found to improve enzyme activity by several mechanisms of action that are not yet fully understood. Reduction in irreversible adsorption of enzyme to non-specific sites, reduction in viscosity of liquid and surface tension and consequently reduced contact of enzyme with air-liquid interface, and modifications in biomass chemical structure are some of the benefits derived from surface active molecules. Application of some of these amphiphiles could potentially reduce the capital and operating costs of bioethanol production by reducing fermentation time and the amount of enzyme used for saccharification of biomass. In this review article, the benefit of applying amphiphiles at various stages of ethanol production (i.e., pretreatment, hydrolysis and hydrolysis-fermentation) is reviewed and the proposed mechanisms of actions are described.
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1. Introduction


One of the foremost concerns for economically efficient ethanol production from biomass through the biochemical pathway is the high price and usage rates of cellulolytic enzymes. Several factors have substantial negative impacts on the enzymatic hydrolysis of biomass, such as lignin, acetyl groups and crystallinity of cellulose. The main negative impacts of lignin are inhibition of fiber-swelling (reducing cellulose accessibility) and enzyme deactivation through irreversible adsorption [1]. These factors reduce enzyme performance, such that higher quantities of enzyme are required to achieve acceptable hydrolysis rates and efficiencies. A typical cellulase loading of 15 FPU/g cellulose would equate to ~30 g of enzyme per liter of ethanol produced. Considering a $10/kg cost for cellulase, this level of enzyme accounts for 27%–40% of biofuel production costs [2,3], assuming a liter of ethanol is sold for $0.94. Thus, it is essential for the enzyme cost to be reduced below $2/kg protein, or strategies must be developed to substantially reduce enzyme dosage rates [4,5,6] so that cellulolytic enzyme costs would be comparable to starch enzymes used in the corn-to-ethanol industry ($0.02–0.03/gal ethanol). At present, a range of cost estimates for cellulolytic enzymes have been made, including $0.10/gal [7], $0.30/gal [8], $0.32/gal [9], $0.35/gal [10], $0.40/gal [11] and $0.68/gal [10] of ethanol produced.



A sensitivity analysis of the effects of feedstock price and fermentation residence time on the costs of enzyme production showed that at a baseline cost of $60/MT for poplar, the enzyme costs would still be $1.30/gal ethanol [10]. However, a reduction in microbial growth and fermentation period would reduce the capital costs, and thereby drop the enzyme costs. Because enzyme production costs can only be reduced so far, developing techniques to lower enzyme utilization in biomass hydrolysis is a critical aspect of reducing the production costs of ethanol from biomass [11,12,13]. Several approaches have been evaluated to improve enzyme performance, and hence reduce the net costs of hydrolytic enzymes. A wide range of pretreatment technologies has been developed to enable high saccharification yields at lower enzyme loadings [14,15]. Some of these pretreatments target removal of monomeric sugars [16,17], hemicellulose oligomers [18], lignin and lignin degradation products [19,20,21], while others may also target increased biomass porosity, or a combination of these effects. A more recent approach has been the development of techniques that maintain enzyme secondary structure and solubility, and hence activity for an extended period of time.



Amphiphiles such as emulsifiers and proteins have been found to improve the activity of a variety of enzymes by alleviating one or more of the potential enzyme inhibitors mentioned above. Examples of this beneficial effect have been reported for enzymes such as horseradish peroxidase (HRP) [22], lipoxygenase (LOX1) [23], lipase [24,25], xylanase [22], β-glucosidase and cellualse [1,26,27,28,29]. Various mechanisms of action have been described to explain these effects that will be described further in this manuscript. These emulsifiers and proteins contain simultaneously polar and non-polar regions, which impart them with surface-active properties [30] that can stabilize the two-phase system.



Improving enzyme activity through the application of amphiphiles not only reduces the operating costs of ethanol production from biomass by reducing the amount of enzyme required, but also reduces fermentation time, thereby lowering capital costs. Therefore, due to the significant need for improved enzyme activity, and the demonstrated effective action of protein and surfactant-based enzyme stabilizers, we review the different mechanisms of action of these additives on cellulase stabilization. Enhanced catalytic activity of cellulase with surfactants has been reported for a variety of substrates, including steam exploded spruce, lodgepole pine [27,30,31,32], sigma cell 100 and steam exploded poplar [32], newspaper [33], Avicel and tissue paper [34], dilute sulfuric acid pretreated creeping wild ryegrass [29], Douglas fir exploded with SO2 and ammonia freeze explosion (AFEX) pretreated corn stover, dilute acid pretreated corn stover [26,35], lime and ammonia recycled percolation (ARP) pretreated corn stover [26], extrusion pretreated corn stover and prairie cord grass [36,37].



While all amphiphiles share, to some extent, common properties, “biopolymers” are favored over synthetic polymers, because the former are naturally produced, biodegradable, available at relatively low cost and do not require harsh chemical treatments to initiate polymerization. Although polyethylene glycol (PEG) or surfactants such as Tween 20 or 80 are generally recognized to be safe and stimulatory to microbes for enhanced enzyme (e.g., a-amylase) production [38] and ethanol production [39], in some cases even small quantities (1 g/L) of Tween 20 were found to be inhibitory to Dekkera clausenii [40]. In addition, the high viscosity of surfactants and their foaming property might not be favorable attributes for scale up.



As an alternative, protein-based lignin-blockers such as soybean meal, corn steep liquor, bovine serum albumin (BSA), amylase, chicken egg albumin, and combinations thereof [41], as well as casein [37] have been evaluated during enzymatic saccharification of high lignin containing biomass. Pretreatment techniques such as ammonia fiber explosion (AFEX), dilute acid (with Parr reactor), lime, washed SO2 and Ammonia recycled percolation (ARP) pretreated corn stover, Douglas fir pretreated with SO2 explosion and Avicel were used with prior treatment with bovine serum albumin (BSA) [1,41]. Table 1 summarizes amphiphiles, pretreatment techniques, and levels of enzyme loading that have been investigated to increase activity of cellulolytic enzymes in biomass-to-ethanol processes.
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Table 1. Comparison of the effectiveness of different amphiphiles for improvement of enzymatic hydrolysis of dilute acid, lime, alkali, extrusion, AFEX pretreated substrates.
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Pretreatment

	
Substrate

	
Additive amount (g/g glucan)

	
Additive

	
Cellulase dose (FPU/g glucan)

	
Increase in Yg (%)

	
References






	
N/A

	
Avicel

	
0.30

	
PEG 6000

	
8.6

	
3.0

	
Eckard et al. [36]




	

	
Avicel

	
0.60

	
Tween 20

	
7.5

	
64.0

	
Kumar and Wyman [26]




	

	
Avicel

	
0.30

	
Tween 20

	
8.6

	
12.0

	
Eckard et al. [37]




	

	
Avicel

	
0.06

	
PEG 4000

	
15.0

	
51.0

	
Errikson et al. [27]




	

	
Avicel

	
0.50

	
Casein

	
15.0

	
0.0

	
Eckard et al. [42]




	
N/A

	
Newspaper

	
0.60

	
Tween 20

	
2.0 *

	
55.0

	
Wu and Ju [40]




	

	
Newspaper

	
0.60

	
Tween 80

	
2.0 *

	
42.9

	
Wu and Ju [40]




	

	
Newspaper

	
0.60

	
F 68

	
2.0 *

	
64.2

	
Wu and Ju [40]




	

	
Newspaper

	
0.60

	
F 88

	
2.0 *

	
63.7

	
Wu and Ju [40]




	
AFEX

	
Corn stover

	
0.60

	
BSA

	
7.5

	
11.6

	
Kumar and Wyman [26]




	

	
Corn stover

	
0.60

	
Tween 20

	
7.5

	
10.3

	
Kumar and Wyman [26]




	

	
Corn stover

	
0.60

	
PEG 6000

	
7.5

	
6.5

	
Kumar and Wyman [26]




	

	
Corn stover

	
0.50

	
Casein

	
25.0

	
17.4

	
Eckard et al. [42]




	

	
Corn stover

	
2.50

	
Casein

	
25.0

	
23.7

	
Eckard et al. [42]




	
Dilute acid

	
Corn stover

	
0.60

	
BSA

	
3.0

	
26.3

	
Kumar and Wyman [26]




	

	
Corn stover

	
1.40

	
BSA

	
15.0

	
12.1

	
Yang and Wyman [35]




	

	
Corn stover

	
1.40

	
BSA

	
7.5

	
12.1

	
Yang and Wyman [35]




	

	
Corn stover

	
0.60

	
Tween 20

	
3.0

	
36.0

	
Kumar and Wyman [26]




	

	
Corn stover

	
0.60

	
PEG

	
3.0

	
45.8

	
Kumar and Wyman [26]




	

	
Corn stover

	
0.50

	
Casein

	
25.0

	
31.9

	
Eckard et al. [42]




	

	
Corn stover

	
2.50

	
Casein

	
25.0

	
31.0

	
Eckard et al. [42]




	
Lime

	
Corn stover

	
0.60

	
Tween 20

	
7.5

	
20.0

	
Kumar and Wyman [26]




	

	
Corn stover

	
0.60

	
BSA

	
7.5

	
3.0

	
Kumar and Wyman [26]




	

	
Corn stover

	
0.60

	
PEG

	
7.5

	
0.0

	
Kumar and Wyman [26]




	

	
Corn stover

	
0.50

	
Casein

	
25.0

	
17.0

	
Eckard et al. [42]




	

	
Corn stover

	
2.50

	
Casein

	
25.0

	
22.3

	
Eckard et al. [42]




	
Alkali

	
Corn stover

	
0.15

	
Triton X-100

	
15.0

	
0.0

	
Eckard et al. [43]




	

	
Corn stover

	
0.30

	
Brij 30

	
15.0

	
0.0

	
Eckard et al. [43]




	

	
Corn stover

	
0.47

	
Tween 20

	
15.0

	
0.0

	
Eckard et al. [43]




	

	
Corn stover

	
0.50

	
Casein

	
25.0

	
22.7

	
Eckard et al. [42]




	

	
Corn stover

	
2.50

	
Casein

	
25.0

	
24.8

	
Eckard et al. [42]




	
Extrusion

	
Corn stover

	
0.47

	
Tween 20

	
8.6

	
27.5

	
Eckard et al. [37]




	

	
Corn stover

	
0.51

	
PEG 6000

	
8.6

	
25.4

	
Eckard et al. [36]




	

	
Corn stover

	
0.50

	
Casein

	
25.0

	
29.5

	
Eckard et al. [42]




	

	
Corn stover

	
2.50

	
Casein

	
25.0

	
38.4

	
Eckard et al. [42]




	
Raw

	
Corn stover

	
0.15

	
BSA

	
7.5

	
22.5

	
Kumar and Wyman [26]




	

	
Corn stover

	
0.30

	
Tween 20

	
7.5

	
16.7

	
Kumar and Wyman [26]




	

	
Corn stover

	
0.15

	
PEG

	
7.5

	
22.2

	
Kumar and Wyman [26]




	

	
Corn stover

	
0.50

	
Casein

	
25.0

	
14.4

	
Eckard et al. [42]




	

	
Corn stover

	
2.50

	
Casein

	
25.0

	
23.5

	
Eckard et al. [42]








* An enzyme level of 2.0 g/L was used in research conducted by Wu and Ju. [40]. 







1.1. Impact of Amphiphiles on Hydrolysis and Fermentation of Biomass


Studies that applied surfactants or protein-based amphiphiles during enzymatic hydrolysis of lignocellulosic biomass with cellulase and/or xylanase, reported that surfactants can increase sugar yield from lignocellulosic substrates [1,19,26,27,37,38,44,45]. In a typical procedure, pretreated biomass is incubated with nonionic surfactants (0.15 to 0.75 g/g glucan) [26,37,38] in a shaking incubator at temperatures of 50–60 °C for 1 h [44], or 15 min–4 h [1,26,36] prior to addition of cellulase. This procedure has resulted in a range of sugar yield improvements shown in Table 1. Some authors have tested the impact of amphiphiles on separate or simultaneous saccharification and fermentation of biomass (SHF and SSF). Alkasrawi et al. [39] reported several positive effects from the application of Tween 20 (2.5 g/L) during SSF of softwood. These benefits included enhanced liquefaction and a 50% reduction in enzyme use, an 8% increase in ethanol yield, and reduced fermentation time. In agreement with these results, Ballstros et al. [38] demonstrated that Tween 80 (0.4 g/L) and Zeolite-like products (2.5 g/L) increased ethanol yield significantly during SSF of steam-exploded poplar. Other studies also demonstrated a similar positive effect of surfactants such as Tween 80, rhamnolipid, and surfactin on microbial fermentation processes for xylanase and α-amylase production, respectively [38]. Likewise, Tween 80 was shown to significantly improve ethanol yield following SSF and SHF of steam exploded lodgepole pine (SELP) substrate by preventing the inhibiting role of the nonproductive sites of the biomass [31,46]. Moreover, the application of 0.7 g/L of Tween during a SSF process increased lactic acid production by 24% after 72 h. Contrary to the above studies, some investigations have shown that even small quantities of Tween 80 can be inhibitory to some yeast strains [47]. As noted previously, 1 g/L of Tween 20 was found to be inhibitory to D. clausenii [40]. So although the surfactants such as Tween and PEG are FDA approved and generally considered harmless for living organisms, it appears that the positive or negative effect of these molecules on microbes varies depends on the microbial strain. However, a more systematic evaluation of the effects of surfactants on microbes is needed.




1.2. Impact of Amphiphiles on Enzyme Recycling


Due to the high cost of cellulolytic enzymes and their high dosage rates (e.g., 15 FPU/g glucan) for biomass conversion, enzyme recycling has been evaluated in several studies. One study noted an 85% reduction in enzyme activity (Ctec2–15 FPU/g glucan) after 24 h hydrolysis of corn stover that contained ~20.2% lignin [36]. The author’s hypothesized that the reason for the reduced enzyme activity was deformation and/or de-solubilization of cellulase caused by the high concentration of lignin in pretreated biomass. For enzymes to be efficiently recycled, it is important for them to remain free in solution or be washed off the biomass with sodium chloride solution to some extent [1]. The ability of amphiphiles to adhere to non-productive sites of the biomass and prevent irreversible enzyme adsorption has been clearly demonstrated before [27,33,36,48]. According to Errikson et al. [27], the adsorption of cellobiohydrolase decreased by 60%–70% onto steam exploded lodgepole pine (SELP) using Tween 20. Likewise, desorption of cellulases (cellobiohydrolase and endoglucanase) into the liquid phase was improved from 46% to73% during the hydrolysis of SELP when Tween 80 was used as an enzyme stabilizer [31]. This property of amphiphiles can be exploited for recycling of cellulase if the revenue made from the additional amount of sugar and ethanol is higher than the cost paid for the amphiphiles.



For enzyme recycling, a re-adsorption technique was first proposed by Sinistyn et al. [49] as an alternative to costly ultra-filtration techniques. In this process, the slurry of hydrolysate or fermentation broth is centrifuged or filtered, and the supernatant containing soluble enzymes is incubated with fresh biomass for 2 h to allow the adsorption of free enzymes onto fresh biomass. Then after a second separation step, the biomass residues are re-solubilized in fresh buffer and additional β-glucosidase is added for another cycle of hydrolysis or fermentation [31,46]. It has been suggested that the re-adsorption technique prevents the accumulation of lignin degradation by-products to toxic levels [31,50,51]. Due to the advantage of the SSF process that assimilates the inhibitors and sugars as they are generated, we believe that a re-adsorption process might not be necessary considering that it adds additional costs to the process through the addition of an extra separation step, water and β-glucosidase.



When surfactant was applied to ethanol pretreated lodgepole pine (EPLP), it increased the free enzyme levels of celluclast and spezyme cp from 71% of the original amount to 96%. Similarly, in another study it was found that the efficiency of enzyme recycling (using re-adsorption technique) was significantly higher in lower lignin content substrates, compared to feedstocks such as SELP that contained higher lignin levels [31]. Differences in enzyme recycling also appear to be related to the source of enzymes. For instance, under similar experimental conditions (similar substrate and surfactant), enzymes from Trichoderma ressei were successfully recycled for 4 cycles, while Penicillium-derived enzyme was only recycled once successfully [31].



According to Eckard et al. [52], after two steps recycling of fermentation liquor containing enzymes, the ethanol yield was improved by 80% and 130% with the aid of Tween and liquid casein micelles, respectively. Polymeric micelles (PMs) of PEG-Tween and PEG-Casein improved enzyme recycling further, such that the ethanol yield was improved by 50% and 108% beyond that obtained with only Tween and casein, respectively. Amphiphiles of acid casein were also found to improve the sugar recovery and fermentability of dilute acid, lime, alkali, extrusion pretreated corn stover by up to 31% and 33%, respectively. Neither of Tween 20, nor the accumulated sugars showed toxicity to microbial or enzyme activity [42].





2. Mechanism of Action


Several mechanism of action have been suggested to describe how surfactants enhance the cellulase activity and enzymatic hydrolysis of pure cellulose or lignocellulosic biomass: (1) surfactants can extract hydrophobic degradation products from lignin and hemicellulose by forming emulsions, thereby enhancing the removal of lignin and increasing the access of feedstock’s reaction sites to the cellulolytic enzyme [31,53,54]; (2) surfactants lessen irreversible, non-productive adsorption of cellulase to non-productive sites of biomass (e.g., crystalline cellulose and lignin), which allows the enzyme to be available in solution and have higher activity [27,33,48]; (3) improved electrostatic interaction between surfactant monomer or micelles and enzyme causes an enhanced enzyme activity by activating a certain amino acid in the enzyme [55,56] or reforming enzyme secondary structure, specially the α-helixes [43,52]; (4) surfactants protect enzyme from thermal deactivation after extended incubation period [52,56] and denaturation by reducing the surface tension and viscosity of liquid that in turn diminishes the contact of enzyme with air-liquid interface [56]. Overall, in a solution of surfactants, enzymatic reactions occur either inside the surfactant micelle core or at the interface of the micelles or monomers and the pseudo-phase of the liquid, depending on the enzyme hydrophobicity [57]. In spite of the above hypotheses, a mechanism that can consistently explain how surfactants improve enzymatic hydrolysis has yet to be developed.



2.1. Impact of Amphiphiles as Biomass Modifier


The presence of lignin in pretreated biomass solutions is an important factor, since processes that use organic solvents to extract lignin are currently too expensive to make the cellulosic ethanol economically justifiable [18]. Evidence shows that lignin is released into solution during pretreatment with acid or just water/steam, and then reacts to form compounds with limited solubility. These compounds precipitate onto the surface of substrate [58,59], and the deposited lignin irreversibly adsorbs enzymes [60]. When enzymatic hydrolysis of mixtures of cellulose and lignin was conducted in the presence of tri-block-polymer of L64, cellulose was observed to settle at 50 °C in a water bath; however, lignin and L64 remained suspended in solution. An even further separation of lignin into the L64-rich phase occurred at 70 °C. Other surfactants such as PEG 4000 and Triton X-100 also demonstrated similar behaviors [28].



According to Qing et al. [18], when pretreated biomass is treated with surfactants, a significant amount of the lignin released into the liquid phase could be captured by surfactant-water emulsions, thereby reducing the amount of lignin re-deposited on biomass. Kurakake et al. [22] showed that application of 3.33 wt% of the non-ionic surfactant of Tween 20 during pretreatment of baggase at 170–190 °C enhanced subsequent enzymatic hydrolysis and diminished the amount of residual lignin deposited in/on treated substrate by 22%–27% compared to those treated with water (control). Recently it was demonstrated that soaking corn stover in Tween 80 followed by dilute acid pretreatment (140 °C, 1% H2SO4) increased lignin removal by 52% [18]. A similar Tween 80 soaked-corn stover, hydrothermally pre-treated at 220 °C, resulted in 114% increase in lignin removal [18]. Lignin removal in these samples was calculated based on actual compositional analysis of biomass with the Klason-lignin method according to NREL Laboratory Analytical Procedure #003 (NREL, 1996). It is probable that the surfactant emulsions isolated the released lignin, and prevented its re-deposition on the surface of biomass (via hydrophobic interaction) that would non-productively adsorb or block enzyme during enzymatic hydrolysis (See Figure 1 for clarification).
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Figure 1. A schematic of enzymatic hydrolysis of lignocellulosic biomass pretreated with dilute acid technique in which part of the released lignin materials are re-deposited back onto the biomass and irreversibly adsorbed the enzyme (I); Treatment of dilute acid pretreated biomass with surfactants isolated part of the lignin with monomers of surfactants. This prevents irreversible adsorption of enzymes to non-productive sites of the biomass (e.g., lignin) (II). Brown lines: lignin, grey lines: crystalline and amorphous cellulose, red dots: enzymes, blue objects: surfactants. For simplicity, hemicellulose was not shown in this image. 
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Hydrophobicity tests conducted by Qing et al. [18] showed that the biomass surface became more hydrophilic following surfactant treatment. It was postulated that this could have been due to the surfactant-assisted removal of lignin, which is hydrophobic in nature. Furthermore, Seo et al. [54] demonstrated a significant increase in water retention in biomass treated with Tween 20; similar to that of NaOH. They hypothesized that Tween 20 can affect the swelling of lignocellulose as much as NaOH. These results were in agreement with Kim et al. [19] who demonstrated (based on SEM analysis) that application of Tween 80 caused cellulose filter paper to swell, and enhanced surface cracks and filaments caused by native CBH I but not by core CBH I [19].




2.2. Impact of Amphiphiles on Enzyme Desorption


According to a proposed model (Figure 2), if polymers of PEG are used at certain concentration on the adsorbed surface, then at the time of the contact of protein of interest (e.g., enzyme) with polymer (e.g., formed mushroom regime), one of the strands of polymer would be squeezed out from the beneath the enzyme pushing the protein into solution due to increased entropy. As enzyme activity and enzyme concentration should have a direct correlation at an optimum condition of pH, temperature and shear rate [61], an evaluation of product concentration that is also correlated with enzyme concentration can be used to evaluate enzyme activity.
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Figure 2. The escape transition following protein compression of a PEG polymer that has been adsorbed to the surface in mushroom regime. (Adopted from Allen et al. [62], based on Steels et al. [63]). Uncompress (I), Compressed (II), Chain escape (III). 
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To be able to assess the enzyme concentration at a specific time point, it is helpful to first study the adsorption equilibrium of the enzyme. Li et al. [12] showed that the equilibrium time for adsorption of dialyzed commercial enzyme (AcceleraseTM1000) to cellulosic substrate was reported to be 45 min for cellulosic biomass (with 4.2% lignin) and 60 min for isolated lignin. However, according to Amadeus et al. [64] the adsorption of Cel7A (CBH I) to substrate increased constantly from 30 min up to 300 min. This author also reported that the adsorption of Cel7A to SPS was reversible after 24 h. In addition, when adsorption of β-glucosidase was studied during the hydrolysis of PNPG, 60% of the initial enzyme activity was found on liquid phase and 40% in solid phase. The result of analysis conducted with SDS-PAGE and sugar yield showed a rapid initial adsorption of this enzyme to substrate followed by immediate desorption in the solution [64].



However other authors such as Chen et al. [65] and Lee et al. [66] have found that for Kraft wood and soft wood, the majority of CBHs (cellubiohydrolase) and EGs (endoglucanase) were adsorbed to lignin and were not re-solubilized in solution after the completion of cellulose hydrolysis. Typically, at the first step of the hydrolysis, cellulase adsorbs to both active and non-active sites of the biomass, and as the reaction progresses, the enzymes that were adsorbed to the active sites start being released into the solution when cellulosic carbohydrate digestion evolves [34,67].



Kim et al. [68] tested the impact of Tween 20 on adsorption of endoglucanase I (EndoI) and exoglucanase II (ExoII) using microcrystalline cellulose as the substrate. As a result it was found that in the presence of Tween 20 the adsorption of ExoI to cellulose was enhanced, while the desorption of ExoII from insoluble substrate was enhanced. According to Kim et al. [68], the increase in hydrolytic performance of cellulase by Tween 20 was attributed to both activation of ExoII and partial defibrillation of cellulose.



The analysis for the protein content of the supernatant of native CBH1 and core CBH1 of a solution containing Tween 80-treated ball milled cellulose (BMC) demonstrated reduced adsorption of both native CBH1 and core CBH1 onto BMC [19]. Furthermore, Seo et al. [53] reported that Tween 20 lowered the non-biospecific adsorption of β-glucosidase and increased the bio-specific adsorption of cellulase onto cellulose at reduced or non-hydrolytic temperature. The result of another study showed that, commercial enzyme (Ctec2) was adsorbed on both pure cellulose and biomass, and after 24 h hydrolysis, 20.6% (1.71% out of 8.29% w/w) and 9.5% (0.79% out of 8.29% w/w) of enzymes were adsorbed to the Avicel and extruded corn stover (CS), respectively. After the addition of PEG the adsorption of enzyme was decreased by 14.0% for Avicel and by 20.2% for CS [36]. It is plausible that PEG 6000 does not retain affinity to Avicel to the same extent as biomass to be able to prevent enzyme non-productive adsorption.



According to Borjesson et al. [28], the impact of enzyme stabilizer on prohibition of enzyme from irreversible adsorption varied based on the enzyme type. For instance the adsorption of full-length enzyme and catalytic modulus of Cel7A and Cel7B to steam exploded spruce wood chips (SPS) was shown to be extensive, such that only 10% and 13% of Cel7A and Cel7B, respectively, remained soluble after 6 h of incubation. Addition of PEG 4000 as an enzyme stabilizer reduced the adsorption of full length Cel7B, however only a weak positive effect could be observed for Cel7A. The impact of PEG on catalytic modulus varied greatly among these enzymes and as well as among of the full enzymes. For instance, a weak positive effect was observed on catalytic modulus of Cel7A, which had shown 32% adsorption to biomass substrate. Interestingly for both full length enzymes, the addition of PEG completely eliminated the irreversible adsorption to lignin.




2.3. Impact of Amphiphiles on Enzyme Structure


The presence of an interaction between the micelles or monomers of amphiphiles (surfactants and protein) and enzyme in a solution is undeniable. The primarily role of hydrophobic forces in the interaction of amphiphilic compounds (other than lipids) with “native” proteins from a variety of sources has been well substantiated [69]. As a result of the isothermal titration micro-calorimetry analysis of interaction between SDS and Casein, Liu et al. [70] found that when NaCl was applied to the complex, the enthalpy change corresponding to SDS binding to the casein chains was not significantly different than that in the absence of NaCl, especially at low concentrations of SDS. This observation confirmed that the interaction of molecules of surfactants and the protein (e.g., enzyme) are mainly through the hydrophobic forces rather than electrostatic (Figure 3).
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Figure 3. Schematic of interaction between protein molecules (e.g., enzyme) and non-ionic surfactants through hydrophobic interaction (Adopted from Maldonado-Valderramaa, and Rodríguez Patino, [71]). 
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It was also reported that the amino acids of tyrosine (Tyr), tryptophan (Trp), glutamic acid (Glu), and aspartic acid (Asp), which are exposed to the surface of cellualse, play an important role in cellulase binding to substrate and biodegradation of substrate [72]. Therefore Zhang et al. [73] hypothesized that the interaction of cellulase and PEG in solution is primarily originating from hydrophobic interactions that are formed between the aromatic rings of the so-called amino acids and the –CH2-CH2 group of the PEG 4000 in solution.



Regardless of whether surfactants are present as monomers at the surface of biomass [54] or as micelles in solution (at above CMC level), the enzyme structure is anticipated to be modified as a result of the contact with surfactants. Studies showed that it is the conformational changes of protein in the presence of poly-electrolitic micelles as well as monomers (obtained by disintegration with 0.7 M salts) that affected the enzyme activity (e.g., lipase) [55]. In agreement with these results, it was found that the reason behind the reduction in xylanase activity during incubation with Standapol-A surfactants was due to denaturation of enzyme that was observed as reduction in ellipticity obtained from Circular dichroism analysis [22].



Conformational changes in enzyme due to interaction with surfactants seem to occur at different sub-structures of enzymes and to different extents. This observation should originate from a variety of factors that relating to surfactant properties (CMC, charge type and districusion, hydrophilic lipophilic balance (HLB) number, etc.), as confirmed by Rumi et al. [30]. It was reported that the rheological properties of the solution is modified based on the HLB of the surfactants, which itself modifies the secondary structure of the proteins present in the solution and significantly affects the enzyme activity [73]. According to Kramer theory, the viscosity of the solvent is responsible for a friction against protein in solution and results in decreased motion and inhibitory impact on catalysis in motile enzyme. Uribe et al. [74] found a direct correlation between viscosity (η) and the inhibition of the maximum rate of enzyme catalysis (Vmax).



It was reported that while increasing the concentration of Brij 35 and SDS induced α-helix formation in a solution of lipoxygenase (LOX1), Tween 20 increased the β-structure of the enzyme [19]. The extent and nature of the modifications imposed seemed to not be solely dependent to the charges of the surfactants, as two surfactants of Sodium deoxycholate (DOC) and SDS, with negative charges exhibited different effects on enzyme structure. Specifically, SDS increased both α-helix and aperiodic structure at higher concentrations, whereas DOC increased α-helix and decreased aperiodic structure of LOX1 [19]. Also, a study conducted by our group [43] showed that in hydrolysate of corn stover containing Triton X-100 and Tween-20, the α-helix sub-structure of soluble proteins (including cellulase, β-glucosidase and potentially protein of biomass) was regenerated by 53.9% and 71.0%, respectively, compared to the control condition at which the protein stabilizers were absent.



According to another study conducted by Zhang et al. [73], it was observed that the UV absorbance band of the mixed solution of CBH I–PEG 4000 at 276 nm gradually weakened with the increase of PEG 4000 concentration, due to disturbance and deformation of enzyme structure. The analysis of the second derivative of the peaks, which is better representative of the amino acid residues in protein, showed that when the concentration of PEG 4000 in the CBH I–PEG4000 mixture was 10 mg/mL and 20 mg/mL, respectively, the bands at 274 nm disappeared.




2.4. Prohibition in Thermal Deactivation


According to Karr and Hotzapple, [53], surfactants such as Tween provide a thermal protection for cellulolytic enzymes during biomass hydrolysis. They found that the optimum temperature for enzymatic hydrolysis of biomass was 10 °C higher in the presence of Tween, than that for Tween-free samples. Kumar and Wyman, [26] also observed a pronounced effect of enzyme stabilizers (PEG, Twee and BSA) over an extended period of hydrolysis of corn stover (that was pretreated with different techniques). As a result Kumar and Wyman, [26], proposed that the surfactant probably reduces the enzyme deactivation by decreasing the impact of prolonged contact to air, heat and/or agitation. However, the role of surfactants in protection of enzyme from thermal deactivation was rejected by Badley et al. [74].





3. Important Factors in Efficacy of Amphiphiles


3.1. Role of Lignin


Lignin is known to reduce the efficiency of enzymatic hydrolysis for several reasons. (i) Lignin creates a shield for cellulose against of the physical, microbial or chemical degradation and restricts the significant swelling of the cell wall, thereby restricting accessibility of cellulose to the enzyme. This necessitates the escalation in enzyme utilization or extension in reaction times to achieve high conversions [1,75,76]. (ii) Lignin unproductively adsorbs a large fraction of the cellulase, making it unavailable for enzymatic hydrolysis of cellulose [77]. Evidence from flow through systems strongly suggests that the remnant lignin in solution during pretreatment with acid or water/steam reacted to form compounds with limited solubility that precipitated back on the surface of biomass [58,59]. As can be understood, elimination of lignin or alleviation of its negative impact on enzymatic reaction can be greatly beneficial in improvement of hydrolysis. Unfortunately, the pretreatment techniques developed thus far are not quite successful at sufficiently and economically eliminating the lignin. In addition, pretreatment techniques such as organosolve pretreatment tend to be too expensive to make the ethanol production from cellulosic biomass justifiable, therefore techniques that can isolate the lignin can be of great value for the biomass conversion process.



Some studies have shown that amphiphiles such as surfactants (e.g., Tween 20, Tween 80, Triton-100, SDS, DoTAB) and protein-based biopolymers such as casein and BSA are more effective at improving the enzymatic hydrolysis yield of lignin containing substrate than pure cellulose [1,27,36,42], while other studies demonstrated that these additives (enzyme stabilizers) are as effective on pure cellulose as they are on lignocellulosic materials [12,26]. It was observed that although the cellulase was adsorbed to pure cellulose significantly [29,36], the concentration of cellualse started to increase in solution after 1 h [29], meaning that the adsorbed cellulose started to desorb from substrate after the hydrolysis reaction was completed. Although it is believed that lignin is the primary cause of enzyme deactivation, the negative impact of crystalline cellulose might also be present [29], as it was shown that the improvement in enzymatic hydrolysis yield was increased as the concentration of crystalline cellulose was decreased.




3.2. Role of Amphiphiles Properties


According to many studies, PEG competes with the protein of interest (enzyme) on adsorption to surfaces (e.g., biomass) [78]. Therefore, the higher the surface density and chain length of PEG, the more desirable the exclusion of protein will become. In agreement with Jeon et al. [78], Malmstrem et al. [79] pointed that polymer surface density is the major contributing feature for efficient protein adsorption resistance. The Increase in conversion rate from ethylene oxide (EO4 to EO6) for an amphiphile enzyme stabilizer is in agreement with earlier findings that show longer E-O chains improve the enzymatic conversion yield up to EO80. The result of a study that investigated surfactants with EO groups, confirmed that the differences in hydrogen bonding properties is not the factor that influences the reaction yield, and it is in fact the role of hydrophobic interactions that has a determinative role.



Others have studied the role of surfactants as enzyme stabilizers in relation to their charge distributions and the associated impact on electrostatic interaction with the protein of interest. Many studies showed that non-ionic surfactants can affect the cellualse more positively compared to anionic surfactants [27,37]. Another study showed that the cationic surfactants are more effective in stabilizing cellulytic enzymes than anionic surfactants [34]. According to Rouimi et al. [30], even proteins such as whey and casein do not behave similarly when it comes to rheological properties of the liquid.



A contradictory result shows that the surfactants enhance the hydrolysis of cellulose regardless of their charges [32]. It is apparent that in addition to surfactant charges, there are other variables affecting the impact of additives on enzymes. A finding demonstrated that surfactants with the same charge can still affect the enzyme in different ways. For instance the two anionic surfactants of DOC and SDS, exhibited different effects on enzyme structure [23].



In agreement with Lu et al., 2002 that suggested the association between the modifications of enzyme structure and the rheological properties of the solution imposed by surfactants, Rouimi et al. [30] studied the rheological behavior of different proteins of casein and whey and compared them with surfactants. It was found that flexible and disordered macromolecules such as casein form film on the surfaces with a very low viscoelasticity, while globular proteins such as β-lactoglobulin, Lysozyme, and BSA form films with higher viscoeelasitity and lower rigidity [80]. It was proposed that the high viscoelasticity of globular proteins can be attributed to high packing density and strong intermolecular interactions (e.g., hydrogen bond, electrostatic and hydrolphobic interactions) compared to that of proteins with loose mobile structure such as casein [81]. It is known that proteins and low molecular weight surfactants have different behavior from each other as well. The difference in packing density and interfacial interaction of whey, casein and BSA proteins suggest that different levels of improvement would be observed if casein (low viscoelasticity) is used as an enzyme stabilizer compared with BSA or whey proteins (with higher viscoelasticity).




3.3. Role of Amphiphiles Concentration


In order for the amphiphiles to be economically viable in biomass conversion process, the quantity of the additive used should be minimized as much as possible. An important question is whether the application of amphiphiles beyond a certain concentration would be un-necessary in improving the hydrolysis reaction yield. Eckard et al. [36,37] found that at a fixed optimum temperature of 51 °C, a relative increase of 7.0% (from 58.7% to 63.2%) was achieved in glucose yield by increasing the PEG concentration up to 0.5 g/g glucan when 14.2 mg/g glucan of CellicTMCtec was applied. The increase in xylose yield was 5.1% (from 29.8% to 31.3%), when the PEG concentration was increased up to 0.6 g/g glucan. Similar to these results, Qi et al. [18] reported an increase in xylan conversion from dilute acid pretreated wheat straw, as the concentration of PEG was incrementally increased. According to Kurakake et al. [22], the activity of xylanase was improved slightly as the concentration of nonionic surfactants was increased, except when olinoor 1100 was used. In agreement with this Kaar and Holtzaple, [53] stated that a higher concentration of PEG was more effective at improving enzymatic hydrolysis.



Although the results of an study from Kumar and Wyman, [26] on AFEX, ARP, dilute acid, controlled pH, and lime pretreated corn stover demonstrated that the increase of PEG concentration beyond 0.3 g/g glucan did not have a significant effect on sugar yield, their study showed that higher PEG concentrations did result in significant increases in sugar yield for lime and SO2 pretreated CS. Perhaps the increase in concentration of surfactants is contributing to the increase of the hydrolysis yield by the increase in the unit number of surfactant micelles. This is because it was shown that at a concentration lower than 0.1 M, the increase in surfactant concentration was reported to impact only the micelle numbers [82]. It is important to note that according to Jacquilin et al. [83], it is not the increasing total concentration or the micellar concentration of amphiphils that result in an increase in the binding ratio (bovine serum albumin, chymotrypsinogen), but an increase in the equilibrium monomer concentration leads to a larger numbers of g SDS/g protein.



According to a model suggested by Viparelli et al. [84], the micelles act like micro carrier supports for the enzyme, which improve the catalytic reaction that occurs at the interface of the micelle-aqueous phase when compared to that of pure aqueous phase. In addition, increasing the concentration of surfactants up to a certain extent could have the effect of increasing the number of surfactants adsorbed to the hydrophobic surfaces of biomass that would otherwise cause an irreversible adsorption of proteins and deactivation.




3.4. Role of Enzyme Loading


According to several studies (reviewed here), the lower enzyme loadings are of specific benefits when amphiphiles are used as additives during hydrolysis of biomass. According to Larson et al. [85], at a high solid loading of saccharification (26% for steam exploded spruce), when 0.01 (g DM)−1 PEG is used as an enzyme stabilizer, the absolute improved cellulose conversion is about 16% over a range of 2–6 FPU (g DM)−1 of enzyme used. However, at enzyme loadings of above 6 FPU, the improvement effect leveled off [85]. Authors reported that in regard to the severity of pretreatment technique used, application of 0.01 (g DM)−1 PEG at high dry matter loadings (~26%), 24%–45% of enzyme can be saved. These finding were in agreement with those of Kumar et al. [26]. Perhaps application of a high concentration of enzyme can mask the improvement effect that would be obtained from the use of enzyme stabilizers by releasing a high concentration of sugar and leaving no room for improvement in enzymatic hydrolysis yield. In another study [42], it was found that the glucose and xylose yield was improved from 10% to 38.5% and from 3.1% to 26.7%, respectively, when extrusion pretreated CS was hydrolyzed with the aid of casein using 25 FPU of cellulase. However, as the amount of the enzyme was increased to 37.5 and 50 FPU, no significant increase in sugar yield associated with the casein treatment was observed in most cases. This demonstrates the importance of using lower enzyme dosages when applying additives.




3.5. Role of Temperature


Additives such as PEG exhibit only a very small beneficial effect in biomass conversion when used at temperatures lower than 25 °C [28]. Three hypotheses have been suggested in order to explain this observation. First, the aqueous solubility of PEG was reported to be unlimited for all degrees of polymerization at room temperature [66], which makes the interaction of PEG with hydrophobic sites of biomass (e.g., lignin) weak. According to Borjesson et al. [28], PEG (aqueous soluble polymer) demonstrates an inverse solubility, meaning that with an increase of temperature its solubility decreases, and as a result causes this polymer to form a stronger interaction with lignin. It was observed that the adsorption of PEG onto SPS (steam pretreated spruce) was increased by a factor of two as the temperature was increased from 20 °C to 40 °C [28]. Studies conducted by Borjesson et al. [28] were in agreement with that of Eckard et al. [38], who showed that when the Tween concentration was held at 0.47 g/g glucan (optimum concentration), and the incubation temperature of corn stover with surfactant was increased from 45 °C to 51 °C, glucose yields was increased from 59.6% to 65.6%. However, further increasing the temperature to above 51 °C did not result in an additional positive effect on glucose or xylose yields [38]. Tirosh et al. [86] found that the number of water molecules bound per chain of PEG 2000 was 136 ± 4 in the free-state and 210 ± 6 while attached over micelles. This corresponds to 3.1 to 4.8 water molecules per monomer unit, respectively. The high solubility of PEG in water (determined experimentally) along with its high A2 [second viral coefficient or excluded volume (υ)] and relationship with molecules of water and rapid motion of PEG chains in aqueous medium [being a highly flexible chain with steric factor (σ) of ~1] suggest that PEG exists in water as a highly hydrated polymer with a large excluded volume [65,87].



The second hypothesis to explain the effect of temperature on surfactants relates to the fact that PEG conformation is altered by temperature. For example, it was found that PEG experiences contraction and dehydration as temperature rises. This facilitates an enhanced packing density on adsorbed surfaces that enhances the steric repulsion. There are many models or theories that have been developed to describe the parameters that affect the resistance of a polymer-coated surface to non-specific protein adsorption. One of these models, depicted in Figure 2, predicts that each individual polymer chain exist as a mushroom or half sphere (based on the concentration) [88] adsorbed to the surface, that upon compression is squeezed out from the beneath the protein of interest [63]. Studies have shown that these proteins can be desorbed from PEG, based on the conformational changes adopted by this polymer. For instance, the helical or amorphous conformation of PEG was found to be protein resistant whereas the “all-trans” conformation was not [89].



Finally, the third hypothesis explaining the increased effectiveness of surfactant-treated systems with increased temperature relates to reduced viscosity. In contrast to the polymer-surfactant system, that retains high viscosity at elevated temperature; solutions containing surfactants or proteins demonstrated a reduced viscosity as the temperature rises [30,90]. According to Kramer theory, the viscosity of the solvent is responsible for a friction against protein in solution and results in decreased motion and inhibitory impact on catalysis in motile enzyme [74]. It has been reported that at a low ionic strength (0.003–0.01 M) and neutral or alkaline pH and low temperatures (4 °C), α and β-casein occur as monomers. However, as ionic strength and/or temperature were increased, both α and β caseins self-associated to dimer, tetramer, hexamer and other polymers up to 20–60 subunits (CMC: 0.3–0.7 mg/mL) [91]. Therefore, an additional hypothesis can be suggested that higher temperatures increase the formation and concentration of biopolymers and micelles formed by casein polypeptides, and resultantly increase the ratio of reactions occurring under the improved condition (e.g., at the interface of micelles aqueous phase) [84].




3.6. Role of Time


Role of incubation period of amphiphiles with biomass is an important factor in determining the efficiency of enzymatic hydrolysis. As a result of the recent investigation on this subject, Zhang et al. [73] showed that without PEG 4000 the irreversible adsorption of CBH I to corn stover was about 85% of added enzyme. However, as the time interval of the incubation of corn stover with PEG 4000 was increased from 0.5 h to 1 h and 2 h, the adsorption of CBH I was reduced to 73.75%, 69.37% and 67.22%, respectively. According to this author, as the incubation period increased up to 2 h, the PEG was twisted and whorled further into the lignin which helped to the CBHI desorption by enhancing the hydration shell around the biomass (specially lignin), which generated a higher steric repulsion impact on enzymes.



Cellulolytic enzymes would otherwise be irreversibly adsorbed by non-productive sites and be deactivated. As a result, the glucose yield was increased by 8.1%, when the incubation interval was raised from 0.5 h to 1 h. However, a significant increase was not observed when further extension in incubation up to 2 h was conducted [73]. According to a systematic study conducted by Eckard et al. [36] to understand the role of incubation time of PEG or Tween 20 with high lignin containing corn stover prior to hydrolysis, time (1–5 h) was not found to be a significant factor. Perhaps further research in this topic can help elucidate the role of this factor.



It was also proposed that the impacts of enzyme stabilizers are improved to a higher extent as the hydrolysis reaction progressed up to 72 h. According to Kumar and Wyman, [26] at a cellulase and β-glucosidase level of 16.1 and 6.2 mg/g glucan, extending the hydrolysis from 24 h to 72 h for Avicel increased the sugar yield from 14%–19% to ~30% when 0.3–0.6 g/g glucan of enzyme stabilizer (e.g., BSA, Tween 20, PEG 6000) was used. It is possible that amphiphiles protect cellulolytic enzyme from the higher inactivation by the increased thermal and shear forces associated with extended hydrolysis time.




3.7. Role of Order of Addition


According to Kurakake et al. [22], the order of addition of surfactants to substrates can either inhibit or accelerate the enzymatic hydrolysis. It was found that application of surfactants to buffer and filter paper (substrate) first, followed by addition of enzyme is more effective in improving the sugar yield compared to when enzyme is simultaneously incubated with surfactants and feed stock. Zheng et al. [29] tested the order of addition of Tween 20 as an enzyme stabilizer for hydrolysis of creeping wild Rygrass. It was found that addition of Tween 20 to biomass solution prior to addition of enzyme resulted in a much higher amount of free protein and increased enzyme activity compared to when the surfactants were added to the solution after the enzyme. From these results it was suggested that although surfactants can prevent from enzyme irreversible adsorption to non-active sites, they cannot replace the enzyme after have been adsorbed to biomass.




3.8. Role of Mixed Micelles and Polymeric Micelles


It was shown that the mixture of a non-ionic surfactant and Sodium dodecyl sulfate (SDS) (negatively charged) can form mixed micelles [92,93]. Protein partitioning in separation systems that contained these mixed micelles were shown to provide an effective combination for preservation of enzyme activity [94], e.g., polyoxyethylene surfactants (C12EO5) and SDS. Errikson et al. [27] later showed that the hydrolysis of biomass in an Argimol-treated system was positively improved when a low quantity of SDS was mixed with Argimol. This author hypothesized that the formation of the mixed micelles of non-ionic surfactants and SDS will dilute the negative impact of the free SDS in solution. SDS was shown to reduce the irreversible adsorption of Ce7A to a higher extent than any other amphiphiles studied (Tween 20, Triton X-100, Triton X-114, DOTAB, Argimol) [27]. SDS is most prevalently known as a protein unfolding agent due to its application in the SDS-PAGE method. However, SDS has been reported to affect the refolding of protein [95] and decrease the loss of activity in enzymes [96]. Assistance in enzyme solubilization and reformation of protein secondary structure, specifically α-helixes at specific concentrations (>75 mM), were also reported as benefits of SDS [50].



Recently we used polymeric-micelles (PMs) of PEG-Tween 20, PEG-Brij 30, PEG-Triton X-100, and PEG-Casein for improvement of enzymatic hydrolysis in high (~20%) and low lignin (~7.2%) containing corn stover. According to Eckard et al. [52], the ethanol yield of separate saccharification and fermentation of a PMs-treated solution of pretreated corn stover was significantly improved compared to one treated with micelles only. Benefits of PMs might include improved interfacial properties such as increased solubilization of colloidal carriers [97], improved rheological properties of the solution [98] by reduction of surface tension of the solution (Figure 4) [99], and reduced hydrophobicity of reverse micelles (e.g., Triton) by ethylene oxide groups of polymers such as PEG [99] or lignocellulose [22]. It was found that these PMs were not effective for enzymatic hydrolysis of biomass lacking lignin or alkali pretreated corn stover (7.2% lignin). The main reasons for the enhanced cellulase activity observed due to PMs of PEG-casein, PEG-Tween and PEG-Triton were found to be (in order of importance) the enhanced cellulase solubilization, reformation of α-helix sub-structure and combination of induced cellulase solubilization, α-helix reformation and chemical changes in micro-structure of biomass.
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Figure 4. Schematic of potential structure of polymer-surfactant combination in solution and the resultant reduction in surface tension of the solution as a function of surfactant concentration (Adopted from Taylor and Penfold, [100]). 






Figure 4. Schematic of potential structure of polymer-surfactant combination in solution and the resultant reduction in surface tension of the solution as a function of surfactant concentration (Adopted from Taylor and Penfold, [100]).



[image: Applsci 03 00396 g004]







4. Conclusions


Despite of the intriguing process of converting agricultural residues and herbaceous grasses to fermentable sugars that can be converted to fuel grade ethanol, economical enzymatic hydrolysis of biomass remains a challenge. Utilizing a typical cellulase dose of 15 FPU/g glucan could account for about 32% of the produced ethanol cost (considering an enzyme cost of $10/kg and an ethanol price of $0.94/L). Rapid inactivation of cellulolytic enzymes in biomass slurries is another challenge that demands the use of a higher amount of enzyme and prevents successful enzyme recycling. Amphiphiles such as surfactants (Tween, Brij, Triton, etc.) and proteins such as (BSA, Casein, soybean meal, corn steep liquor, etc.) are examples of additives with surface active properties that are utilized in hydrolysis and fermentation of biomass to prevent enzyme inactivation or modify the biomass when used during pretreatment. Surface active molecules can protect the protein of interest by reducing the surface tension and viscosity of solution and contact of enzyme with air-liquid interface. Amphiphiles prevent enzyme irreversible adsorption to non-specific sites such as lignin and crystalline cellulose that deactivate enzyme. They isolate and remove the hydrophobic degradation products released during biomass pretreatment, modify the chemical structure and surface hydrophobicity of biomass. As a result, a dramatic reduction in enzyme utilization can be expected when amphiphiles are used in biomass conversion process. In this manuscript, the efficacy, mechanism of action and important factors affecting the efficacy of amphiphiles on biomass hydrolysis was reviewed thoroughly to provide insights on efficient application of these molecules in biomass to ethanol conversion.
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