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摘要 

木质纤维素酶解产可发酵性糖的高成本与低效率问题依然阻碍着经济有效地生产

纤维素乙醇生产。研究证明，有效的预处理方法和高固体酶水解可以有效地提高可发

酵糖浓度并降低木质纤维素材料生产乙醇过程的生产成本。因此，本论文主要研究了

在低酶载量条件下，以常压甘油有机溶剂碱预处理后的甘蔗渣为基质的高浓酶解及强

化策略。首先，为了增强纤维素对纤维素酶的可及性，提高底物的可水解性，对甘蔗

渣进行常压甘油有机溶剂碱预处理，该与处理方法已被证明能够拆分木质纤维素生物

顽固的细胞壁结构，具有良好的组分选择性。其次，为了促进浓醪酶解，以常压甘油

有机溶剂碱预处理后的甘蔗渣为基质，优化了纤维素酶酶载量，初始基质浓度和添加

剂用于 al-AGO 预处理底物的酶水解等条件，此后为了避免高浓基质的高粘度和低转

化问题，实验通过添加不同的添加剂和辅酶，采用补料分批模式研究基质的的酶水解

并且最后有效地获得高发酵性糖。实验采用 8%为基质浓度，然后在 6h, 12h and 18h 依

次补加 4%基质，最终基质浓度为 20%。在酶载量 3FPU/g 条件下，初始一次性加入最

优浓度的添加剂（吐温 80、牛白蛋白和茶皂素）和辅酶（Endo 和 AA9）。最后基于 20％

基质浓度的优化条件，还测定了 30％（w / v）基质浓度条件下底物酶解性。结果表明，

添加剂和辅助酶的添加显著增强了基质的浓醪酶解。在水解 72 小时，在 20%基质浓度

时，酶解率达到 83％，并生成 105g / L 葡萄糖和 51g / L 木糖；在 30%基质浓度时，酶

解率达到 69％，并生成 126g / L 葡萄糖和 56g / L 木糖。实验结果表明，进行高基质浓

度酶解时采用分批补料方式是可行的，此外，浓醪酶解过程中添加添加剂和辅酶能有

效促进酶解过程。 

关键词：al-AGO 预处理甘蔗渣，固形物含量高，浓醪酶解，加酶法水解，低酶量，

添加剂和辅助酶 
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ABSTRACT 

High cellulase loading is still a major impediment in the production of fermentative 

sugars from high solids enzymatic hydrolysis of lignocellulosic substrates in the 

enzyme-based “biorefinery” industry. Therefore, the work described in this thesis focused on 

high solids enzymatic hydrolysis of sugarcane bagasse at a relatively low enzyme loading. 

First, to enhance the accessibility and hydrolyzability of cellulose imbedded in the 

lignocellulosic substrate to the cellulase enzymes, the sugarcane bagasse was pretreated with 

alkaline-catalyzed atmospheric glycerol organosolv (al-AGO) which was proved to 

deconstruct the recalcitrant cell wall of lignocellulosic biomass with good component 

selectivity. Second, to run the high solids enzymatic hydrolysis, some key variables such as 

cellulase loading and initial solid loading were selected for the enzymatic hydrolysis of 

al-AGO pretreated substrate. Then, to circumvent the drawbacks derived from the high 

solids content such as high viscosity and poor mass transfer, high solids enzymatic 

hydrolysis of substrates was explored with fed-batch mode. Finally, the fed-batch enzymatic 

hydrolysis was studied with the use of additives and accessory enzymes to efficiently 

achieve high fermentable sugars. Results showed that the high solids enzymatic hydrolysis 

of alkaline-catalyzed atmospheric glycerol organosolv (al-AGO) pretreated sugarcane 

bagasse was initiated with a solids content of 8%. Thereafter, 4% of the additional substrates 

were consecutively added into the hydrolysis system after 6h, 12h, and 18 h to reach a final 

solid content of 20%. All the cellulase loading (3 FPU/g substrate), supplemented with 

optimized additives (Tween 80, bovine serum albumin (BSA) & tea saponin) and accessory 

enzymes (endo-xylanase and lytic polysaccharide monooxygenases (AA9) was added 

wholly at the beginning of hydrolysis reaction. Further, the enzymatic hydrolysis of al-AGO 

pretreated substrate at 30% (w/v) solid loading was also carried out. The results showed that 

the additive mixture (40 mg Tween 80 + 10 mg tea saponin + 20 mg/ g substrate BSA) 

contributed towards a 30% increase in cellulose hydrolysis after 48 h at 20% solids content. 

The combination of these additives and accessory enzymes in the high solids enzymatic 

hydrolysis system remarkably boosted the sugars release, at 72 h of hydrolysis, the 

enzymatic hydrolysis at 20% solids content reached 83% with 105 g/L of glucose titre and 

51 g/L of xylose content. Furthermore, the enzymatic hydrolysis at 30% solids loading 

reached 69% with 126 g/L of glucose titre and 56 g/L of xylose content.
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Our results indicate that the fed-batch process is a favorable model for high solids 

enzymatic hydrolysis of lignocellulosic substrates. Moreover, the combination of additives 

and accessory enzymes can greatly boost the high solids enzymatic hydrolysis of 

lignocellulosic substrates. 

Keywords: al-AGO pretreated sugarcane bagasse, high solid content, enzymatic 

hydrolysis, fed-batch, low enzyme loading, additives and accessory enzyme. 
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 CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction 

1.1.1 Significance and current status of cellulosic ethanol production 

Depleting of the world‟s fossil fuels supply, environmental concerns and rising demand 

for energy together with pressures for oil independence have stimulated a lot of effort 

towards the development of alternative fuels which are eco-friendly, renewable and 

economical 
[1-4]

. Lignocellulosic biomass has been since attracted much attention worldwide 

[5]
, due to the cheap and abundant availability which provides a huge potential to produce 

fermentable sugars without competing directly with food crops
[6, 7]

; Moreover Cellulosic 

ethanol has been considered as one of most promising renewable fuels owing to its high 

octane number, heat of vaporization, compatibility with motor vehicles
[4, 8]

 and offers 

greenhouse gas reduction up to 86% over conventional fossil fuels
[9]

. 

The global production and use of cellulosic ethanol have increased dramatically in 

recent years
[5]

.Currently cellulosic ethanol is on the way to its large scale commercialization 

in USA, Brazil, Europe and china, for instance, in italy, beta renewables launched the first 

commercial cellulosic ethanol plant with the annual ethanol production of 40,000 metric 

tons from corn stover in 2013 
[10]

. DuPont biofuels solution started the plant for production 

of 89,600 metric tons of ethanol annually from corn stover and switchgrass; bengoa 

bioenergy produced 74,900 metric tons of ethanol annually from corn stover and other 

non-feed energy crops; PoetDSM produced 59,700 metric tons of ethanol annually from 

corn stover 
[11]

;In China, Shandong long live Co. used corncob residue from xylitol industry 

and produced 50,000 metric tons of ethanol 
[10]

.Africa's countries are also accelerating their 

research on cellulosic ethanol, there are currently eight operating cellulosic ethanol 

biorefineries, and two of these are producing cellulosic ethanol at relatively large scale 
[5]

.     

These estimations have proved that the use of lignocellulosic materials to produce cellulosic 

ethanol is feasible and the researches have significantly increased to make lignocellulosic 

industry more cost-competitive and economically and is anticipated to be a noteworthy part 

of biofuel production in the future. 

1.1.2 Bioconversion of lignocellulosic biomass to ethanol production 

The biochemical conversion of lignocellulosic biomass into ethanol is mainly divided 

into three steps :( 1) pretreatment (2) enzymatic hydrolysis (3) fermentation 
[12]

 (Figure1.1). 

Despite the significant advances towards the commercialization of such conversion, the 
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 production of cellulosic ethanol has been restricted
[10]

 regardless of process design one of 

the foremost shortcoming in this technology is the low ethanol concentration produced from 

lignocellulosic biomass 
[13, 14]

, this is mainly caused by the low concentration of sugars 

available for fermentation as the recalcitrant nature of lignocellulosic biomass is much more 

difficult to hydrolyze than the starch-based ethanol production 
[15]

. Therefore, an efficient 

conversion of lignocellulosic material to fermentable sugars is desirable. 

 

Figure 1-1 Cellulosic ethanol production processes 
[12]

 

1.1.3 Lignocellulosic raw materials 

Lignocellulosic biomass is mainly composed of cellulose, hemicellulose and lignin 
[13, 

16]
; Cellulose consists of long chains of D-glucose subunits linked to each other by β-1, 

4-glycosidic bonds. The Hemicellulose is more varied in structure and composition than 

cellulose and includes xylan, mannan, galactan and arabinan polymers .The most abundant 

in natureis xylan, containing mainly β-D-xylopyranosyl residues linked by β-1,4-glycosidic 

bonds. The lignins are phenolic compounds which are formed by polymerization of three 

types of monomers (p-coumaryl, coniferyl, and synapyl alcohols)
[17, 18]

.The long chain of 

cellulose polymers along with hemicellulose and lignin are bound together via hydrogen 

bonds and Van der Waals forces making a compact microfibril, making it crystalline in 

nature and very recalcitrant to degradation. 
[19]

. However their compositions varies 

substantially, depending on the species, variety, climate, soil fertility and fertilization 

practice
[20]

 (Table 1.1.).In this study, sugarcane bagasse was used as the lignocellulosic 

substrate for production of fermentable sugar; “bagasse” is the residue after sugar is 

extracted from sugarcane and it is among viable source of cellulosic biomass for ethanol 

production 
[21]
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Table 1-1 Common lignocellulosic biomass sources and compositions (% dry weight) 

 

Lignocellulosic biomass Cellulose (%) Hemicellulose (%) Lignin (%) 

Corn stover 35 - 40 21 - 25 11 - 19 

Hardwood stems 40 - 50 24 - 40 18- 25 

Rice Straw 29 - 35 23 - 26 17 - 19 

Softwood stems 45 - 50 25 - 35 25 - 35 

Sugarcane bagasse 25 - 45 28 - 32 15 - 25 

Sweet sorghum 34 - 45 18 - 28 14 - 22 

Wheat straw 29 - 35 26 - 32 16 - 21 

Source: 
[1, 22]

 

1.1.4 Pretreatment of lignocellulosic raw materials 

In order to make the bio-based products more cost-competitive, an efficient 

pretreatment strategy is required to first disrupt the complex plant cell wall structure, which 

allows the cellulase enzymes to access and deconstruct the polysaccharides into fermentable 

sugar 
[23-25]

 (Figure1.2). An ideal pretreatment should be not only economically feasible but 

also able to fractionate and recover most of the major chemical components in the useable 

form 
[26]

. This has led to extensive research on pretreatment processes including dilute acid / 

alkaline, liquid hot water 
[27]

, steam explosion 
[28]

, AFEX 
[29]

, ionic liquid 
[30]

 and organosolv 

pretreatment 
[31, 32]

; aiming to increase both accessibility of cellulolytic enzymes and 

hydrolysis efficiency. To date, these employed pretreatment methods are still unsatisfactory 

in terms of component selectivity, holocellulose hydrolysability, and fermentation inhibitor 

production 
[33]

.  

In our laboratory, atmospheric glycerol organosolv (AGO) pretreatment was initiated 

ten years ago using industrial glycerol as a cooking solvent 
[25, 32]

. AGO pretreatment 

deconstructs the recalcitrant cell wall of lignocellulosic biomass with good selectivity, 

rendering the substrate a robust hydrolysability and fermentability
[26, 33]

. AGO-pretreated 
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wheat straw with a2% solids content produced90% 24-h enzymatic hydrolysis with 16 

FPU/g of cellulase loading 
[26]

. Recently, the 48-h enzymatic hydrolysis of AGO-pretreated 

sugarcane bagasse at a solids content of ≤10% reached >80% at 10 FPU/g 
[33]

.Additionally, 

this pretreatment process produced relatively few furan derivatives that are adverse to the 

subsequent microbial fermentation 
[33]

. Briefly, an AGO-pretreated substrate is a possible 

valid feedstock candidate for the ongoing industrially relevant enzyme-based biorefineries. 

Nevertheless, most of the current enzymatic hydrolysis processes produced at a dilute solids 

content (≤10%) yield low glucose titres (<60 g/L) at high enzyme loadings (≥10 FPU/g) that 

are well below values of industrial interest. Thus, for the lignocellulosic sugar platform to be 

industrially relevant and economically viable, the enzymatic hydrolysis of an 

AGO-pretreated substrate with high solids content should be favourable at low enzyme 

loadings. 

Moreover; The addition of alkaline catalyst during the AGO pretreatment could swell 

the cellulose while promoting the removal of lignin; thereby improving the hydrolyzability 

of the substrates 
[22]

. Accordingly Park et al. (2010a, b) studied the effect of different 

catalysts on pine and found NaOH as the most effective catalyst in terms digestibility, NaOH 

was found to be effective when its concentration was increased by 2%. 

 

Figure 1-2 Purpose of pretreatment of lignocellulosic material
[34]

 

1.2 Literature Review 

1.2.1 Enzymatic hydrolysis of biomass at high solids loadings 

The enzymatic hydrolysis of cellulose by cellulolytic enzymes has been investigated 

intensively, since the early 1970s; as a method to depolymerize the lignocelluloses biomass 

into fermentable sugars for conversion to biofuels and bio-chemicals, with a more recent 

focus on operating at high- solids loadings 
[35]

.
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Generally, the solids content in the enzymatic hydrolysis is an important factor affecting 

the economic feasibility of lignocellulosic to ethanol production
[36]

. The term„„solids 

loading‟‟ is defined as the amount of dry material that enters the process divided by the total 

mass of material and water added to the material
[37]. In conventional enzymatic hydrolysis 

was typically carried out at a substrate loading below 5% solids content, this results in a 

glucose yields below 5% in the hydrolysate and subsequently, a final ethanol concentration 

less than 2% (w/w) after fermentation 
[35]

. As it is well known, high ethanol concentration 

(≥4% (w/w) is one of the prerequisites to enable ethanol distillation to be economically 

viable on an industrial scale. in order to obtain this ethanol yield, glucose yield must be at 

least ≥ 8% (w/w), for most types of lignocellulosic material this implies a solids content of ≥ 

20% (w/w) for hydrolysis.
[38, 39]

 

Over the last few years, several studies have begun to investigate the effects of 

high-solid loading as a means of improving the process economics of the lignocellulosic 

biomass to ethanol conversion 
[40, 41]

. A process is considered “high solids” if the ratio of 

solids/liquid is such that very little to no free water is present in the slurry or roughly a 

solids loadings ≥15% (w/w) 
[35, 42]

. These studies have demonstrated that the enzymatic 

hydrolysis conducted at high-solids loadings has a huge potential to increase the 

concentrations of fermentable sugars and decrease the capital and production costs due to 

the few equipments, less water and energy consumption 
[43-45]

. In theory, higher sugar 

concentrations translate into higher ethanol concentrations
[35]

. However, operating 

enzymatic hydrolysis at high solids content might cause a decrease in hydrolysis yields 

owing to water constraint and high viscosity resulting in the poor mass transfer and the 

increased levels of end products inhibition 
[35, 46]

. Simultaneously high enzyme loadings are 

requisite under those conditions to achieve sufficient hydrolysis yields 
[47, 48]

 (Figure 1-3). 

Therefore, new strategy should be exploited to overcome these limitations and improve the 

efficiency of high solids enzymatic hydrolysis. 

1.2.2 Factors limiting high solids enzymatic hydrolysis 

a) Water restriction 

The physical and chemical properties of the specific biomass affect the way biomass 

absorbs water. As solids loadings increases, the liquid fraction becomes fully absorbed into 

the biomass leaving little free water in the system consequently the apparent viscosity of the 

mixture increases, and consequently mixing and handling of material become more difficult 

[4]
. Water is essential to the enzymatic hydrolysis and conversion of lignocellulosic biomass 

since it is the key medium for enzymes to diffuse in and for products to diffuse away from 
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transfer of products. Water also reduces the viscosity of the slurry by increasing the lubricity 

of the particles, which decreases the required shear, allowing lower power input for mixing 

[35]
. 

b) High enzyme loading  

The cost of using cellulase to effectively release fermentable sugars from lignocellulosic 

substrates is still a major impediment to the development of the enzyme-based “biorefinery” 

industry 
[49, 50]

. Cellulases play a significant role in the enzymatic process by catalyzing the 

hydrolysis of cellulose to soluble fermentable sugars 
[51]

. Several studies on hydrolysis at 

high solid content have demonstrated that one way to increase the hydrolysis yields and 

reduce long hydrolysis times is to use a higher enzymes loading 
[52, 53]

; where the current 

hydrolysis technology required enzymes loading more than 10 FPU/gram 
[54]

. It is evident 

that high enzyme loading can contribute to a fast cellulose hydrolysis; however, owing to the 

high cost of commercial cellulases, lessening the cellulase dosage still needs a significant 

efforts for ethonol production economically 
[44, 51]

 

c) Sugars feedback inhibition  

With the increase of solids loading, the sugars concentration increases and the sugars 

feedback inhibition effects become serious. The extent of enzymatic hydrolysis at high 

solids loading is strongly affected by the accumulation of inhibitory compounds such as 

sugars (mostly, glucose, cellobiose and xylooligomers) and organic acids (acetic and 

phenolic acids), some of which inhibit the activity of enzymes especially at high 

concentration
[4, 35]

.a variety of strategies have been developed to lessen or even circumvent 

the sugars feedback inhibition effects of high solid enzymatic hydrolysis. The synergistic 

system of multiple enzymes should be one of the most effective strategies
[4]

.  

d) Inhibition by degradation products (DPs) 

Degradation products are concurrently produced from cellulose, hemicellulose, and 

other polymer compositions such as lignin during pretreatment and hydrolysis according to 

the substrates types and the pretreatment conditions. Degradation products mainly include 

weak acids, furan derivatives, and phenolic compounds. These degradation products and 

soluble solids inhibit the enzymes activity and hence reduce the enzymatic hydrolysis 

efficiency
[4]

.Therefore, various factors should be considered comprehensively in order to 

reduce degradation product inhibition effects and increase the efficiency of high solid 

hydrolysis, such as the types of biomass, the choice and optimization of pretreatment, the 

conditions of enzymatic hydrolysis, and the chemical and materials use 
[55]

.
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Figure 1-3 Advantages and limitation factors of high solids enzymatic hydrolysis 
[4, 35]

 

1.2.3 Some effective strategies to accomplish high solids enzymatic hydrolysis 

a) Fed-batch mode 

   Several strategies have attempted to reduce or even avoid the challenges associated 

with the high solid hydrolysis 
[45, 56, 57]

. The fed-batch mode is gaining increasing popularity 

as an effective strategy to circumvent the drawbacks derived from the high-solids enzymatic 

hydrolysis of lignocellulosic substrates 
[14, 58]

. Fed-batch enzymatic hydrolysis offers several 

advantages over batch hydrolysis, its potential benefit is the maintenance of a low initial 

viscosity by allowing time for the substrate to liquefy before adding others substrate, 

therefore the high viscosity and mixing limitations can be lessen 
[47]

. Moreover this should 

be helpful for the recycle of enzymes and the reduction of inhibition effect. In this mode, 

this process can be performed at surprisingly high-solids content 
[47, 54]

. Liu et al., reported 

that the enzymatic hydrolysis with a solids content of 36% produced a sugar content of 

134.9 g/L (60% conversion rate) after 96 h with 8.5 FPU/g cellulase loading
[47]

.Sugiharto et 

al., studied a fed-batch enzymatic hydrolysis process using a solids content of 45%. They 

reported that only 161 g/L of glucose content was released after 120 h (50% conversion rate) 

with 70 FPU/g biomass of enzyme loading 
[54]

 . However, most of these reported cellulose 

hydrolysis courses afforded low yields (˂60% after 72 h hydrolysis) and required a 

significant amount of cellulase (>10 FPU/ g). Briefly, the current high-solids enzymatic 

hydrolysis is not yet desirable in terms of “three-high” (titre, yield, and productivity) 

demand in the conventional fermentation industry. Therefore, it is crucial to discover other 

effective strategies that enhance the “three-high” level of this process.
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b) The use of additives and accessory enzymes 

As reported extensively in the literature, some additives [surfactants, bovine serum 

albumin (BSA), and polymers]) and accessory enzymes [β-glucosidase, xylanase, and 

auxiliary activity (AA9)]
[49, 59-61]

 have improved the enzymatic hydrolysis of lignocellulosic 

substrates. The additives such as surfactants, have been reported to enhance cellulose 

hydrolysis yields by reducing non-productive enzyme adsorption on the lignin in the 

substrate thereby more free cellulolytic enzymes would be available for hydrolyzing 

substrate 
[62]

. Proteins such as bovine serum albumin (BSA) can be competitively and 

irreversibly adsorbed by lignin, thus shielding the lignin and reducing enzyme adsorption. 

This impedes the non-productive binding of cellulases, therefore increasing the efficiency of 

enzymatic hydrolysis 
[63, 64]

. The accessory enzymes, such as β-glucosidase, xylanase and 

lytic polysaccharide monooxygenase (AA9) has been shown to boost enzymatic hydrolysis 

by removing non-cellulosic polysaccharides that coat cellulose fibres thereby lowering the 

cellulase loading, avoiding the end products inhibitions and facilitates liquefaction in the 

hydrolysis system
[60, 65]

. Nevertheless, most of these studies used low substrate loadings 

which are unlikely to be used at a commercial scale. Recently these additives 
[66, 67]

 and 

accessory enzymes
[68]

 have also been investigated in high-solids enzymatic hydrolysis. Ma 

et al., demonstrated that enzymatic hydrolysis with a solids content of 25% increased by 

30% with the addition of 2 g/L Tween 80 
[66]

. Hu et al. discovered that the combination of 

xylanase and AA9 increased the hydrolysis rate by 30% for SPP and 20% for SPCS 

substrates at 20% solids loading
[68]

 . These studies have evidenced that the addition of 

additives and accessory enzymes promotes high-solids enzymatic hydrolysis 
[66, 68]

. 

Nevertheless, to date, information on the recombination of these additives and accessory 

enzymes in the high-solids enzymatic hydrolysis of lignocellulosic substrates is scarce. 

1.3 Problem Statement 

Since the bottleneck of enzymatic conversion of lignocellulosic materials to fermentable 

sugars remains the high cost and low efficiency. It is apparent that high-solids enzymatic 

hydrolysis is the key to efficiently increasing the concentrations of fermentable sugars and 

reduction of the capital and process costs. However, this process tends to low hydrolysis 

yields owing to the high viscosity (prevents efficient mixing and mass transfer) and high 

contents of end-products. Thus, under equivalent conditions, sufficient hydrolysis is only 

achieved at the expense of high enzyme loading.
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Therefore developing strategies to overcome these technical barriers such as efficient 

pretreatment method, fed-batch mode and extra addition of additives and accessory enzymes 

would be with great significance. 

1.4 Justification of the study 

In the quest to improve the enzymatic hydrolysis of lignocellulosic biomass to a step 

closer to industrial implementation, we propose to investigate some effective strategies to 

improve high solids enzymatic hydrolysis of al-AGO pretreated substrates with a relatively 

low enzymes loading. Greater adoption of these strategies in this study will bring an 

efficient pathway to produce higher fermentable sugar and lower the enzyme cost in the 

progress of desirable to the current lignocellulosic industry. 

1.5 Objectives of the study 

1.5.1 The main objective of the study 

The main focus of the present study is to enhance the fermentable sugars from high 

solids enzymatic hydrolysis of sugarcane bagasse at a relatively low enzyme loading.  

1.5.2 The specific objectives 

 Selection of key variables for the high solids enzymatic hydrolysis process 

 Exploration of the high solids enzymatic hydrolysis of substrates in the fed-batch mode. 

 To enhance high solids enzymatic hydrolysis of substrates with additives and accessory 

enzymes at 20% and 30% (w/v) solids contents.
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 CHAPTER 2. MATERIALS AND METHODS 

2.1 Experimental Materials 

Sugarcane bagasse (41.2% cellulose, 20.6% hemicellulose, and 23.0% lignin) was 

purchased from Guangxi Province, China. It was dried to constant weight at 105 °C and 

subsequently stored in a polyethylene plastic container. Industrial glycerol, purchased from a 

chemical plant in Jiangsu Province, China, was of commercial grade (95% purity). Cellulase 

preparations Cellic® CTec2 (CTec2; 141 FPU/g) and beta-glucosidase (54.21 U/mL) were a 

generous gift from Novozymes (China) Investment Co. Ltd. Endo-xylanase solid powder 

(150 mg protein/g) was acquired from Vland Biotech, China. Recombinant lytic 

polysaccharide monooxygenases (NCBI: XM_001907667.1; AA9) was produced in Pichia 

pastoris GS115 from Podosporaanserina in our laboratory according to a previously 

reported method
[69]

 .Sodium hydroxide, sulfuric acid, BSA, Tea saponin, Tween 80, and all 

the other chemicals were purchased from Guoyao Group Chemical Reagent Co., Ltd. The 

major apparatus used in the current study with their corresponding manufacturers are shown 

in the table below. 

Table 2-1 Apparatus and manufactures 

Apparatus Manufacturer 

Electrical jacket Shanghai Yuezhong Instrument Co., Ltd. 

Electronic analytical balance Shanghai Precision Instrument Co., Ltd. 

Digital thermostat heating Shanghai Yuezhong Instrument Co., Ltd. 

Rotary shaker  TaicangQiang Le Experimental Equipment Co., 

Ltd. 

Drying oven Shanghai Boson Industrial Co., Ltd. 

Centrifuge American Thermo Corporation 

Muffle furnace Shanghai Precision Instrument Co., Ltd. 

High performance liquid chromatography 

(HPLC) 

Japan HITACHI 

Commercial SBA-40E Biosensor Shanghai Precision Instrument Co., Ltd. 
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2.2 The alkaline-catalyzed atmospheric glycerol organosolv (al-AGO) pretreatment of 

sugarcane bagasse 

In a typical run, 100 g of dry sugarcane bagasse was directly mixed with 1400 g of 70% 

industrial glycerol and 0.2% (w/w) NaOH (3 g) as catalyst. The mixture was then cooked at 

240 °C for 30 min in a three-necked round-bottom flask (5 L) as reported in our earlier work 

[33]
.A condenser was fitted in the right-hand neck of the flask for reflux, a thermocouple wire 

was passed through the left-hand neck to measure the temperature, and a stirrer was fitted 

into the middle neck of the flask to ensure full mixture stirring. After heating to the desired 

temperature for the specified period of time, the mixture was allowed to cool to 

approximately 120 °C. 150 g of distilled water was then added. The mixture was stirred 

vigorously to ensure thorough disintegration. The insoluble solid fraction was then separated 

by filtration through a G3 glass filter (100 mL, pore size15–40 μm) and washed twice with 

200 g of distilled water. The wet pretreated substrates were dried at 150 °C for at least 8hr. 

One part was conserved to determine the main components (the percentage of cellulose, 

hemicelluloses & lignin) and the other was used for enzymatic hydrolysis experiments. 

2.3 The main components determination 

In a usual run, 0.3 g of dry sugarcane bagasse was directly mixed with 3ml of 72% 

sulfuric acid (H2SO4) and the mixture was then stirred with spoon bar at 30
0
C for 1hr. in 

water bath. After stirring to the desired temperature for the specified period of time, the 

mixture was poured into a 150 mL conical flask and 84ml of deionised water was then added, 

the mixture was then sterilized at 121
0
C for 1h. After the mixture was allowed to cool down 

and 10ml of supernatant was taken and 10g of calcium carbonate (caco3) was added to adjust 

the pH to the neutrality, after the reaction is completed the mixture was centrifuged at 11200 

for 1min and the supernatant was then diluted with mobile phase (1:1 ratio).Sample was 

finally filtered with a 0.22 μm organic filter for further cellulose and hemicellulose analysis. 

The remaining mixture was then separated by filtration through a G4 glass funnel, and then 

dried at 105 for 8h in oven. After drying and cooling, the weight was measured and recorded, 

then the samples were putted in muffle furnace and heated at 550
0
C for 30 hr. After heating 

and cooling, the weight was also measured and recorded for further lignin calculation. The 

main components of the al-AGO-pretreated sugarcane bagasse comprised (w/w): 57% 

cellulose, 25% hemicellulose, and 12% lignin.
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2.4 Enzymatic hydrolysis of al-AGO pretreated sugarcane bagasse 

2.4.1 Selection of key variables and additives for fed-batch enzymatic hydrolysis  

Each sample, equivalent to 4.50 g dried al-AGO-pretreated substrate (10%, w/w), was 

loaded in a 250-mLErlenmeyer flask supplemented with citrate buffer (0.05 M, pH = 4.8) to 

acquire 45 g of slurry. Next, different CTec2 loadings were added at 1, 2, 3, 4, 5, and 6 

FPU/g dried substrate to select the desirable enzyme loading. Subsequently, the enzymatic 

hydrolysis processes of the al-AGO-pretreated substrates [6, 8 10, 12, and 14% (w/v) solids 

contents]were carried out, at the selected enzyme loading level ,in 250-mLErlenmeyer flasks 

supplemented with citrate buffer (0.05 M, pH 4.8), to acquire 45 g of slurry. This provided a 

reasonable initial solid content for the subsequent fed-batch enzymatic hydrolysis processes. 

To test an additive, 60 mg/g of the surfactant (Tween 80, Tween 20, PEG 4000, PEG 6000, 

PEG 10000, and PEG 20000), non-catalytic protein (bovine serum albumin, casein, corn 

steep liquor, and peptone),or polymer [tea saponin and cationic polyacrylamide 

(c-PAM)]was added to the enzymatic hydrolysis mixture (10%, w/w) at the selected enzyme 

loading. Once an effective additive was identified, different amounts of each additive were 

further examined under the same hydrolysis condition to establish the optimal additive 

amount. The enzymatic hydrolysis process was conducted at 50 °C for 48 h with a shaking 

speed of 180 rpm. For the sugar assay, samples were collected after6, 12, 24, and 48 h and 

centrifuged at 11,200 rpm for 2min.All runs of enzymatic hydrolysis were performed in 

duplicate,and mean values were calculated. 

2.4.2 High solids enzymatic hydrolysis of substrates via the fed-batch mode 

Once the initial solids content and cellulase loading were selected (section 2.3), 

high-solids hydrolysis was carried out for 72 h with different feeding amounts (3 and 4%) 

and times (6 , 12 , 18 , 24, and 30 h). An AL4 (4
3
) orthogonal experiment with three variables 

(Tween 80, BSA, and tea saponin) and four levels was designed to optimize the additive 

mixtures .Next, to evaluate the role of the accessory enzymes (BG, endo-xylanase, and AA9), 

different enzyme loadings were assessed along with the optimized additives in the fed-batch 

cellulase hydrolysis. further AL16 (4
5
) orthogonal design of these additives and accessory 

enzyme was also made with five variables and four levels (Tween 80, BSA, tea saponin , 

Endo-xylanase and AA9) for the high solids hydrolysis at 30%(w/v) solid loading and the 

reasonable condition was obtained after orthogonal experiment.The enzymatic hydrolysis 

process was also performed at 50 °C for 72 h with a shaking speed of 180 rpm. Samples 

were drawn at the same intervals as those used for the sugar assay.
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2.5 Analytical procedures 

The main component (cellulose, hemicelluloses and lignin) was determined by the 

two-step acid hydrolysis method(NREL)
[70]

. The HPLC equipped with an Aminex HPX-87H 

column (300 × 7.8 mm, BioRad, US) at the column temperature of 65 °C, With 5 mM 

H2SO4 as the mobile phase at a flow rate of 0.6 mL min
−1

 was used to detect cellulose, 

hemicelluloses and xylose. A muffle furnace was used at approximately 550 °C to indirectly 

measure the lignin content. The glucose content in the enzymatic hydrolysate was measured 

with a commercial SBA-40E biosensor (H2O2 electrode sensor) using glucose as standard. 

The xylose content was assayed with high performance liquid chromatography equipped 

with an Aminex HPX-87H column (300 × 7.8 mm, BioRad, US) at a column temperature of 

65 °C; 5 mM H2SO4 was used as the mobile phase at a flow rate of 0.6 mL min
−1

.  

 The main components were determined as follows: Cellulose (%): glucose (g/L) 

*0.087*0.9/0.3*100; Hemucellulose( %) : Xylose (g/L)*0.087*0.88/0.3*100 and Lignin: 

dry weight ( mufflon) –dry weight (oven)*100 

 The total reducing sugar: Glucose concentration (g/L): hydrolysate data 

*dilution time /100 and Cellulose conversion (%) = hydrolysis volume* glucose *0.9/ 

(solids content*cellulose %). Where: 0.9: the conversion factor of cellulose to glucose; 

0.88: the conversion factor of hemicellulose to Xylose; 100: glucose standard data; 0.3 

&0.087: dry substrate and the total volume (L) of acid hydrolysis solution for the 

component determination respectively. All the samples were analysed in duplicate and 

mean values were calculated with standard deviations of ˂4%. 

 

 Figure 2-1 Illustration stepwise process of enzymatic hydrolysis from al-AGO pretreated 

sugarcane bagasse. 



Jiangnan University                                    Results and Discussions                                          

14 
 

 CHAPTER 3. RESULTS AND DISCUSSION 

3.1 Selection of key variables for the high solids enzymatic hydrolysis process 

3.1.1 The desirable cellulase loading 

Reasonable cellulase loading is perquisite for the economic and efficient enzymatic 

hydrolysis of lignocellulosic biomass 
[71]

. In this study, to run the hydrolysis process at a low 

cellulase loading, different enzyme loadings (1, 2, 3, 4, 5, and 6 FPU/g dry substrate) were 

employed for the batch hydrolysis of al-AGO-pretreated sugarcane bagasse at 10% solids 

content with a shaking speed of 180 rpm (Fig. 1). At an enzyme loading 1 FPU/g, the 

substrate only liquefied after 24 h and the final enzyme hydrolysis was ˂ 40% after 48 h. At 

3 FPU/g > 60% enzymatic hydrolysis was attained after 48h, while at 6 FPU/g, the substrate 

tended to liquefy and cellulose hydrolysis reached 55% after 6 h and 86% after 48 h. These 

results indicated that an enzyme loading that is too low is adverse to substrate hydrolysis, 

resulting in a long liquefaction time. On the other hand, an enzyme loading that is too high 

can contribute towards a fast process but is less economically attractive owing to the high 

enzyme cost 
[36, 57]

. Considering that the hydrolysis at 3 FPU/g exhibited a short liquefaction 

time (<12 h), 3 FPU/g substrate of cellulase loading was selected to initiate the study. 

 

Figure3-1 Selection of a suitable cellulase loading for the high solids enzymatic hydrolysis 

of an al-AGO-pretreated substrate. Batch enzymatic hydrolysis was conducted at a solids 

content of 10% (50 °C and 180 rpm) in citric buffer solution (45 mL, 50 mM, pH = 4.8) for 

48 h.
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3.1.2 The reasonable initial solid content 

The aim of this experiment was to select a suitable initial solids content for the 

high-solids hydrolysis process, different solids contents [6, 8, 10, 12, and 14% (w/v)] were 

examined in a batch hydrolysis process for 48 h with a shaking speed of 180 rpm at 3 FPU/g 

substrate of cellulase loading. Fig. 2 illustrates that at a high solids content, the glucose 

content produced from the enzymatic hydrolysis process first increased and subsequently 

decreased. At a solids content of 8%, the glucose content reached a peak level of 42 g/L. 

Thereafter, the high solids content led to a long liquefaction time and thus, low hydrolysis. A 

similar phenomenon was reported in other studies 
[46, 47]

.They suggested that the 

unreasonable increase in solids content in the enzymatic hydrolysis process contributes 

towards a low hydrolysis yield. Accordingly, based on the liquefaction time and final 

glucose , an initial solids loading of 8 % (w/v) was selected.   

 

 Figure 3-2 Selection of the initial solids content for the fed-batch enzymatic hydrolysis, the 

process was carried out using 3 FPU/g substrate of cellulase loading in citric buffer solution 

(45 mL, 50 mM, pH = 4.8) for 48 h.  
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3.2 Exploration of the high solids hydrolysis of substrates in the fed-batch mode 

The extent and rate of enzymatic hydrolysis of lignocelluloses biomass is extremely 

reliant on substrate loading, enzyme loading, hydrolysis periods and structural features of 

substrates 
[58]

. Furthermore, the high solids content in high solids hydrolysis tends to cause a 

high viscosity, thus producing some problems such as mixing limitations and poor mass 

transfer 
[40]

, Thus, to lessen these negative effects we next adopted a substrate fed-batch 

method to realize the high-solids (20%) enzymatic hydrolysis process. The substrate feeding 

mode was assessed with an initial solids content of 8% by feeding unequal amounts (3% and 

4%) at different times (6, 12, 18, 24, and 30 h). The enzymatic hydrolysis of Mode 3 was 

51% at 72 h, a value that is slightly higher than that observed for Mode 1 (Tab. 1). This 

indicated that substrate feeding at 4% was desirable and was supported by similar results 

obtained between Mode 4 and Mode 1. When considering the feeding time, the hydrolysis at 

Mode 1 was better than that at Mode 2, while Mode 3 was superior to Mode 4. This 

comparison suggested that feeding the substrate at an earlier stage was favourable. 

Conversely, a delay in substrate feeding produced low hydrolysis yields, probably due to 

enzyme inactivity 
[46]

. Thus, a solids content of 4% (w/v) was selected, at feeding times of 6, 

12, and 18 h, to achieve a total solids content of 20%.  

Additionally, several studies have demonstrated that feeding all requested enzyme at 

beginning of the hydrolysis facilitate and accelerate mass transfer of the whole process, 

thereby rapidly decreasing the viscosity of slurry at high solid content 
[46, 47, 53]

. Moreover, 

the early addition of more cellulase can help to counteract the inhibitory effect of newly 

added substrate 
[53]

. Therefore, all the cellulase was added at the beginning of hydrolysis 

based on 3FPU/g substrate in the study. 

Table 3-1 Selection of a substrate fed-batch mode for the high solids hydrolysis of substrate, 

Enzymatic hydrolysis was initiated with 8% and 3 FPU/g in citric buffer (45 mL, 50 mM, 

pH = 4.8) for 72 h.  

 

Substrate feeding (%) 

Enzymatic hydrolysis 

 
48h 72h 

Mode 
6h 12h 18h 24h 30h 

Titre 

(g/L) 

Yield 

(%) 

Titre 

(g/L) 

Yield 

(%) 

Mode1 3 3 3 3 - 56 44 61 49 

Mode 2 - 3 3 3 3 48 39 56 45 

Mode 3 4 4 4 - - 58 46 64 51 

Mode 4 - 4 4 4 - 52 42 59 47 
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3.3 Enhanced high solids enzymatic hydrolysis of substrates with additives 

3.3.1 Selection of surfactants 

Several studies have revealed that the addition of surfactants to the cellulase mixture 

can significantly improve the enzymatic hydrolysis of lignocellulosic substrates 
[62]

. In this 

experiment, the hydrolysis of al-AGO-pretreated substrates (3 FPU/g substrate of cellulase 

loading) was supplemented with 60 mg/g substrate of surfactant to examine their effect on 

batch hydrolysis. Fig. 3A reveals that both Tween 80 and 20 significantly enhanced the 

enzymatic hydrolysis process; addition of high molecular weight PEG also aided the process. 

Among the three surfactants, Tween 80 afforded the highest cellulose hydrolysis, reaching 

80% after 48 h. additionally, compared to the process with no surfactant added, Tween 80 

enhanced both the 24 h and 48 h enzymatic hydrolysis by 30%. Accordingly, Tween 80 was 

selected as surfactant for subsequent analyses. Further, the addition of 40 mg/g of Tween 80 

produced a maximum enzymatic hydrolysis of 84%, 45% higher than that observed with the 

control. Such a remarkable performance was attributed to the capability of Tween 80 to act 

as a specific activator to alleviate the inhibition of lignin, hemicelluloses, and their 

derivatives in some key cellulase components (cellobiohydrolase
[62]

.Consequently, we 

concluded that the addition of 40 mg/g substrate of Tween 80 as substrate was adequate to 

improve the hydrolysis of al-AGO-pretreated sugarcane bagasse. 

 

Figure 3-3A Effect of surfactants (60 mg/g) on the enzymatic hydrolysis of an 

al-AGO-pretreated substrate. The enzymatic hydrolysis [10 % (w/v) solids content] was 

conducted using 3 FPU/g substrate of cellulase loading and 60 mg/g substrate of additives 

under the above mentioned condition. 
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3.3.2 Selection of proteins and polymers 

Some additives such as BSA and tea saponin significantly facilitate the enzymatic 

hydrolysis of lignocellulosic biomass 
[63, 72]

.In this experiment, proteins (BSA, casein, corn 

steep liquor, and peptone) and polymers (tea saponin and c-PAM) were investigated in the 

batch enzymatic hydrolysis of al-AGO-pretreated substrates at 3 FPU/g (Fig. 3B). Among 

these additives, the individual addition of BSA and tea saponin enhanced enzymatic 

hydrolysis and increased 48 h cellulose hydrolysis by 13 % and 11 %, respectively. Thus, 

BSA and tea saponin were selected as additives with respective concentrations of 40 mg/g 

and 10 mg/g. At these polymer concentrations, 48 h enzymatic hydrolysis approached 90 %. 

Both additives displayed an active role in the enzymatic hydrolysis of the substrates. BSA 

can be irreversibly and competitively adsorbed onto the lignin coating the cellulose, thereby 

preventing lignin adsorption to cellulase
[63]

. On the other hand, tea saponin can promote the 

adsorption of cellulolytic enzymes on the substrate and mediate the release of adsorbed 

enzymes, thus improving the hydrolytic performance of cellulase 
[72]

. Therefore 40 mg/g and 

10 mg/g of BSA and Tea saponin respectively were chosen for further experiment. 

 

Figure 3-3B Effect proteins and polymers (60 mg/g) on the enzymatic hydrolysis of an 

al-AGO-pretreated substrate. Hydrolysis was implemented as mentioned above
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3.3.3 Orthogonal optimization of additives  

Recent research has evidenced that some additives enhance enzymatic hydrolysis 

performed at high solids content 
[66, 67]

. Therefore, based on the above batch enzymatic 

hydrolysis results, an orthogonal design (Tween 80, BSA, and tea saponin) was employed 

for the high solids fed-batch enzymatic hydrolysis process. The reaction was carried out with 

8% of the initial solids content and 4% substrate feeding at 6 h, 12 h, and 18 h to achieve a 

total solids content of 20% (w/v). Tab. 2 illustrates that mixtures of these additives (Tween 

80, tea saponin, and BSA) at different proportions significantly enhanced the thick mash 

hydrolysis. The optimum combination of these additives was determined as 40 mg/g Tween 

80, 10 mg/g tea saponin, and 20 mg/g BSA. With this optimized combination, the 

high-solids enzymatic hydrolysis reached 58% and released 74 g/L of glucose after48 h. 

Compared to the control, this translates to ~30% enhancement. 

 Table 3-2 Optimization of additives using the orthogonal experiment for the high solids 

enzymatic hydrolysis process 

Additives (mg/g) Enzymatic hydrolysis 

 

Tween 80 BSA TS 

Glucose titre (g/L) Glucose yield (%) 

6 h 12h 24h 48h 6h 12h 24h 48h 

Control 0 0 0 20 28 45 58 40 35 36 46 

1 40 20 10 24 38 54 74 47 48 43 58 

2 40 20 20 23 35 52 72 45 44 41 57 

3 20 40 20 22 32 48 66 43 40 38 52 

4 20 20 10 22 33 50 68 43 42 40 54 

Furthermore, figure 4 describes the profile of the high-solids fed-batch enzymatic 

hydrolysis process with the optimized combination of additives. The substrate [4% (w/v) 

solids content] was fed separately at 6 h, 12 h, and 18 h of the processes with and without 

additives. This contributed towards slow liquefaction and thus, low hydrolysis and even a 

decline at the initial stage of the 24 h process. Thereafter, both enzymatic hydrolysis 

processes increased. At 72 h, the hydrolysis processes with and without additives reached 
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62 % and 51%, respectively. Concomitantly, both glucose contents in the hydrolysate broth 

increased with an increase in hydrolysis time. Notably, this increase was more pronounced 

when the established mixture of additives was employed. The glucose content in the 

hydrolysate broth with additives was 78 g/L, > 20% higher than that observed for the 

process with no additives. The data manifested that the mixture of these additives was 

indeed robust to improve the high-solids enzymatic hydrolysis of the al-AGO-pretreated 

sugarcane bagasse. The result is in accordance with some previously reported studies
[73]

. 

Monschein et al. suggested that compared to their individual addition, the combination of 

PEG 8000 and urea in a 24 h enzymatic hydrolysis process enhanced the reaction by 

approximately 20% 
[73]

. This study clearly confirms that compared to the addition of the 

individual additives, a mixture of several additives can effectively increase the enzymatic 

hydrolysis process. Nonetheless, the effectiveness of additive combination has been mainly 

verified in enzymatic hydrolysis at low solids contents. At high solids contents, there is an 

increasing tendency towards using single additives 
[66, 67]

. Ma et al. indicated that the 

addition of Tween 80 (2 g/L) at a solids content of 25% increased cellulose conversion by 

30%
[66]

. Unfortunately, there is extremely limited information on the use of additive 

combination in hydrolysis processes at high solids contents. Thus, this study underlined the 

positive role of a combination of several additives in the enzymatic hydrolysis process at a 

high solids content. Consequently, the above combination of additives can be used for 

further experimentation to facilitate fed-batch enzymatic hydrolysis. 

 

 Figure 3-4 Hydrolysis profile of the al-AGO-pretreated substrate [20% (w/v) solids content] 

with 3 FPU/g cellulose loading supplemented with 40 mg/g Tween 80, 20 mg/g BSA, and 10 

mg/g tea saponin. The fed-batch hydrolysis was initiated with an initial solids content of 8%, 

followed by feeding with 4% substrate, separately at 6 h , 12 h, and 18 h  and conducted at 

50 °C and 180 rpm in citric buffer solution (45 mL, 50 mM, pH = 4.8).
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3.4 Enhanced high solids hydrolysis of substrates with accessory enzymes 

3.4.1 BG addition 

 Several works have indicated that the supplementation of cellulases with BG can 

minimize the inhibition of the end-products (mainly cellobiose) towards cellulases and thus, 

improve the hydrolysis of the cellulose embedded in the lignocellulosic biomass 
[42, 74]

. Such 

beneficial effects would be more pronounced in a high-solids enzymatic hydrolysis process 

where the cellulase enzymes experience multiple stresses in the hydrolysis system. 

Therefore, in this study, different amounts of BG were supplied along with the optimized 

additives to assess the role of BG in the cellulase hydrolysis of al-AGO-pretreated sugarcane 

bagasse at high solids content (Fig. 5). However, the addition of extra BG did not boost the 

reaction, even at a high BG loading. As shown in Fig. 5, before the BG addition, the 

enzymatic hydrolysis was 56% at 48 h and 62% at 72 h. With different additions of BG, all 

the enzymatic hydrolysis still kept the similar level. Similar phenomenon was observed by 

others researchers 
[48, 75]

, they have argued that the CTec2 cellulase has sufficient BG activity 

to eliminate the end product inhibition 
[48]

. Accordingly, the supplementation of BG to 

CTec2 is unnecessary for the hydrolysis of al-AGO-pretreated lignocellulosic substrates in 

next experiment. 

 

 Figure 3-5 Addition of different BG loadings on the high solids enzymatic hydrolysis 

process [20% (w/v) solids content] with 3FPU/g cellulose loading supplemented with 

optimized additives. Fed-batch hydrolysis was implemented as mentioned above.
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3.4.2 Endo-xylanase addition 

Previous studies have shown that the supplementation of xylanase to a cellulase 

preparation can effectively facilitate the liquefaction of various types of pretreated 

lignocellulosic substrates at high solids contents
[68]

. Therefore, we next assessed the addition 

of endo-xylanase in the high-solids fed-batch hydrolysis of al-AGO-pretreated substrates at 

a relatively low cellulase loading (3FPU/g substrate). As expected, the addition of xylanase 

(2.4 mg protein/g substrate) significantly enhanced the cellulose hydrolysis by ≤ 30% after 

48 h hydrolysis (from 56% to 71%, Fig.3.7). The result is consistent with our previous 

findings, where by the addition of xylanase greatly contributed towards the hydrolysis of 

SO2-catalysed steam-pretreated sweet sorghum bagasse to produce a 30% increase 
[60]

. 

These results suggest that xylan not only acts as a coating to restrict the accessibility of 

cellulose to cellulase enzymes 
[60, 68]

, but also serves as acellulose microfibril cross linker to 

maintain an integrated cell wall structure. Xylanase loosens the cell wall structure via xylan 

removal and causes fibre swelling
[76]

. In addition, due to the hydrophilicity of the xylan 

polymer, the removal of xylan by xylanase enzymes reduces the viscosity of the biomass 

slurry, thus improving the liquefaction of high-solids loading hydrolysis
[68]

. Our data have 

indicated that the addition of endo-xylanase produces robust synergistic effects with 

cellulase in al-AGO-pretreated substrates at high solids loadings. Therefore, 2.4 mg/g of 

endo-xylanase addition was selected for next experiments. 

 

 Figure 3-6 Addition of different Endo-xylanase loadings; on the high solids enzymatic 

hydrolysis process [20% (w/v) solids content]. Fed-batch Hydrolysis was implemented as 

mentioned above.
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3.4.3 AA9 addition 

Recent studies have emphasized that lytic polysaccharide monooxygenases (LPMOs) 

such as AA9 can significantly improve cellulose hydrolysis by oxidative cleavage of the 

highly organized crystalline cellulose region and thus, improve cellulose accessibility to 

cellulase enzymes 
[60]

. However, previous studies have only assessed the boosting effects of 

AA9 at relatively low solids contents. The negative charges created by AA9 oxidative 

cleavage induce fibre repulsion 
[77]

, there by facilitating biomass liquefaction by avoiding 

fibre aggregation at high solids contents. To verify this, different amounts of AA9 were 

added with the optimized additives and endo-xylanase to hydrolyse an al-AGO-pretreated 

substrate at a high solids content of 20% (w/v) (Fig. 3.7). The initial enzymatic hydrolysis 

increased with the addition of AA9. Thus, when 1 mg/g AA9 was added, the 48 h cellulose 

hydrolysis reached a plateau of 76%, a 10% increase over that observed with the control. 

Thus, 1 mg/g substrate of AA9 was selected in our study. 

 

 

 Figure 3-6 Addition of different AA9 on the high solids enzymatic hydrolysis  process 

[20% (w/v) solids content] with 3 FPU/g cellulose loading supplemented with optimized 

additives and Endo Xylanase (2.4 mg/g). Fed-batch Hydrolysis was implemented as 

mentioned above.



Jiangnan University                                    Results and Discussions                                                                                                                                                                                  

24 
 

3.5 High solids enzymatic hydrolysis of al-AGO pretreated substrates with additives 

and accessory enzymes 

Through the course of high solids enzymatic hydrolysis for 72 h with various additives 

(40 mg/g Tween 80, 10 mg/g tea saponin and 20 mg/g BSA) and accessory enzymes (2.4 

mg/g endo-xylanase and 1 mg/g AA9). All the processes produced more glucose and xylose 

with an increase in hydrolysis time. With just 3 FPU/g of cellulase, the 48 h fed-batch 

enzymatic hydrolysis of the al-AGO-pretreated substrate was 44% with a glucose content of 

56 g/L. This value is much higher than that observed for the batch enzymatic hydrolysis 

(25% and 31 g/L, respectively; data not shown). Similarly, Wang et al. reported that the 

fed-batch enzymatic hydrolysis (20 FPU/g glucan) at 20% solids loading produced a glucose 

concentration of 66 g/L, > 20% higher than that observed for the batch hydrolysis 
[12]

. 

Evidently, such a fed-batch mode is an effective way to run the high-solids enzymatic 

hydrolysis process, especially at low enzyme loadings 
[75]

. With the stepwise addition of 

additives, xylanase, and AA9 in the cellulase, the high-solids hydrolysis process produced 

glucose contents of 78 g/L, 95 g/L, and 105 g/L, respectively, with corresponding enzymatic 

hydrolysis reaching 62%, 76%, and 83%. That is, the single use of additives, xylanase, and 

AA9 enabled the enzymatic hydrolysis to increase by 22%, 23%, and 9%, respectively. On 

the other hand, with the combination of these additives and accessory enzymes, enzymatic 

hydrolysis increased by > 60%. Moreover, the xylose content augmented concurrently with 

the enzymatic hydrolysis running so that a content of 51 g/L was attained after 72 h, 90% 

xylan hydrolysis.  

 

 

Figure 3-7 High solids enzymatic hydrolysis of al-AGO-pretreated substrates with additives 

(40 mg/g Tween 80, 20 mg/g BSA, and 10 mg/g tea saponin) and accessory enzymes (2.4 

mg/g endo-xylanase and 1 mg/g AA9). A: Sugar titre: G: glucose & X: xylose ; B: Glucose 

yield.
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Further, the results indicate that the combination use of additives and accessory 

enzymes is beneficial to lower the cellulase loading in high solids enzymatic hydrolysis. As 

shown in Fig.3.9; when no additives and accessory enzymes were employed, the high-solids 

fed-batch enzymatic hydrolysis required approximately 6 FPU/g of cellulase loading to 

achieve an equivalent hydrolysis level. Additionally, the earlier study conducted in our 

laboratory demonstrated that the 72 h batch enzymatic hydrolysis of substrates at 18% solids 

content required 10 FPU/g of cellulase loading to approach an equivalent level 
[33]

. 

Accordingly, the combination of additives and accessory enzymes has presented a superior 

advantage in high solids fed-batch enzymatic hydrolysis of lignocellulosic substrates. 

 

Figure3-8 High solids enzymatic hydrolysis of al-AGO-pretreated substrates [20% (w/v) 

solids content] with different cellulase loading. Fed-batch hydrolysis was implemented as 

mentioned above. 

3.6 Enhanced high solids enzymatic hydrolysis at 30% (w/v) solids loading 

3.6.1 Selection of initial solid loading 

It is well recognized that the concentration of fermentable sugars increased potential 

with a high substrate concentration
[78]

. Consequently the hydrolysability of al-AGO 

pretreated substrates at 30% solids loading was also evaluated. To avoid the mixing 

limitation , the substrate feeding mode was examined with fed-batch mode along with 

optimized additives (40 mg/g tween 80, 20 mg/g BSA and 10 mg/g tea saponin) at different 

initial solids content (8%, 10%, 12% and 14%) and different feeding time ( 6 h,12 h, and 24 

h) .
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As shown in Fig.10, The glucose titre initiated with 10% solids loading was 86 g/L at 48 

h, higher than other conditions. Accordingly, a solids content of 10% (w/v) was selected as 

the initial solid content, and the dried substrate was fed with 6%, 6% and 8% (w/v) at 6 h, 12 

h, and 24 h, respectively, to achieve a total solids content of 30%. 

 

Figure 3-9 Evaluation of the feeding conditions on the high solids enzymatic hydrolysis 

process [30% (w/v) solids content] at 3FPU/g cellulase supplemented with optimized 

additives.                                                                                 

3.6.2 Orthogonal optimization of additives and accessory enzymes at 30 % (w/v) 

Based on the optimized additives and accessory enzyme obtained at 20 % solids loading, 

An AL16 (4
5
) orthogonal design of these additives and accessory enzyme was made with five 

variables and four levels for the fed-batch enzymatic hydrolysis at 30% .The fed-batch 

hydrolysis was carried out with 10% of initial solids content and 6%, 6% and 8% of 

substrate was feed at 6 h, 12 h and 24 h respectively, to achieve 30 % (w/v) of the total solid 

content. As shown in Tab.5, the combination of these additives and accessory enzymes with 

different amount all considerably enhanced the high solids hydrolysis. In attempt to run  

the high solids hydrolysis at reasonable concentration, 40 mg/g of Tween 80, 8 mg/g of BSA, 

30 mg/g of tea saponin, 2.4 mg/g of Endo-xylanase and 0.4 mg/g of AA9 were chosen as 

optimum combination of these additives and accessory enzymes. With the optimized 

combination, the high solids enzymatic hydrolysis reached 59% and released 108 g/L 

glucose titre at 48 h. 
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 Table 3-3 Optimizations of additives using the orthogonal experiment for high solids 

enzymatic hydrolysis process at 30 % (w/v).  

 

 

Level 

Additives (mg/g) Accessory 

enzymes (mg/g) 

Enzymatic hydrolysis 

Tween 

80 

BSA TS ENDO AA9 Titre (g/L) Yield (%) 

12h 24h 48h 12h 24h 48h 

Control 0 0 0 0 0 42 56 - 43 42 - 

1 8 4 4 1.5 0.4 52 76 88 53 57 48 

2 8 8 7 2 0.75 54 78 90 55 58 49 

3 8 20 10 2.4 1 56 82 94 57 61 51 

4 8 40 30 2.8 1.25 58 82 97 57 61 53 

5 20 4 7 2.4 1.25 56 80 96 57 60 52 

6 20 8 4 2.8 1 58 84 98 59 63 53 

7 20 20 30 1.5 0.75 56 86 100 57 64 55 

8 20 40 10 2 0.4 62 88 104 64 66 57 

9 40 4 10 2.8 0.75 66 90 102 68 67 56 

10 40 8 30 2.4 0.4 64 86 108 66 64 59 

11 40 20 4 2 1.25 56 80 100 57 60 55 

12 40 40 7 1.5 1 60 86 106 61 64 58 

13 60 4 30 2 1 58 76 98 59 57 54 

14 60 8 10 1.5 1.25 50 74 92 51 55 50 

15 60 20 7 2.8 0.4 60 86 112 61 64 61 

16 60 40 4 2.4 0.75 60 84 98 61 63 54 

Moreover, the hydrolysis without the combination of additives and accessory enzymes 

resulted in a very slow liquefaction and even a decline at the initial stage from 24 h to 48 h, 

where sampling was difficult till up to 48 h because the slurry was very sticky. It is evident 

that the combination of additives and accessory enzymes play a crucial role in reducing the 

viscosity caused by high solid content. As shown in figure1, at 72 h of hydrolysis, the 

glucose yield with and without additives reached at 69% and 46%, respectively, 

corresponding to 125 g/L and 84 g/L of glucose titre. The glucose titre increased 50% 

compared to the control. In addition, the xylose content attained to 56 g/L.
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Figure 3-10 High solids enzymatic hydrolysis of substrates [30% (w/v) solids content] at 3 

FPU/g cellulose loading supplemented with additives (40 mg/g Tween 80, 8 mg/g BSA, and 

30 mg/g tea saponin) and accessory enzymes (2.4 mg/g endo-xylanase and 0.4 mg/g AA9). 

A: Sugar titre: G: glucose & X: xylose ; B: Glucose yield. Fed-batch hydrolysis was 

implemented as mentioned above. 

As anticipated, the concentration of fermentable sugars increased as a function of 

substrate concentration, nevertheless 30% is considered as a high concentrated biomass 

substrate which actually required high cellulase dosage; however in this study we use 

relatively low cellulase loading of 3FPU/g. As shown in Fig.12. rising solids content from 

20% to 30% solid loading resulted in an increase of 16% (from 105 g/L to 125 g/L) in 

glucose and 12% in xylose concentration (from 51 g/L to 56 g/L), while the cellulose to 

glucose conversion yield decreased up to 20% (from 83% to 69%).The reduction in 

cellulose conversion as the solids increases has also been observed in several studies 
[42, 74, 79]

, 

they indicated that it is likely due to the rheological problem at high solids loading. 

 

 Figure 3-11 Comparison of hydrolysis yields achieved at 20% and 30% solids contents 

using 3FPU/g and extra addition of additives and accessory enzymes; A: Glucose titer; B: 

Glucose yield. 
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Furthermore, several studies have also reported the high solids enzymatic hydrolysis at 

20% and 30% solid content 
[12, 58, 75, 80-82]

. As shown in Tab.6. Comparing the other 

lignocellulosic substrates, al-AGO pretreated substrates had a relatively high holocellulose 

(57% cellulose and 25% hemicellulose) and low lignin (12%) content that is capable to 

produce high fermentable sugars by high solids enzymatic hydrolysis. Remarkably the high 

solids  enzymatic hydrolysis was implemented at an extremely low cellulase loading (3 

FPU/g substrate) that has been reported to date as the minimal level, while most of reported 

work adopted above 10 FPU/g of cellulase loading with a longer retention time (96 -144h) 

(Table 3.6). 

Table3-4 High solids enzymatic hydrolysis of various lignocellulosic substrates based 

fed-batch hydrolysis  

Substrate 

source 

Solids 

% 

Substrate 

components 

(%) 

Hydrolysis conditions Enzymatic 

hydrolysis 

source 

  C H L Cellulase (FPU/g) Time 

(h) 

Titre  

(g/L) 

Yield 

(%) 

 

FP SCB 20 86 - - 10 FPU/g 144 150 80 
[75]

 

AHP 

pretreated SCB 

20 65 14 13 15FPU/g+ 25 CBU/g 

BG 

48 82 57 
[81]

 

HLWP 

pretreated SSB 

20 49 5 41 20FPU/g+0.175mL 

/g Tween80 

120 66 46 
[12]

 

30 49 5 41 30 FPU/g 120 89 50 

Alkali-PSCB 30    9.6 FPU/g 144 126 51 
[80]

 

Alkali -PWS 30    9.6 FPU/g 144 82 35 

SE+AHPCS 30 73 11 7 20 FPU/g 144 175 66 
[58]

 

Al-AGO 

pretreated SCB 

20 57 25 12 3 FPU/g  

72 

 

64 51  

This 

work 

   3 FPU/g+ additives 

+ accessory enzymes 

 

105 

 

83 

Al-AGO 

pretreated SCB 

30 57 25 12 3 FPU/g  

72 

84 46  

This 

work 

   3 FPU/g+ additives+ 

accessory enzymes 

 

125 

 

69 
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4.  CONCLUSIONS AND RECOMMENDATIONS 

4.1 Conclusions 

 A fed-batch mode was beneficial to run high-solids enzymatic hydrolysis of 

lignocellulosic substrates in which early feeding of all the substrates (< 24 h) facilitated 

the process.  

 The combination of additives (Tween 80, tea saponin, and BSA) and accessory enzymes 

(endo-xylanase and AA9) enhanced the high solids enzymatic hydrolysis of 

al-AGO-pretreated sugarcane bagasse.  

 The enzymatic hydrolysis process achieved high glucose productivity (1.5 g/L/h) at 

20 % w/v) and (1.7g/L/h) at 30 % (w/v) solids contents. Notably the high solids 

enzymatic hydrolysis was implemented at an extremely low cellulase loading (3 FPU/g 

substrate which is the lowest level reported to date compared to commonly reported 

values >10 FPU/g) 

 

4.2 Recommendations 

1. Future work could focus on developing the mathematical models to clarify the fed - 

batch process  

2. Further investigation on the single addition of accessory enzymes to better illustrate their 

effects on the high solids enzymatic hydrolysis. 

3. The depth removal of lignin and hemicelluloses during al-AGOP process should be 

further examined to improve the cellulose content. 
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