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Abstract 

To obtain high sugar concentration (SC) and sugar yield (SY) from sugarcane bagasse 
(SCB), PEG 10000 was employed to pretreat sugarcane bagasse with aqueous ammonia 
and sodium ethoxide (PAASE). After optimized by response surface methodology (RSM)，
the SC and the SY were 17.29 g/L (Optimized 1: 4.16% PEG 10000, 25.00% aqueous 
ammonia, 2.28% C2H5ONa at 218℃ for 1.77 h) and 0.4719 g/g (Optimized 2: 4.68% PEG 

10000, 25.00% aqueous ammonia, 2.00% C2H5ONa at 218℃ for 1.45 h), respectively. 
Ultimately, the structure and properties of SCBs were described by Field emission 
scanning electron microscope (FE-SEM), X-ray diffraction (XRD) and Fourier transform 
infrared spectroscopy (FT-IR). 
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1. Introduction 

For decades, the rapid increase in the global exploitation and consumption of fossil fuels has 

exacerbated a range of environmental issues, including greenhouse gas emissions, SOx, NOx and fine 

particulate matter. Nowadays, the economic development of most countries relies on the supply of 

oil, but the inadequate of supply may lead to serious consequences. And due to the negative impact 

of the price fluctuation and non-renewable factors, the development and utilization of alternative 

energy sources have attracted widespread attention. Bio-ethanol, with its high-octane number, has 

been recognized as a potential alternative fuel [1-3]. 

Sugarcane is widely grown in tropical and subtropical countries around the world [4]. Cellulose and 

hemicellulose of sugarcane bagasse (SCB) can be transformed to bio-ethanol and other products 

through a variety of biological pathways [5]. However, the carbohydrate and non-carbohydrate parts 

in the cell wall of lignocellulose are bound tightly for the molecular accumulation, which lead to the 

resistance to enzymatic hydrolysis [6]. 

At present, bio-ethanol processing includes several operations: pretreatment, hydrolysis, fermentation, 

and purification. The pretreatment methods contain physical, chemical, physicochemical and 

biological method [7,8]. None of these methods is perfect, so combined pretreatment has been a hot 

area for years [9]. 

The pretreatment of aqueous ammonia has several advantages: (1) ammonia has low toxicity and 

corrosiveness; (2) ammonia has greater effect on lignin than that of cellulose and hemicellulose; (3) 

ammonia neutralizes the acidic compounds during the acid-producing stage, preventing a decrease in 

pH; (4) ammonia is highly volatile and easy to recovery [10-13]. The sodium ethoxide (C2H5ONa) 

dissolved in water to produce ethanol as an organic solvent, which can decompose the complex 

structure of lignocellulose. Thence, the combination of aqueous ammonia and C2H5ONa has a better 

effect on the pretreatment of lignocellulose than that of single use [14]. 
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Surfactants can improve the removal of hydrophobic substances via reducing surface tension for the 

properties of hydrophilic and hydrophobic [15]. According to the previous works that surfactants can 

act as emulsifiers to dissolve the extracts in the timber structure. Former researches have 

demonstrated that the synergistic effect of ionic liquids and surfactants (Tween or PEG) is more 

effective than using ionic liquids only [16]. The combination of Tween-80, Tween-20, PEG 4000 and 

PEG 6000 with ammonia solution pretreatment can enhance the removal rate of lignin, retain most 

of the cellulose and increase the ethanol yield [17]. Thereby, the combined pretreatment with 

surfactant is a nice choice. 

In this study, PEG 10000 was employed to pretreat sugarcane bagasse with aqueous ammonia and 

sodium ethoxide (PAASE) in order to accelerate the deconstructing of lignocellulose and improve 

enzymatic hydrolysis efficiency. In addition, response surface methodology (RSM) was used to 

optimize the pretreatment parameters of PAASE. Ultimately, the structure and properties of SCBs 

were described by Field emission scanning electron microscope (FE-SEM), X-ray diffraction (XRD) 

and Fourier transform infrared spectroscopy (FT-IR). 

2. Materials and methods 

2.1 SCB and chemical reagents 

The lignocellulose material studied in this research was collected from Liuzhou, Guangxi, China. The 

crude materials were smashed to 100-200 mesh and air-dried. Base on the TAPPI Standard method 

T222 om-88 [18], the main components of SCB were as follow: cellulose 40.33 ± 1.07%, 

hemicellulose 24.86 ± 1.53% and lignin 25.22 ± 0.51%. Aqueous ammonia, C2H5ONa, the different 

molecular weights of PEG and cellulases were provided by Guangzhou Chemical Reagent Co. Ltd., 

Shanghai Macklin Biochemical Co. Ltd., Shanghai Yuanye Bio-Technology Co. Ltd., and Sigma-

Aldrich Co. Ltd., respectively. 

2.2 Biomass pretreatment 

The reactions were carried out in Autoclave Reactor. 5 g SCB (10% w/w solid loading, based on dry 

weight) were mixed with corresponding concentration C2H5ONa and PEG before adding 50 g 

aqueous ammonia (25.00%, w/w). The oven (101-2AB; Tianjin City TAISITE Instrument Co. Ltd.) 

was heated to ideal temperature, followed by the sealed reactors. The reaction time is calculated as 

soon as reached the target again. Following, the residuals were filtered and rinsed with hot deionized 

water to pH 7 to remove by-products, and then they were air-dried (80℃) until constant mass. The 

pretreated SCBs were collected for further analysis. 

2.2.1 Single factor experiment of PAASE pretreatment 

25.00% aqueous ammonia was added as a base to the following reactions. In an attempt to study the 

effect of the molecular weight of PEG in PAASE pretreatment on SCBs firstly, 0.50% C2H5ONa and 

5.00% PEG were applied. The reactions were at 180℃ for 1.50 h. The pretreatment temperature was 

secondly evaluated, and SCBs were treated with 0.50% C2H5ONa, and 5.00% PEG 10000 at different 

temperatures (160℃, 180℃, 200, 220℃, 240℃) for 1.50 h. In order to explore the effect of 

pretreatment time, SCBs were treated with 0.50% C2H5ONa and 5.00% PEG 10000 at 220℃ with 

varying lengths of time (0.50 h, 1.00 h, 1.50 h, 2.00 h, 3.00h). The concentration of C2H5ONa was 

also investigated, and SCBs were carried out with C2H5ONa (0%, 0.50%, 1.50%, 2.00%, 2.50%) and 

5.00% PEG 10000 at 220℃ for 1.50 h. Finally, to choose the best concentration of PEG 10000, SCBs 

were pretreated with 2.00% C2H5ONa and PEG 10000 (3.00%, 5.00%, 7.00%) at 220℃ for 1.50 h. 

Afterwards, not only the solid recovery and the main chemical component were measured, but also 

the enzymatic hydrolysis efficiency of SCBs were analyzed. Accordingly, the optimal parameters 

were selected for the following experiment. 

2.2.2 Response surface methodology (RSM) optimization of PAASE pretreatment 

According to the data of single factor experiment, the Box-Behnken model of RSM, was employed 

to gain the maximum SC and SY. Twenty-nine experimental groups were obtained by the Design-
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Expert software 8.0.6 (Stat-Ease, Inc. USA) [19]. The solid residues were conducted as described 

above for chemical component analysis and enzymatic hydrolysis followed by pretreatment. 

2.3 Characteristic analysis of SCBs before and after PAASE pretreatment 

2.3.1 Main composition analysis  

The solid recoveries and the contents of cellulose, hemicellulose and lignin of all SCB samples were 

computed by the standardized methods [20]. The HPLC (LC-15C; Shimadzu, Kyoto, Japan) with a 

Bio-Rad Aminex HPX-87H column was employed to detected the concentrations of glucose, xylose 

and ethanol. The detection of acid-soluble lignin was using an ultraviolet spectrophotometer (2802 

UV/VIS; Unico Shanghai Instrument Co. Ltd.) under the condition of deuterium lamp at 240 nm, and 

acid-insoluble lignin was measure by weighting the solid residue that air-dried in oven at 80℃ until 

constant mass [20]. 

2.3.2 Characterization of SCBs  

Morphological features of raw and selected SCBs were performed on a FE-SEM (Ultra 55; Zeiss, 

Germany). A thin layer of gold was sputter-coated on the air-dried sample before measurement under 

5 KV. 

The crystallinity of SCBs were examined by XRD (XD-2; Beijing Purkinje General Instrument Co. 

Ltd), and the Cu-Kα radiation was generated at 24.8 mA, 32.6 KV with the scanning speed of 2° min-

1 in the scattering angle (2θ) from 5° to 35°.The crystallinity index (CrI) was computed by the flowing 

equation [19]: 

CrI (%) = (I002 - Iam)/I002 × 100% 

where I002 and Iam represented the maximum intensity of the peak of the crystalline portion (2θ ≈ 

22.5°) and the intensity related to the non-crystalline portion (2θ ≈ 18°). 

FT-IR (Equinox 55; Thermo Fisher Scientific Inc.) was used to detect the functional groups of the 

samples, and the spectra of the SCBs were obtained with 4 cm-1 in the range of 4000-500 cm-1 [21]. 

2.4 Enzymatic hydrolysis 

The necessary samples were conducted in a serum bottle with 25 mL buffer (0.1 M acetic acid/sodium 

acetate) at 2% (w/v) solid loading for 72 h. The loading of Cellulases CTec2 was 30 FPU/g (dry mass). 

Temperature of the hydrolysis was controlled at 50℃ in the rotary shaker incubator (Suzhou Peiying 

Experimental Equipment Co. Ltd) with 200 rpm. The liquids were collected for the sugar analysis to 

estimate the effect of PAASE pretreatment. 

2.5 Calculations 

The calculation formulas of relevant index parameters were shown as below: 

SR (%) = RES (g)/RAS (g) 

SC (g/L) = GC (g/L) + XC (g/L) 

SY (g/g) = SC (g/L) × V (L) × SR (%)/SM (g) 

In the formulas, SR represented the solid recovery; RES was the residual after pretreatment; RAS 

was the biomass used for pretreatment; SC, GC and XC represented the total concentrations of 

glucose and xylose, glucose concentration and xylose concentration after hydrolysis, respectively; 

SY represented the amount of SC gained from per gram of untreated biomass; V was the volume of 

enzymatic hydrolysis system; SM was the biomass used for enzymatic hydrolysis. Note: all weights 

in the formulas were dry weight. 

ANOVA, t-test and LSD multiple tests were performed on the data by SPSS Statistics (version 19.0, 

IBM Corp. Armonk, NY, USA) for statistical validation of the results. The confidence interval was 

at 95%. 
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3. Results and discussion 

3.1 Effects of different pretreatment conditions on SCBs 

3.1.1 Effects of molecular weight of PEG on SCBs with PAASE pretreatment 

The corresponding pretreatment performances were presented in Table 1, including solid recovery, 

composition analysis and enzymatic hydrolysis analysis. Along with the increasing molecular weight 

of PEG, the solid recovery was significantly decreased in all groups compared with the control, but 

there was no significant difference among experimental groups. Compared with untreated materials, 

the decreasing of solid recovery was mainly due to the reduce of lignin, and partial degradation of 

hemicellulose and cellulose [21]. After pretreatment, the cellulose content of the experimental group 

increased significantly, which fluctuated between 54.67% and 59.01%. As a whole, cellulose content 

changed irregularly with the increase of PEG molecular weight. There were no significant changes in 

hemicellulose contents between untreated samples and experimental samples, and the hemicellulose 

contents in experimental group were at the range of 23.26% to 25.49%. The lignin contents in the 

experimental group were 6.81% to 13.07%, which were significantly lower than that of untreated 

bagasse. The result indicated that the pretreatment with or without PEG could change the proportion 

of major chemical components in bagasse, and it could selectively retain most cellulose and 

hemicellulose while removing lignin. 

For higher economic benefits, the enzymatic hydrolysis of the samples was studied. Based on the data 

(Table 1) in this study, there were no obviously differences in the SC from PEG 200 to PEG 1000, 

with a range of 10.25 g/L to 10.91 g/L. The same tendency could be seen from PEG 2000 to PEG 

8000, with ranging from 11.83 g/L to 12.03 g/L. The results indicated that the change of PEG 

molecular weight within a certain range had no significant effect on the SC of the samples conducted 

by PAASE. At the same time, the increase of PEG molecular weight in different molecular weight 

ranges could significantly improve the SC. The changes of SY and SC were roughly the same, and 

reached the highest values (13.07 g/L and 0.4150 g/g), when the SCB was pretreated with PEG 10000. 

The increase of enzymatic hydrolysis efficiency of pretreated bagasse was that ammonia treatment 

can increase the specific surface area and produce the gap which was easy for enzymes to enter 

[22,23]. Eriksson found that non-ionic surfactants can reduce the unproductive adsorption of enzyme 

on lignocellulose, which can enhance the efficiency of enzymatic hydrolysis [24]. Furthermore, the 

surfactant that remained after pretreatment and washing may affect the following enzymatic 

hydrolysis process [16]. In general, when the molecular weight of PEG is less than 10000, the effect 

of enzymatic hydrolysis increased with the increased of the molecular weight range of PEG, and PEG 

10000 was chosen for the next experimen 

 

Table 1. Chemical composition and enzymatic hydrolysis analysis of samples conducted by 

different molecular weight of PEG 

Groups Kind of PEG Solid recovery (%) 
Composition analysis Enzymatic hydrolysis analysis 

Cellulose (%) Hemicellulose (%) Lignin (%) SC (g/L) SY (g/g) 

1 Untreated 100 40.33 ± 1.07 E 24.86 ± 1.53 AB 25.22 ± 0.51 A 1.50 ± 0.01 F 0.0753 ± 0.0005 F 

2 0 64.38 ± 0.50 A 56.57 ± 0.13 BCD 25.14 ± 0.29 AB 9.87 ± 1.51 C 8.85 ± 0.51 E 0.2851 ± 0.0187 E 

3 PEG 200a 63.69 ± 0.59 A 58.26 ± 0.89 AB 24.22 ± 1.20 ABC 7.87 ± 1.09 DEFG 10.31 ± 0.05 D 0.3282 ± 0.0031 D 

4 PEG 400b 63.86 ± 0.07 A 56.71 ± 0.89 BCD 24.19 ± 0.76 ABC 9.84 ± 0.43 C 10.25 ± 0.32 D 0.3272 ± 0.0004 D 

5 PEG 600c 63.69 ± 0.02 A 57.82 ±1.04 AB 24.46 ± 0.41 ABC 9.92 ± 0.84 C 10.29 ± 0.42 D 0.3278 ± 0.0001 D 

6 PEG 800d 63.96 ± 0.01 A 59.01 ± 0.98 A 25.39 ± 0.29 A 13.07 ± 0.66 B 10.53 ± 0.45 D 0.3368 ± 0.000 CD 

7 PEG 1000e 63.82 ± 0.21 A 58.79 ± 0.29 A 25.35 ± 0.17 A 9.12 ± 0.10 CD 10.91 ± 0.06 D 0.3476 ± 0.0004 C 

8 PEG 2000f 63.91 ± 0.24 A 56.50 ± 1.14 BCD 25.49 ± 0.46 A 7.17 ± 1.38 FG 11.99 ± 0.35 BC 0.3832 ± 0.0015 B 

9 PEG 4000g 64.00 ± 0.35 A 56.38 ± 1.81 BCD 25.14 ± 1.08 AB 6.81 ± 0.35 G 11.83 ± 0.70 C 0.3786 ± 0.0021 B 

10 PEG 6000h 63.87 ± 0.18 A 54.67 ± 0.43 D 24.83 ± 0.35 AB 7.28 ± 0.47 EFG 11.97 ± 0.38 BC 0.3823 ± 0.0011 B 

11 PEG 8000i 63.90 ± 0.18 A 55.44 ± 0.45 CD 23.26 ± 0.40 C 8.85 ± 0.50 CDE 12.03 ± 0.53 BC 0.3843 ± 0.0011 B 
12 PEG 10000j 63.52 ± 0.23 A 57.94 ± 0.79 AB 23.84 ± 0.36 BC 8.89 ± 0.79 CDE 13.07 ± 0.01 A 0.4150 ± 0.0015 A 

13 PEG 20000k 63.53 ± 0.02 A 57.14 ± 0.90 ABC 23.76 ± 0.03 BC 8.70 ± 0.52 CDEF 12.83 ± 0.45 AB 0.4077 ± 0.0001 A 

Note: the data followed by different capital letters which symbolized significant difference. 
a-k SCB samples were pretreated by PAASE with corresponding molecular weight of PEG. 
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3.1.2 Effects of pretreatment conditions on SCBs with PAASE pretreatment 

Figure 1. (A1) and (B1) exhibited the effects of the temperature on PAASE pretreatment. The solid 

recovery dropped significantly with the increase of temperature from 160℃ to 240℃. It was mainly 

due to the removal/dissolution of lignin, which was consistent with former researches [13,14,21]. The 

cellulose content of untreated SCB (40.33%) was definitely lower than the pretreated samples. 

Generally, cellulose contents of the samples were considerably enriched from 51.52% to 58.76% with 

increasing reaction temperature from 160℃ to 240℃, however, there no significant increase between 

220℃ and 240℃. It was indicated that PAASE pretreatment could successfully improve the cellulose 

content of substrate in a certain temperature range, while the contents of hemicellulose and lignin 

were reduced. The lowest lignin content was 5.72% when the sample was pretreated at 220℃. It is 

reported that the disrupting of α-ether bonds and ester bonds between lignin and hemicellulose might 

be attributed to the synergy of alkaline and higher temperature [25]. 

It can be seen from Figure 1. (B1) that the increasing temperature (160℃ to 220℃) result in a 

significant positive effect on both SC and SY. The SC and SY were obviously increased to 14.99 g/L 

and 0.4111 g/g at 220℃, respectively. Though the SC of 220℃ was lower than 240℃, there was no 

significant difference between them. Therefore, 220℃ was selected for the subsequent optimization.  

In order to evaluate the performances of pretreatment time, SCBs were treated with different duration 

ranging from 0.50 h to 3.0 h while other conditions were kept constant. As seen in Figure 1. (A2), the 

solid recovery declined significantly from 65.47% to 55.02% when the reaction time increased from 

0.50 h to 1.5 h, but the solid recovery did not drop distinctly with the prolongation of reaction time 

after 1.5 h. The cellulose contents of treated SCBs were more than the raw materials and the maximum 

content (60.80%) was observed at 3.0 h. It showed that cellulose contents increased with the 

pretreatment time prolonged in a certain range. On the contrary, the hemicellulose contents of 

pretreated samples were obviously lower than the untreated SCB except the sample pretreated with 

0.5 h. Along with the reaction time increased to 3.0 h, the hemicellulose content reduced to 17.54%. 

The content of lignin decreased first and then increased. In conclusion, prolonging the pretreatment 

time in a certain range could improve the content of cellulose and the removal rate of lignin of SCBs. 

It can be shown in Figure 1. (B2) that the effects of pretreatment time on the SC and the SY of samples 

were significant as well. The highest SC (15.33 g/L) and SY (0.4302 g/g,) were both gained at 1.5 h. 

The data showed that the reaction time of pretreatment could affect the chemical composition and 

enhance enzymatic hydrolysis of SCBs. To sum up, the pretreatment time of 1.5 h was selected for 

the further optimization. 

To explore the influence of various concentrations of C2H5ONa on PAASE pretreatment, 0%, 0.50%, 

1.00%, 1.50%, 2.00% and 2.50% C2H5ONa were used. The results were displayed in Figure 1. (A3) 

and (B3). With the increase of C2H5ONa concentration from 0% to 0.50%, the solid recoveries 

significantly decreased from 59.49% to 55.42%.The contents of cellulose were gradually increased 

with a range of 57.19% to 62.11% when the C2H5ONa concentration increased from 0% to 2.50%. 

Compared with raw SCB, the contents of hemicellulose of pretreated SCB were decreased 

significantly, but there was no difference among pretreated groups with a range of 21.62% to 22.56%, 

and the lowest content (2.81%) was gained when samples were pretreated at 2.00% C2H5ONa. 

It could be seen from Figure 1. (B3) that the SC and SY rose significantly with the increase of 

C2H5ONa concentration, but there was no difference between 2.00% and 2.50%. Whilst the samples 

were pretreated at 2.00% C2H5ONa, the SC of 17.25 g/L and the SY of 0.4646 g/g were obtained, 

respectively, which were the highest among all pretreated SCBs, so the concentration of C2H5ONa 

should be kept at 2.00%. 

To evaluate the effects of the concentration of PEG 10000 during PAASE pretreatment, the raw 

materials were pretreated under same condition, and only the concentration of PEG 10000 was 

changed. From Figure 1. (A4), the solid recovery and the content of cellulose and hemicellulose were 

changed significantly, in comparison to the control group. The contents of cellulose were increased 

(59.34% to 61.26%) after PAASE pretreatment, and there was no significant change with increasing 



International Core Journal of Engineering Volume 7 Issue 9, 2021 

ISSN: 2414-1895 DOI: 10.6919/ICJE.202109_7(9).0022 

 

140 

concentrations of PEG 10000. The chemical compositions of pretreated SCBs were stable as follow: 

the solid recovery of 54.07% to 54.27%, and the hemicellulose of 21.02% to 22.18%. For the content 

of lignin, it decreased from 25.22% to 5.17% when pretreated at 5.00% PEG 10000, and none of them 

had distinct difference between 3.00% and 7.00%. 

As illustrated in Figure 1. (B4), the effect of the enzymatic hydrolysis grew as the concentration 

increased. The highest SC (17.34 g/L) and SY (0.4678 g/g) were obtained at 5.00% of PEG 10000, 

respectively, followed by 16.65 g/L and 0.4514 g/g at 7.00% PEG 10000. Considering the SC and 

SY, 5.00% PEG 10000 was selected for the subsequent optimization experiment. 

 

 

Figure 1. Effects of different pretreatment temperatures on SCBs compositions (A1-A4) and 

enzymatic hydrolysis (B1-B4). 
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3.2 Optimization of PAASE pretreatment by RSM 

In order to obtain the higher SC and SY at suitable conditions, the BBD model was used to optimize 

the PAASE pretreatment. The three levels of the four factors were shown in Table 2, the Y1 and Y2 

were the anticipated responses of SC and SY, respectively. A series of experiments (Table 3) were 

conducted, and the data were used to set up two formulas as follow:  

Y1 = +17.19 + 0.13A + 0.40B + 0.48C - 0.17D - 0.62AB + 0.33AC + 0.12AD + 0.68BC 

- 0.10BD – 0.038CD - 0.29A2 - 0.83B2 - 0.73C2 – 0.13D2                (1) 

Y2 = + 0.47 – 4.358 × 10-3A – 5.65 × 10-3B + 1.392 × 10-3C – 3.05 × 10-3D – 0.02AB 

+ 9.325 × 10-3AC + 2.25 × 10-3AD + 0.016BC+ 6.5 × 10-4BD 

- 5.1 × 10-3CD –0.015A2 –0.02B2 – 0.021C2 – 0.01D2                 (2) 

 

Table 2. Box-Behnken design (BBD) of PAASE pretreatment 

Variable Symbol 
Coding level 

-1 0 1 

Temperature, ℃ A 200 220 240 

Time, h B 1.00 1.50 2.00 

C2H5ONa concentration (%) C 1.50 2.00 2.50 

PEG 10000 concentration (%) D 3.00 5.00 7.00 

 

Table 3. Experimental design and the results of the Box-Behnken design 

Entry 

Pretreatment conditions 
Experimental 

value 
Predicted value 

Temperature 

(A, ℃) 

Time (B, 

h) 

C2H5Ona (C, 

w/w) 

PEG 10000 (D, 

w/w) 

SC 

(g/L) 

SY 

(g/g) 

SC 

(g/L) 

SY 

(g/g) 

1 200 1.00 2.00 5.00 15.10 0.43 14.92 0.43 

2 200 2.00 2.00 5.00 16.37 0.44 16.95 0.45 

3 240 1.00 2.00 5.00 16.74 0.47 16.41 0.46 

4 240 2.00 2.00 5.00 15.54 0.40 15.97 0.41 

5 220 1.50 1.50 3.00 15.52 0.43 15.80 0.44 

6 220 1.50 2.50 3.00 16.68 0.45 16.83 0.45 

7 220 1.50 1.50 7.00 15.44 0.44 15.54 0.44 

8 220 1.50 2.50 7.00 16.45 0.44 16.42 0.43 

9 220 1.00 2.00 3.00 15.21 0.44 15.72 0.45 

10 220 2.00 2.00 3.00 17.07 0.44 16.72 0.44 

11 220 1.00 2.00 7.00 15.51 0.44 15.59 0.44 

12 220 2.00 2.00 7.00 16.96 0.45 16.18 0.43 

13 200 1.50 1.50 5.00 15.80 0.44 15.88 0.45 

14 240 1.50 1.50 5.00 15.40 0.42 15.47 0.42 

15 200 1.50 2.50 5.00 16.53 0.44 16.18 0.43 

16 240 1.50 2.50 5.00 17.46 0.45 17.10 0.44 

17 220 1.00 1.50 5.00 15.74 0.46 15.42 0.45 

18 220 2.00 1.50 5.00 15.07 0.41 14.85 0.41 

19 220 1.00 2.50 5.00 14.78 0.41 15.02 0.42 

20 220 2.00 2.50 5.00 16.84 0.43 17.18 0.44 

21 200 1.50 2.00 3.00 17.12 0.47 16.75 0.46 

22 240 1.50 2.00 3.00 16.97 0.45 16.76 0.44 

23 200 1.50 2.00 7.00 15.94 0.44 16.17 0.44 

24 240 1.50 2.00 7.00 16.27 0.42 16.67 0.44 

25 220 1.50 2.00 5.00 16.70 0.46 17.19 0.47 

26 220 1.50 2.00 5.00 17.18 0.47 17.19 0.47 

27 220 1.50 2.00 5.00 17.47 0.48 17.19 0.47 

28 220 1.50 2.00 5.00 17.50 0.48 17.19 0.47 

29 220 1.50 2.00 5.00 17.09 0.47 17.19 0.47 
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The ANOVA (p < 0.05) and lack of fit analysis (p > 0.05) for responses were presented in Table 4 

and Table 5, and the outcomes suggested that the models were significant. Generally, the larger the 

coefficient is, the more significant the influence of the corresponding factors on the respective 

response values is [26]. As shown in Eq. (1), the time had the largest effect on the SC, followed by 

the C2H5ONa concentration, PEG 10000 concentration and temperature. For Eq. (2), time and 

temperature have the utmost influence on the SY.  

 

Table 4. The ANOVA of the RSM quadratic model for the SC of SCBs pretreated by PAASE 

pretreatment 

Source Sum of squares Df Mean square F-value p-value (Prob > F)  

Model 15.90 14 1.14 5.01 0.0024 Significant 

A 0.19 1 0.19 0.85 0.3725  

B 1.90 1 1.90 8.36 0.0118  
C 2.77 1 2.77 12.23 0.0036  

D 0.33 1 0.33 1.47 0.2455  

AB 1.53 1 1.53 6.72 0.0213  
AC 0.44 1 0.44 1.95 0.1844  

AD 0.06 1 0.06 0.25 0.6222  

BC 1.86 1 1.86 8.21 0.0124  
BD 0.04 1 0.04 0.19 0.6734  

CD 5.63 × 10-3 1 5.63 × 10-3 0.03 0.8771  

A2 0.56 1 0.56 2.46 0.1387  

B2 4.49 1 4.49 19.81 0.0005  
C2 3.50 1 3.50 15.44 0.0015  

D2 0.61 1 0.61 2.68 0.1239  

Residual 3.18 14 0.23    
Lack of fit 2.75 10 0.28 2.59 0.1860 Not significant 

Pure error 0.42 4 0.11    

Cor total 19.08 28     

 

Table 5. The ANOVA of the RSM quadratic model for the SY of SCBs pretreated by PAASE 

pretreatment 

Source Sum of squares Df Mean square F-value p-value (Prob > F)  

Model 9.00 × 10-3 14 6.43 × 10-4 3.19 0.0188 Significant 

A 2.28 × 10-4 1 2.28 × 10-4 1.13 0.3053  
B 3.83 × 10-4 1 3.83 × 10-4 1.90 0.1894  

C 2.32 × 10-5 1 2.32 × 10-5 0.12 0.7390  

D 1.12 × 10-4 1 1.12 × 10-4 0.55 0.4688  
AB 1.56 × 10-3 1 1.56 × 10-3 7.75 0.0146  

AC 3.48 × 10-4 1 3.48 × 10-4 1.73 0.2098  

AD 2.03 × 10-5 1 2.03 × 10-5 0.10 0.7558  

BC 1.07 × 10-3 1 1.07 × 10-3 5.31 0.0370  
BD 1.69 × 10-6 1 1.69 × 10-6 8.40 × 10-3 0.9283  

CD 1.04 × 10-4 1 1.04 × 10-4 0.52 0.4840  

A2 1.40 × 10-3 1 1.40 × 10-3 6.96 0.0195  
B2 2.62 × 10-3 1 2.62 × 10-3 13.03 0.0028  

C2 2.90 × 10-3 1 2.90 × 10-3 14.41 0.0020  

D2 6.89 × 10-4 1 6.89 × 10-4 3.42 0.0855  
Residual 2.82 × 10-3 14 2.02 × 10-4    

Lack of fit 2.63 × 10-3 10 2.63 × 10-4 5.48 0.0578 Not significant 

Pure error 1.92 × 10-4 4 4.79 × 10-5    

Cor total 0.012 28     
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Based on the Eq. (1) and Eq. (2), the responses of the SC and SY of PAASE pretreatment were 

exhibited in Figure 2. (A) and (B). As predicted, the SCBs pretreated under Process 1 (4.16% PEG 

10000, 25.00% aqueous ammonia, 2.28% C2H5ONa at 217.60℃ for 1.77 h) could obtain the highest 

SC, while the SCBs pretreated with Process 2 (4.68% PEG 10000, 25.00% aqueous ammonia, 2.00% 

C2H5ONa at 218.07℃ for 1.45 h) could get the highest SY. To verify the reliability of the predicted 

values of the models, SCBs were pretreated under actual conditions of Optimized 1 (4.16%, PEG 

10000, 25.00% aqueous ammonia, 2.28% C2H5ONa at 218℃ for 1.77 h) and Optimized 2 (4.68% 

PEG 10000, 25.00% aqueous ammonia, 2.00% C2H5ONa at 218℃ for 1.45 h), followed by enzymatic 

hydrolysis. As shown in Table 6, there was no significance difference among the actual and predicted 

values of two models, and the SC and SY after optimization were 17.29 g/L and 0.4719 g/g, 

respectively. The composition and enzymatic hydrolysis of the initial and optimized SCBs were 

similarity, but the conditions of optimal pretreatment were milder. Compared with the initial 

pretreatment conditions, Optimized 1 could decrease the temperature (218℃) and the concentration 

of PEG 10000 (4.16%) to some extent. In addition, Optimized 2 can proceed with lower PEG 10000 

concentration (4.68%) at lower temperature (218℃) for less time (1.45h). These results indicated that, 

after optimized by RSM, PAASE pretreatment in this study can still maintain a high content of 

cellulose to obtain higher SC and SY while removing most of lignin. 

 

 

Figure 2. Contour pot of pretreatment time and C2H5ONa concentration on sugar concentration (A) 

and sugar yield (B) 

 

Table 6. Chemical composition and enzymatic hydrolysis analysis of samples before and after 

pretreatment optimization 

Groups 
PEG 10000 

(%) 
Solid recovery 

(%) 

Composition analysis Enzymatic hydrolysis analysis 

Cellulose 
(%) 

Hemicellulose 
(%) 

Lignin (%) SC (g/L) SY (g/g) 

1 Untreated 100 
40.33 ± 1.07 

B 
24.86 ± 1.53 A 

25.22 ± 0.51 
A 

1.50 ± 0.01 
B 

0.0753 ± 
0.0005 B 

2 Initial 54.07 ± 0.15 B 
61.26 ± 0.89 

A 
22.18 ± 0.51 C 

5.17 ± 0.22 

B 

17.34 ± 

0.47 A 

0.4678 ± 

0.0127 A 
3 Predicted 1 ‐ ‐ ‐ ‐ 17.46 ‐ 
4 Predicted 2 ‐ ‐ ‐ ‐ ‐ 0.4711 

5 Optimized 1 54.38 ± 0.16 B 
60.71 ± 0.50 

A 
23.15 ± 0.84 AB 

6.04 ± 0.96 
B 

17.29 ± 
0.50 A 

0.4691 ± 
0.0135 A 

6 Optimized 2 56.81 ± 0.18 A 
60.96 ± 1.58 

A 
23.74 ± 0.27 AB 

6.25 ± 0.55 
B 

16.57 ± 
0.01 A 

0.4719 ± 
0.0003 A 

Note: the data followed by different capital letters which symbolized significant differences. 

Predicted 1 and Predicted 2: the predicted pretreatment condition for higher SC and SY, respectively. 

Optimized 1 and Optimized 2: the optimal pretreatment condition for higher SC and SY, respectively. 
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3.3 Characterization of untreated and selected SCBs 

FE-SEM, XRD and FT-IR analysis were applied to investigate the structure and properties of SCBs 

before and after PAASE pretreatment. S1 and S2 represented SCBs pretreated under Optimized 1 and 

Optimized 2 conditions, respectively. 

FE-SEM images of samples were shown in Figure 3, and the untreated SCB (A) was relatively smooth 

and compact, implying a rigid and high ordered surface structure with a small amount of mechanically 

damaged cellulose flakes and dust particles attached, which was consistent with previous study [27], 

whereas pretreated samples showed an uneven surface topography, rose to fragmentary structures 

with some tracks and became looser. Some anomalous porous on the surface of pretreated SCB were 

observed. These indicated that the PAASE pretreatment could seriously disintegrate the rigid fiber 

bundles into small irregular fragments, and create a rougher surface, more cracks and voids. The 

exposed structure allowed for a greater accessibility to enzyme, and made the lignocellulosic biomass 

easier to hydrolyze [17]. 

 

 

Figure 3. FE-SEM of the (A) untreated, (B, C) optimized pretreated SCB (S1, S2) 

 

The crystallinity of cellulose was considered as the most important factor for sugar production [28]. 

As shown in Figure 4, the key cellulose peaks were found in all samples at 2θ = 16°and 22°, indicating 

that the crystal type of cellulose did not change [29]. The CrI of untreated SCB was 40.23%, however, 

the CrI of S1 and S2 increased to 48.57% and 47.67%, which were 20.73% and 18.49% higher than 

that of raw bagasse, respectively. This may be due to the removal of lignin and hemicellulose after 

pretreatment, as well as the partial dissolution of amorphous β-1,4-glucan, rather than the change of 

crystal type [17]. 

 

Figure 4. XRD patterns of the (A) untreated, (B, C) optimized pretreated SCB (S1, S2) 

 

FT-IR analysis was considered to explore the alteration of SCB pretreated by PAASE pretreatments. 

Numbers of characteristic peaks were used to analyze the chemical changes that occurred in 
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carbohydrates and lignin. The spectra of control and treated material were presented in Figure 5. 

Compared with untreated bagasse, the related characteristic peaks of pretreated SCB changed 

significantly. The wave numbers associated with cellulose and hemicellulose were 2920 cm-1, 1425 

cm-1, 1382 cm-1, 1049 cm-1 and 894 cm-1, which represented the stretching vibration of C-H, the 

bending vibration of CH2, the bending vibration of C-H, the stretching vibration of C-O, C-C and C-

O-C, and the vibration of β- (1,4) glycosidic bond, respectively [31]. The above wave numbers of S1 

and S2 were enhanced to varying degrees, indicating that the contents of cellulose may increase after 

PAASE pretreatment. The wave numbers associated with lignin were 1737 cm-1, 1602 cm-1, 1509 cm-

1, 1249 cm-1 and 831 cm-1, of which 1737 cm-1 represented the uronic acid bond vibration formed by 

the carboxyl group of hemicellulose and the phenolic hydroxyl group of lignin, and 1602 cm-1 and 

1509 cm-1 were derived from the vibration of the aromatic framework structure of lignin, moreover, 

1249 cm-1 and 831 cm-1 were ascribed to the vibration of β-ester bond between lignin and 

carbohydrate and the vibration of syringe group in lignin structure, respectively [31]. The wave 

numbers associated with lignin in S1 and S2 were weakened or disappeared after pretreatment, 

indicating that most lignin could be removed by PAASE pretreatment. FT-IR spectra was consistent 

with the results of the S1 and S2 composition analysis in Table 6 and XRD analysis. 

 

Figure 5. FT-IR spectra of the (A) untreated, (B, C) optimized pretreated SCB (S1, S2) 

 

4. Conclusions 

PAASE pretreatment was a useful way to reduce the content of lignin and improve enzymatic 

hydrolysis performance of lignocellulose. The highest SC (17.29 g/L) and SY (0.4719 g/g) were 

acquired under Optimized1 (4.16% PEG 10000, 25.00% aqueous ammonia, 2.28% C2H5ONa at 218℃ 

for 1.77 h) and Optimized 2 (4.68% PEG 10000, 25.00% aqueous ammonia, 2.00% C2H5ONa at 218℃ 

for 1.45 h), respectively. FE-SEM, XRD and FT-IR analysis clearly confirmed the modification in 

the structure and chemical composition of SCBs after PAASE pretreatment. 
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