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 12 

Abstract: This research was investigated to enhance the efficiency of enzymatic hydrolysis on 13 

wheat straw via freeze-thawing pretreatment, and to find the physicochemical structural 14 

changes after this pretreatment. Results show that, this pretreatment enhances the enzymatic 15 

hydrolysis efficiency of cellulose and hemicellulose, and hemicellulose is more susceptible to 16 

this pretreatment. The highest enzymatic hydrolysis efficiency of cellulose and hemicellulose 17 

was 57.06% and 70.66% occurred on -80℃, 24 h and -10℃, 24 h pretreated samples, with an 18 

improvement of 2.23 and 3.13 folds of control. SEM images exhibited that transverse cracks 19 

appeared before longitudinal cracks as pretreated conditions aggravated, and holes can be found 20 

on every sample after this pretreatment. FTIR and XRD analysis implied that freeze-thawing 21 

pretreatment had effect both on the crystalline and amorphous regions, and disrupted the 22 

hydrogen bonds among them. This study provided a physical pretreatment method to improve 23 

the efficiency of enzymatic hydrolysis on wheat straw. 24 
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 27 

Graphical abstract Freeze-thawing pretreatment enhances the enzymatic hydrolysis 28 

efficiency of cellulose and hemicellulose. 29 

1. Introduction 30 

Lignocellulosic biomass is an organic material with great potential for renewable energy 31 

production by energy conversion (Koupaie et al. 2019). This biomass can be divided into four 32 

kinds：agricultural wastes, grasses, hardwood, and softwood (Manisha and Yadav 2017). 33 

Agricultural wastes are one of the most widely used lignocellulosic biomass for energy 34 

conversion according to former studies and mainly contains wheat straw, barley straw, rice 35 

straw, and corn stalks (Jyoti et al. 2019). Three main organic components which are cellulose, 36 

hemicellulose and lignin,  37 

still little amounts of minerals, and various extractives and ash consist of lignocellulosic 38 

biomass (Li et al. 2019c). Cellulose and hemicellulose are polysaccharide polymers, typically 39 

make up two-thirds of lignocellulosic biomass (Smichi et al. 2014). Hence they can be used as 40 

a substrate to be hydrolyzed by enzymatic treatment to simple sugars then utilized for 41 

downstream production (Li et al. 2018). Cellulose molecules linked to each other by hydrogen 42 

bonds with different orientations resulting in two different structural forms (Kumari and Singh 43 

2018). In amorphous structure, the hydrogen bonds arranged disordered. While the hydrogen 44 

bonds packed density highly leading to a crystalline structure which has a high level of 45 

crystallinity (Zhao et al. 2017). The crystallinity usually considered as a vital parameter in the 46 



biodegradation of cellulose, and a higher crystallinity level usually makes it harder to be 47 

biodegraded (Sawatdeenarunat et al. 2016). Unlike cellulose, hemicellulose is a heterogeneous 48 

polymer contains various polysaccharide (Chen et al. 2017). The monomers of this 49 

polysaccharide include hexose (glucose, galactose, and mannose), pentose (xylose and 50 

arabinose), deoxyhexose, and some sugar acids (Zheng et al. 2014). Hemicellulose has branches 51 

that form strongly with cellulose by hydrogen bonds and lignin by covalent bonds, increasing 52 

the difficulties in biodegradation of lignocellulosic biomass (Zhang et al. 2020b). Lignin is a 53 

non-polysaccharide component in lignocellulose, which acts as a physical barrier covered on 54 

cellulose and hemicellulose (Yang and Pan 2016). In enzymatic hydrolysis of lignocellulosic 55 

biomass, lignin also causes nonspecific adsorption of cellulose enzymes, which leads to the low 56 

efficiency of enzymatic hydrolysis (Koupaie et al. 2019). 57 

The complexity of these components creates resistance to biological degradation and 58 

significantly reduces its accessibility to cellulose degrading enzymes (Zhang et al. 2020a). 59 

Hence, a pretreatment step is essential to enhance the efficiency of enzymatic hydrolysis by 60 

mechanical, physicochemical, chemical or biological pretreatment method (Wang et al. 2019). 61 

These methods aim to increase the accessibility of cellulose by destroying the complete 62 

structure of biomass, breaking the physical barriers of lignin, and reducing the proportion of 63 

crystalline area of cellulose (Kainthola et al. 2019).  64 

Freeze-thawing pretreatment is an efficient mechanical method leading to the disruption of 65 

biomass (Liu et al. 2020), thus an increase in cellulose accessibility. Water converts into ice 66 

front which acts as a cutting tool causing the damage of biomass structure. Furthermore, the 67 

expanding of water increases the specifical surface areas and pore size of biomass, which 68 

enhances the ruin (Wang et al. 2001). Rempel et al. (2018) use freeze-thawing, ultrasound, 69 

gelatinization and autoclaving as a physical method of achieving cell wall disruption and 70 

releasing intracellular polysaccharides of Spirulina biomass. After cell rupture, enzymatic 71 

saccharification was conducted to evaluate which method is more effective in releasing 72 

carbohydrates. The scholar pointed that freeze-thawing is the best condition of cell rupture of 73 

Spirulina biomass. Qi et al. (2020) obtained the total reducing sugar (TRS) yields from peanut 74 

shell powers with temperature pretreatment from -80 to 100°C. The scholar observed that, the 75 

TRS yield increased nearly twice of that at raw peanut shell powers after heat pretreatment, and 76 



1.7 folds after freeze-thawing pretreatment. Although the enhancement seems similar by these 77 

two methods, the author emphasized that, at higher heating temperature, the oligomeric and 78 

monomeric sugars from peanut shell powers were further degraded into inhibitors, such as 79 

furfural, that reduced the recovery of hemicellulose. Further separation is required, which 80 

increases investment (Wang et al. 2018). However, freeze-thawing pretreatment contains a 81 

freezing process of interlayer water and crystal water in peanut shell powers, in which furfural 82 

will not be produced. 83 

Though, freeze-thawing pretreatment is confirmed that it can be performed on several kinds 84 

of biomass such as waste activated sludge, food waste and microalgal biomass for energy 85 

production (Gruber-Brunhumer et al. 2016; Karthikeyan et al. 2018; Liu et al. 2020). And has 86 

advantages of no chemical additives, no inhibition generation and no pollution. The application 87 

of this method on low water content lignocellulosic biomass is still small, the effect on them to 88 

energy production is less known, and mechanism of it still needs to be further studied.  89 

The present study was designed to investigate the influence of freeze-thawing pretreatment 90 

on wheat straw (WS). Examining the reducing sugar yields after enzymatic hydrolysis to 91 

evaluate the efficiency of this method. To further explore the interaction between reducing 92 

sugar releasing and the structure change, several characteristic techniques were analyzed. These 93 

techniques include SEM, FTIR and XRD, assisting us in revealing surface morphology and 94 

inner ultrastructure change corresponding to this mechanical pretreatment. 95 

2. Materials and Methods 96 

2.1. Raw biomass 97 

Wheat straw was harvested in Northwest A&F University, air dried, milled and sieved to 20 98 

mesh. After then wheat straw was dried at 55°C until constant weight and stored in sealed bags 99 

for later use. The total solid (TS), volatile solid (VS) of untreated wheat straw in this study was 100 

96.43 ± 0.17% and 87.64 ± 0.21%. And the untreated wheat straw consists of 31.66 ± 0.76% 101 

cellulose, 26.44 ± 1.69% hemicellulose and 20.91 ± 0.17% klason lignin. 102 

Commercial cellulase was purchased from Shanghai Yuanye Bio-Technology Co., Ltd, β-103 

glucosidase was purchased from Sigma-Aldrich (Shanghai, China). One unit of filter paper 104 

activity of cellulase was determined as the amount of enzyme assumed 50 mg filter paper and 105 



produced 2.0 mg reducing sugar in 1 hour, measured according to the standard established by 106 

the National Renewable Energy Laboratory (Adney and Baker 1996).  107 

2.2. Pretreatment of wheat straw 108 

Wheat straw used in this study suffered different freezing time and freezing temperature 109 

pretreatment. After being soaked at room temperature for 8 hours with solid to liquid ratio of 110 

1:8 w/w (VS), samples were put into different refrigerators of -10°C, -20°C, -40°C and -80°C, 111 

and frozen for 12 h, 24 h, 48 h and 96 h, respectively. Every sample was thawed at room 112 

temperature for 8 hours after taken out, then filtered by a suction flask, dried then kept in sealed 113 

bags for enzymatic hydrolysis.  114 

2.3. Enzymatic hydrolysis 115 

Enzymatic hydrolysis was conducted in 125 mL conical flasks with solid loading of 2% (w/v). 116 

Commercial cellulase and β-glucosidase were added into each flask with 20 FPU/g substrate 117 

and 40 CBU/g substrate, respectively. Hydrolysis was carried out with 0.05 M sodium citrate 118 

buffer (pH 4.8) at 50°C for 72 h，with a rotator of 150 rpm/min. To prevent the growth of 119 

organisms, 200 mg/L sodium azide was added to samples. Wheat straw without any 120 

pretreatment was conducted as control. All experiments were performed in triplicate.  121 

2.4. Detection of reducing sugars 122 

Reducing sugar was detected by high-performance anion exchange chromatography 123 

(HPAEC) (Dionex, ICS-5000) equipped with a CarboPac PA-10 analytical column.  Mobile 124 

phase is 200 mM and 18 mM NaOH at 1.0 mL/min with column temperature of 30°C and 125 

detection cell temperature of 25°C. The enzymatic hydrolysis efficiency of cellulose and 126 

hemicellulose were calculated by Eqs. (1) and (2) (Li et al. 2019a): 127 

Enzymatic hydrolysis efficiency of cellulose (%) 128 

=
𝑐𝑔𝑙𝑢𝑐𝑜𝑠𝑒 × 0.9𝑐𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 × 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  × 100                            (1) 129 

Enzymatic hydrolysis efficiency of hemicellulose (%) 130 



= 
𝑐𝑥𝑦𝑙𝑜𝑠𝑒 ×0.88𝑐𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 × ℎ𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒  𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  × 100                        (2)  131 

where 𝑐substrate  is the substrate loading, g/L, 𝑐𝑥𝑦𝑙𝑜𝑠𝑒  and 𝑐𝑔𝑙𝑢𝑐𝑜𝑠𝑒  are the xylose and 132 

glucose content in hydrolysate, g/L. 133 

2.5. Lignocellulose composition analysis  134 

The lignocellulose composition of wheat straw was measured by fiber analyzer A200i 135 

(ANKOM Co., US). Acid detergent fiber (ADF), neutral detergent fiber (NDF), residue after 136 

72% H2SO4 treatment, and acid detergent lignin (ADL) were determined to calculate the 137 

contents of cellulose, hemicellulose and lignin. Calculation equations as follow: 138 

Hemicellulose (%) = NDF%−ADF%                                   (3) 139 

Lignin (%) = ADL%                                                (4) 140 

Cellulose (%) = ADF%−Residue after 72% H2SO4                        (5) 141 

2.6. X-ray diffraction (XRD) 142 

X-ray diffraction was performed to measure crystallinity index using a Bruker D8-143 

ADVANCE XRD instrument (Bruker AXS Inc. Karlsruhe, Germany) with nickel filtered Cu-144 

kα (wavelength 1.5418 Å radiation) at 40 kV and 40 mA. The diffractograms were collected 145 

from 4° to 45° with incremental steps of 0.02. The crystallinity index was calculated as follows 146 

(Segal et al. 1959): 147 

Crystallinity index (CrI)= 
𝐼002 − 𝐼𝑎𝑚 𝐼002  × 100%                              (6) 148 

where 𝐼002 is the diffraction intensity of the crystalline regions, 2θ =22.5° and 𝐼𝑎𝑚 is the 149 

diffraction intensity of amorphous regions, 2θ =18.5°. 150 

2.7. Fourier transform infrared spectroscopy (FTIR) 151 

FTIR spectroscopy analysis was analyzed using a Vertex 70 (Bruker AXS Inc. Karlsruhe, 152 

Germany). Samples were mixed with KBr of 1:100, and pressed to disks at 25 Mpa. Spectra 153 



was detected from 4000 to 400 cm-1 at 32 scans. The background spectrum of pure KBr was 154 

subtracted from the sample spectrum. 155 

2.8. Scanning electron microscopy (SEM) 156 

Morphology analysis of samples was observed by Model S-3400N scanning electron 157 

microscope (Hitachi, Japan). 158 

2.9. Statistical analysis 159 

  Statistical analysis of the data and graphing were finished by Origin Pro 9.1 (Origin Lab, 160 

USA). The experimental data were analyzed by analysis of variance (ANOVA) for Fisher’s 161 

least significant difference (LSD) analysis (p < 0.05).  162 

3. Results 163 

3.1. Chemical composition 164 

The composition of wheat straw (WS) was measured to find the chemical changes after 165 

freeze-thawing (FT) pretreatment. Untreated wheat straw consists of 31.66 ± 0.76% cellulose, 166 

26.44 ± 1.69% hemicellulose and 20.91 ± 0.17% klason lignin. As shown in Table 1, both 167 

pretreated factors of freezing time and freezing temperature have no significant influence on 168 

the decomposition of WS (p < 0.05). Cellulose has improved most among the three composition, 169 

and the highest content of it occurs on -80℃, 24 h pretreated WS, which is 33.49 ± 1.7%. Lignin 170 

is the most stable composition without any change after pretreatment (p < 0.05). The stubborn 171 

barrier of it is one of the reasons that hydrolysis is inefficient and pretreatment is necessary to 172 

open the tight structure. The content of hemicellulose has a slight decrease at the 96-h pretreated 173 

group, while this mere decline can be ignored (p < 0.05). The tiny change in composition 174 

suggests that FT has no effect on the degradation of chemical components. This result confirms 175 

that FT is a physical pretreatment method and has a similar effect on biomass as other physical 176 

methods do like milling (Jiang et al. 2017). Li et al. (2019b) tested three main components 177 

every seven day on natural freeze-thawing pretreated corn straw, and got that they are basically 178 

constants during 28-d pretreated period. 179 



Table 1.  180 

The composition of wheat straw 181 

Pretreatment Condition Cellulose % Hemicellulose % Lignin % 

untreated 31.66 ± 0.76 26.44 ± 1.69 20.91 ± 0.17 

-10℃, 12 h 32.34 ± 0.29 27.40 ± 0.90 20.60 ± 0.97 

-10℃, 24 h 32.66 ± 1.35 27.24 ± 0.59 20.56 ± 1.85 

-10℃, 48 h 33.06 ± 3.04 27.34 ± 0.42 20.50 ± 2.28 

-10℃, 96 h 32.33 ± 0.71 26.90 ± 0.67 20.46 ± 0.24 

-20℃, 12 h 32.38 ± 1.08 27.13 ± 1.00 20.56 ± 0.90 

-20℃, 24 h 32.36 ± 1.82 27.65 ± 0.28 20.58 ± 1.26 

-20℃, 48 h 32.51 ± 1.71 27.19 ± 1.31 20.58 ± 1.91 

-20℃, 96 h 32.31 ± 1.32 26.92 ± 0.77 20.31 ± 0.92 

-40℃, 12 h 32.27 ± 3.57 27.70 ± 2.08 20.67 ± 0.80 

-40℃, 24 h 33.05 ± 1.58 27.62 ± 0.49 20.57 ± 1.52 

-40℃, 48 h 32.70 ± 1.55 27.01 ± 2.46 20.62 ± 2.73 

-40℃, 96 h 32.53 ± 0.18 26.81 ± 0.59 20.84 ± 0.48 

-80℃, 12 h 33.23 ± 2.98 27.17 ± 1.52 20.57 ± 1.82 

-80℃, 24 h 33.49 ± 1.70 27.66 ± 1.44 20.56 ± 1.09 

-80℃, 48 h 32.94 ± 2.18 27.56 ± 1.86 20.76 ± 1.32 

-80℃, 96 h 32.82 ± 0.56 26.84 ± 1.03 20.53 ± 1.14 

Note.  All data in the table represent mean value ± SD based on three replicates. 182 

3.2. Enzymatic hydrolysis 183 

Detect reducing sugar releasing, mainly glucose and xylose to evaluate the efficiency of 184 

enzymatic hydrolysis. These two reducing sugars are the typical component of cellulose and 185 

hemicellulose, which is the indicators for the enzymatic hydrolysis efficiency of cellulose and 186 

hemicellulose, respectively. It is obvious that the efficiency of both cellulose and hemicellulose 187 

is largely improved after FT as shown in Figure 1. This finding is similar with former study on 188 

FT pretreated peanut shell (Qi et al. 2020). The enzymatic hydrolysis efficiency of cellulose on 189 

untreated WS is 25.63% after 72 h enzymatic hydrolysis. As the freezing temperature drops, 190 

the enzymatic hydrolysis efficiency of cellulose on WS improves steadily in the same freezing 191 

time pretreated group. In 24 h pretreated group, the enzymatic hydrolysis efficiency of cellulose 192 

is 42.99%, 44.77%, 50.33% and 57.06% for -10℃, -20℃, -40℃ and -80℃ pretreated WS, 193 

respectively, with the improvement of 67.73%, 74.68%, 96.37% and 122.63% comparing with 194 

untreated WS. This group shows the largest enhancement among four experimental groups of 195 

different freezing time. While in the group of same freezing temperature pretreated sample, the 196 

enzymatic hydrolysis efficiency of cellulose shows an up and down trend as the function of 197 



freezing time. Take -80℃ pretreated group for example, the enzymatic hydrolysis efficiency of 198 

cellulose in this group is 50.42%, 57.06%, 55.03% and 53.54% for 12 h, 24 h, 48 h and 96 h, 199 

respectively. This freezing temperature also shows great progress among four experimental 200 

groups, with an improvement of 96.72%, 122.63%, 114.71% and 108.90%. It can be found that 201 

the largest improvement in the enzymatic hydrolysis efficiency of cellulose was on -80℃, 24 202 

h pretreated WS, nearly 2.23 folds of untreated WS.  203 

Under the same experimental condition of freezing temperature, the enzymatic hydrolysis 204 

efficiency of hemicellulose exhibits the similar trend as cellulose, which is up and down as the 205 

function of freezing time while still higher than untreated WS. Considering the slight decline 206 

in the enzymatic hydrolysis efficiency of cellulose and hemicellulose at severity stage, the 207 

possible reason is that, the damage in freezing stage causes soluble organics releasing in the 208 

liquid phase and washed away in thawing stage (Liu et al. 2020). 209 

 210 

Fig. 1. Enzymatic hydrolysis efficiency of wheat straw under different conditions. 211 

Though, the influence on the increase of efficiency and the variation trend of rise then descent 212 

is similar, there exists some differences. Firstly, the maximum improvement on the enzymatic 213 

hydrolysis efficiency of cellulose has been increased by 2.23 times, and that of hemicellulose 214 

is 3.13 times. It suggests that, FT pretreatment has more influence on hemicellulose than 215 



cellulose. Secondly, the highest improvement on cellulose was obtained under -80℃, 24 h 216 

condition, compared with the highest improvement obtained from hemicellulose under -10℃, 217 

24 h condition. Besides, the improvements in the enzymatic hydrolysis efficiency of cellulose 218 

are all lower than hemicellulose under the same circumstance except -80℃, 96 h condition. 219 

This implies that, hemicellulose is much easier to be degraded than cellulose. Finally, though 220 

both of the variation trends climb and fall, the change range on the enzymatic hydrolysis 221 

efficiency of hemicellulose is obviously boarder than that of cellulose. The maximum 222 

amplitude on the enzymatic hydrolysis efficiency of cellulose ranging from 36.65% - 45.12% 223 

in -10℃ pretreatment group, with the highest improvement of 23.11%. In comparison, the 224 

maximum amplitude on the enzymatic hydrolysis efficiency of hemicellulose ranging from 225 

39.62% - 70.66% in -10℃ pretreatment group，with the highest improvement of 78.34%. It 226 

seems that, hemicellulose is more sensitive than cellulose to the effect of freeze-thawing 227 

pretreatment, and easier to be degraded. This finding is corresponding to what happened on rice 228 

hull after extrusion treatment obtained by Zhang et al. (2020b). Hemicellulose is known as a 229 

kind of polysaccharide with a lower degree of polymerization and amorphous structure, hence 230 

makes hemicellulose relatively vulnerable to be degraded than cellulose (Sawatdeenarunat et 231 

al. 2016).  232 

3.3. Structural characterization 233 

3.3.1. X-ray Diffraction（XRD） 234 

Cellulose contains crystalline and amorphous regions, and the crystal is considered as an 235 

obstacle for enzymatic hydrolysis (Sindhu et al. 2016). All samples exhibit a same shape in 236 

XRD pattern, which means there is no chemical structure change during FT pretreatment (Li et 237 

al. 2019a). Figure 2 shows part of patterns of experimental samples, it seems that, the diffraction 238 

pattern of FT pretreated WS is plainer than untreated WS. Further, crystallinity index (CrI) was 239 

calculated according to Segal method to quantify this change. Higher CrI means more regions 240 

in crystal and is difficult in enzymatic hydrolysis (Ji et al. 2016). The CrI of untreated WS is 241 

64.78%, and the value decreases steadily as FT pretreatment condition aggrieves. This result is 242 

in accordance with (Jiang et al. 2017), who got a drop of CrI on wood cellulose after balling 243 



pretreatment, and the dropping trend is similar with what obtained in this study. Zhao et al. 244 

(2017) also found an obvious decrease in CrI of starch after FT pretreatment.  245 

 246 

Fig. 2. XRD pattern of wheat straw under different conditions. 247 

This phenomenon owing to the ice force caused by FT, which disrupts the crystalline order, 248 

causing the destruction of crystalline regions then the decrease in crystallinity (Zhao et al. 2018). 249 

Under mild conditions, the decline of CrI is not significant for 61.49% on -10℃, 12 h pretreated 250 

WS. As the pretreated condition aggravates, the value of CrI shows an indirect proportion with 251 

pretreated conditions. The lowest CrI occurred on -80℃, 96 h pretreated WS with 51.98%, 252 

which is nearly 13% drop in this index. This finding indicates that FT pretreatment irreversibly 253 

disrupts the crystalline order of cellulose. 254 

3.3.2. Fourier transform infrared (FTIR) 255 

All samples exhibit a same wave spectrum in FTIR, indicating that FT pretreatment is useless 256 

to chemical structure in WS. Typical spectrums were selected and drawn in Figure 3.  257 



 258 

Fig. 3. FTIR spectrum of wheat straw under different conditions. 259 

Several obvious weaknesses of stretching or bending vibration can be found in 3400, 2920, 260 

1730, 1625, 1515 and 1047cm-1. The peak at 3400 cm-1 is responding for -OH stretching 261 

vibration in cellulose. Boarder and weaker absorption range show that FT ruptured 262 

intramolecular hydrogen bonds in cellulose (Li and Renneckar 2011). Hydrogen bonds exiting 263 

both inter and intra is one of the reasons that can cause the ineffectively in enzymatic hydrolysis. 264 

Disturbing part of hydrogen bonds increases the accessibility of substrate thus enhances the 265 

hydrolysis of cellulose (Ji et al. 2016). The peak at 2920 cm-1 relating to the stretching of -CH2 266 

in cellulose, can be found weaker as pretreated condition aggravates. This stretching vibration 267 

of -CH2 is believed to have a relationship with crystal structure in cellulose (Li and Renneckar 268 

2011). It is reported that the peak at 1730 cm-1 was represented to the stretching of C-O ester in 269 

acetyl groups linked to hemicellulose (Li et al. 2019a). An obvious change occurred on peak 270 

1640 cm-1 is associated with absorbed water in the structure of cellulose. According to the 271 

literature, this band is associated with the bending modes of water molecules due to a strong 272 

interaction between cellulose and water (Haafiz et al. 2014). The absorption peak at 1515 cm-1 273 

is bond to the stretching or bending vibration for aromatic rings of lignin, and does not show a 274 

clear change. The absorption peak at 1047 cm-1 representing the stretching vibration of C-O is 275 

the characteristic of crystalline structures in polysaccharide (Zhao et al. 2018). The weaker 276 



vibration especially those related to cellulose shown on spectrum implies that, mechanical force 277 

caused by FT does not change the properties of WS except the hydrogen bonds associated with 278 

the crystal and amorphous structure of experimental samples. Relating what obtained from 279 

XRD above, it can be implied that mechanical damage caused by the formation of ice crystals 280 

is random and occurs in both the crystalline and amorphous regions. 281 

3.3.3. Scanning electron microscopy (SEM) 282 

Figure 4 displays a clear image of all WS. As can be seen from untreated WS, the surface is 283 

smooth, waxy and compact, and the cylindrical bulge of silica particles can also be found layout 284 

densely. After FT pretreatment, all WS shows disrupt to different extents. Under low treated 285 

circumstances, transverse cracks occur on the surface firstly, superficial and distributing along 286 

with the bulge, going deep and becoming board later. Then, longitudinal cracks turn up which 287 

is smaller, shorter yet seems deeper than transverse crack and the intact surface is no longer 288 

visible. As pretreated condition severity, cracks show a distribution of high density, and straw 289 

breaks down into pieces while still layout in order. Meantime, small holes are found on straw, 290 

showing a trend of larger diameter and more intensively as pretreated condition enhanced. 291 

Under the severest pretreated circumstance, the fragments are unordered, and the structure of 292 

WS even could not be identified. After FT pretreatment, all experimental samples have a higher 293 

specific surface area (SSA) due to the holes and the smaller fragments caused by ice crystals. 294 

The disappearance of waxy skin also relieved the barriers for enzyme attaching the substrate. 295 

Above all, FT pretreatment improves SSA resulting in a higher efficiency of reducing sugar. 296 

During freezing phase, water around biomass is frozen to ice, which acts as a cutting tool, 297 

caused cracks and fragments on straw. Besides, as the water is frozen to ice, the volume 298 

becomes larger, the ice in the biomass can burst the structure of biomass and left holes after 299 

thawing [34]. 300 

 301 

 302 
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    308 

Fig. 4. SEM of wheat straw under different conditions. 309 



4. Conclusions 310 

Freeze-thawing pretreatment is an efficient method in increasing enzymatic hydrolysis of 311 

wheat straw. The enzymatic hydrolysis efficiency of cellulose enhances from 25.64 % to 57.06 312 

%, and the enzymatic hydrolysis efficiency of hemicellulose increases from 22.55 % to 70.66 313 

%. The enhancements attributed to the fact that this pretreatment loosens wheat straw compact 314 

structure showing transverse and longitudinal cracks on surface, increases its pores size, 315 

destroys its crystalline regions and hydrogen bonds. This pretreatment can occur naturally in 316 

cold areas without additional energy input. Thus, it can be defined as a green method for 317 

lignocellulose biomass pretreatment of enzymatic hydrolysis. 318 
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