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Abstrast 10 

Adsorption of cellulase on fibers is a key factor in determining its efficiency on fiber 11 

treatment and microfibrillated cellulose (MFC) preparation. Different adsorption behavior, 12 

treatment efficiency and performance of MFC and MFC film were observed due to the 13 

different properties of cellulases. Herein, bleached eucalyptus kraft pulp (BHKP) was 14 

pretreated by complex cellulase (D cellulase) and endocellulase (R cellulase) with different 15 

dosages for MFC preparation. Enzyme activity, adsorption ratio, adsorption kinetics and 16 

adsorption thermodynamic of the two cellulases were comprehensively studied, and the 17 

impacts of the cellulase pretreatment on the properties of MFC and MFC film were 18 

investigated. The results showed that D cellulase possessed higher adsorption ratio than R 19 

cellulase, but R cellulase demonstrated higher adsorption rate than D cellulase. High 20 

temperature discouraged the adsorption of the two cellulases because of their exothermic 21 

natures. The crystallinity index (CrI), specific surface area (SSA) and morphology of MFC 22 

were tuned by the combination of two cellulases at different dosages. The CrI of MFC treated 23 

by D cellulase and R cellulase increased from 40.45% to 66.50% and 66.67% respectively 24 

when the cellulase dosage was 10 U/g. The elongation at break (E) and tensile strength (TS) 25 

of MFC film treated by D cellulase were decreased first and then increased slightly, but the 26 

MFC film treated by R cellulase decreased continuously. The MFC film prepared by D 27 

cellulase possessed the best barrier property at 20 U/g and the corresponding oxygen 28 
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permeability coefficient was 4.37×10-14 cm3·cm/cm2·s·Pa. However, the oxygen permeability 29 

coefficient of MFC film pretreated by R cellulase at a dosage of 10 U/g was 4.13×10-14 30 

cm3·cm/cm2·s·Pa. This work shows that R cellulase was more suitable than D cellulase for 31 

BHKP pretreatment to prepare MFC film. 32 

1. Introduction 33 

As the most abundant fibrous renewable resource on the planet, cellulosic biomass has 34 

attracted increased research interest for applications in fibrous material as paper and filters, 35 

composite materials and pulp. Due to its interesting properties of low density, high tensile 36 

strength and high Young’s modulus (Luan et al. 2017; Van Rie and Thielemans 2017; T. 37 

Zhang et al. 2018), it has been investigated in the past several years. Microfibrillated cellulose 38 

(MFC) can be generated by chemical or enzymatical pretreatment and followed intensive 39 

mechanical disintegration (Zhou et al. 2014). Among them, chemical pretreatment generally 40 

introduces functional groups to fiber surface to give MFC new properties which can reduce 41 

energy consumption during the preparation of MFC by decreasing the binding force between 42 

the fibers. Chemical pre-treatment methods generally have great destructive effect on the 43 

crystalline zone which leads to the degradation of MFC (Tsuguyuki Saito et al. 2007; T. Saito 44 

et al. 2006). Compared with chemical pre-treatment, enzyme can reduces the binding force 45 

only between the microfibrils to make the fibers more susceptible to microfibrillation in mild 46 

reaction conditions without introducing new functional groups to the surface of the fibers, 47 

thus maintaining the fiber length and the original crystal type (Nie et al. 2018; S. Yang et al. 48 

2018). Therefore, the preparation of MFC by enzymatical pretreatment has increasingly 49 

gained the interest of researchers. 50 

Cellulase, mainly consisting of endoglucanase, exoglucanase and β-glucosidase (Cai et 51 

al. 2018; Garcia-Ubasart et al. 2013; L. Hao et al. 2012; X. Y. Liu et al. 2020; J. Wang et al. 52 

2020), is an active protein with certain chemical catalytic ability. The endoglucanase acts 53 
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primarily on the amorphous and crystalline regions, and truncates long-chain cellulose 54 

molecules by randomly hydrolyze the β-1,4-glycosidic linkages to produce large amounts of 55 

small-molecule cellulose with reductive ends. The exoglucanase hydrolyzes the β-1,4-56 

glycosidic bond and acts on the end of the cellulose molecule, cutting out one cellobiose 57 

molecule at a time (Xue et al. 2017). The presence of β-glucosidase reduces the feedback 58 

inhibition reaction of partial hydrolysates and decomposes cellobiose into glucose molecules. 59 

Recently, cellulase is experiencing a striking development in diverse areas such as 60 

hydrolyzing cellulose, agriculture engineering, and biomass refining. However, cellulase is 61 

costly for large-scale industrial processes duo to its expensive unit price. Hence, there is a 62 

clear and urgent need to improve the efficiency of cellulase utilization. The adsorption of 63 

cellulase on fibers, a complex physicochemical process, is a key step in its efficient function 64 

on fibers (X. Hao et al. 2019; M. Tu et al. 2009). The rapid and effective adsorption capacity 65 

of cellulase on fiber substrate directly determines its acting effect. The research of cellulase 66 

adsorption provides theoretical basis for reducing the amount of cellulase needed and 67 

increasing its utilization efficiency (X. Lu et al. 2018), thereby reducing the production cost 68 

of MFC prepared by cellulase pretreatment. Cellulase adsorption capability not only affected 69 

by the nature of cellulase and fiber substrates, but also influenced by the conditions of the 70 

adsorption process such as temperature, reaction time and ion concentration, etc (X. Lu et al. 71 

2017; Zanchetta et al. 2018; P. Q. Zhang et al. 2018).  72 

MFC or cellulose nanofiber (CNF) material is an emerging nano material with light 73 

weight, high strength, high specific surface area and adjustable surface chemistry. The 74 

excellent mechanical properties of micro/nano cellulose materials come from the crystal 75 

assembly of the materials through hydrogen bonds. Micro/nano cellulose materials are 76 

allowed to have controlled interactions with polymers, nanoparticles, small molecules, and 77 

biological materials due to its abundant surface hydroxyl groups and can be easily modified 78 

by nanoparticles, (bio) polymers and inorganic materials or nano-carbon into functional fibers, 79 
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films, porous aerogels and foams (Hou et al. 2018; Keplinger et al. 2019; Kontturi et al. 2018). 80 

Various functional films based on MFC or CNF are an important application direction of 81 

MFC. Some researchers used CNFs as a reinforcing phase to produce nanocellulose-82 

reinforced biocomposite by casting technology, which enhanced the comprehensive 83 

performance of starch films (X. Yang et al. 2020). The hybrids were synthesized by co-84 

precipitation of cellulose nanocrystals (CNCs) and supermagnetic iron oxide nanoparticles 85 

(Fe3O4 NPs). A high-performance nanocomposite film composed of poly (3-hydroxybutyrate-86 

3-hydroxyvaleric acid (PHBV) and the hybrid was prepared by a simple solution casting 87 

method (Abdalkarim et al. 2020). The nano-sized cellulose material after bleaching was added 88 

to polyvinyl alcohol (PVA) to produce polyhydrogen vinyl nanocomposite with high 89 

transparency and go  od mechanical properties (Kassab et al. 2020). CNFs film grafting with 90 

aminosilanes naphthalene generated CO2 adsorbent composite membrane which exhibits high 91 

thermal stability and CO2 adsorption performance (X. Yang et al. 2020). High-performance 92 

supercapacitors were produce by incorporating graphene beaded carbon nanofibers, zinc 93 

oxide and polyaniline nanometers into composite films as high-performance supercapacitors 94 

(Atram et al. 2019). Many other MFC or CNF-based films have also been modified for 95 

sustainable packaging, water treatment, energy storage and even biomedical tissue 96 

engineering (Assis et al. 2020; Tong et al. 2020; H. Tu et al. 2020; X. Yang et al. 2020), Since 97 

the properties of MFC have a major and direct impact on the performance of MFC-based 98 

films, it is necessary and significant to study the characteristics of materials and methods in 99 

MFC preparation. 100 

Herein, the adsorption of cellulase with different components was investigated in this 101 

paper. Bleached eucalyptus kraft pulp (BHKP) was pretreated by complex cellulase (D 102 

cellulase) and endocellulase (R cellulase) to obtain MFC followed by PFI refining and high 103 

pressure homogenization. In this process, the enzymatic properties and adsorption 104 

characteristics under different influencing temperatures and contact times were investigated 105 
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by studying their adsorption kinetics. Furthermore, the properties of MFC prepared by these 106 

two cellulases were characterized. The outcomes of this research are expected to provide 107 

theoretical basis for improving the utilization of cellulase during pretreatment process for 108 

MFC preparation. 109 

2. Materials and methods 110 

2.1. Materials 111 

Bleached eucalyptus kraft pulp (BHKP) (UPM Company, Jiangsu, China) was used to 112 

produce MFC suspension with cellulase (D cellulase and R cellulase, Novozymes (China) 113 

Biotechnology Co., Ltd. Tianjin, China). Analytical grade glucose, Carboxymethylcellulose 114 

(CMC), salicin and congo red were purchased from Tianjin Jiangtian Chemical Technology 115 

Co., Ltd. Dinitrosalicylic acid method (DNS) reagent was prepared by 3,5-dinitrosalicylic 116 

acid, 2 mol/L sodium hydroxide solution, potassium sodium tartrate, sodium sulfite and 117 

phenol at controlled temperature followed by filtration through sand core funnel for later use 118 

after storing in the brown bottle in dark for a week.  119 

2.2. Enzyme activity determination of cellulase 120 

The enzyme activities of cellulase, endoglucanase, exoglucanase and β-glucosidase, were 121 

represented by FPA, C1, Cx and Cb, respectively. One FPA, C1, Cx or Cb activity unit is 122 

defined as one microgram reducing sugar produced by 1mL enzyme liquid per minute using 123 

filter paper, absorbent cotton, CMC or salicin as the substrate, respectively, under the 124 

conditions of temperature 60 oC and pH of 4.8 (Z. J. Zhang et al. 2013). 125 

Absorbance of glucose solution was determined using UV-vis spectrophotometer at a 126 

wavelength of 530 nm. The equation of glucose standard solution was y=1.0611x + 0.1033 127 

with a correlation coefficient of 0.99. 128 
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Determination of FPA and C1: The quantitative filter paper (50 mg) and the absorbent 129 

cotton (50 mg) were used as substrates respectively. Enzyme solution (1 mL) with certain 130 

dilution and buffer solution (1 mL) were added to colorimetric tube which was placed in 131 

water bath for 60 minutes. At the end of the experiment, 3 mL of DNS reagent was added to 132 

stop the reaction. Then, the resulting solution was reacted under a boiling water bath 133 

condition for 5 minutes, followed by placing in cold water immediately and adjusting the 134 

volume to 25 mL using distilled water. Finally, the absorbance of the reaction product was 135 

measured at a wavelength of 530 nm using an UV-vis spectrophotometer (UV-2700, 136 

Shanghai Tianhe Environmental Technology Co., Ltd.) (T. et al. 1987). 137 

Determination of Cx and Cb: Using 1.5 mL CMC solution (1 % w/v) and salicin solution 138 

(1 % w/v) as substrates respectively, the enzyme solution (0.5 mL) with a certain dilution was 139 

added to the colorimetric tube which was placed in water bath for 30 minutes. At the end of 140 

the experiment, 3 mL of DNS reagent was added to stop the reaction. The following operation 141 

was the same as described in the section of "Determination of FPA and C1" (T. et al. 1987). 142 

Enzyme activity including FPA, Cx, C1 and Cb could be obtained according to equation 143 

1. 144 

Vt

nA





1000

Cb and C1 Cx, FPA,                                          1 145 

Where A is the quantity of glucose (mg) produced by the reaction, n is dilution factor, t 146 

is reaction time (minutes), and V is the amount of enzyme solution added after dilution (mL).  147 

2.3. Measurements of cellulase adsorption properties 148 

Adsorption ratio of cellulase: Briefly, a 2.0 g oven-dry weight of Walley beaten pulp 149 

with a solid content of 94.2% and buffer solution were added to the conical flask with stopper, 150 

adjusting the volume to 100 mL with deionized water. After stirring, diluted enzyme solution 151 

was added. The mixture was placed in water bath for 60 minutes. Then, the reactants were 152 
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filtered through a pinhole filter (0.45 micron organic oil filter membrane) (Qin et al. 2021) 153 

and the protein content at different temperatures and contact times of filtrate was measured 154 

using Bradford method (Khoshnevisan et al., 2011) to obtain the cellulase adsorption ratio by 155 

equation 2 (Z. J. Zhang et al. 2016). Each test was carried out under the same filtering 156 

conditions. New filter membrane was used for each sample to minimize the impact of the 157 

adsorption of enzyme proteins on the filter membrane itself. 158 

                                             
0

Cellulase adsorption ratio (%) 1
P

P
                                          2 159 

Where P0 (g·L-1) is the initial concentration of cellulase protein; P (g·L-1) is the 160 

concentration of free cellulase protein. 161 

According to the above experiment, the free cellulase concentration Ct (g·L-1) at different 162 

contact times and the equilibrium concentration of free cellulase Ce (g·L-1) were obtained. 163 

Therefore, the cellulase adsorption amount Qt (mg·g-1) and the cellulase adsorption amount at 164 

equilibrium Qe (mg·g-1) were calculated according to equation 3 and equation 4, respectively 165 

(J. Y. Wang et al. 2020). 166 

                                    V
m

CC t 


 0
tQ                                                      3 167 

Where C0 ( g·L-1) is the initial concentration of cellulase solutions, Ct is the concentration 168 

of free cellulase, V (mL) is solution volume, m (g) is the weight of oven dry pulp fiber. 169 

                                     V
m

CC e 


 0
eQ                                                      4 170 

Where Ce (g·L-1) is the free cellulase concentration at equilibrium adsorption. 171 

Adsorption kinetics of cellulase: To further study the inherent law of adsorption kinetics 172 

of D and R cellulases on BHKP, pseudo second-order kinetic model (equation 5) was applied 173 

(W. Liu et al. 2020). Qt and Qe were calculated by equation 3 and equation 4 and fitting curve 174 

was established at the same temperature and initial cellulase concentration but different 175 
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contact times. The adsorption rate constant k2 and the correlation coefficient R2 were 176 

calculated from the slope and intercept of the curve.  177 

                                                                
e2

2

e
t QQ

1

Q

t

k

t
                                                          5 178 

Adsorption thermodynamic of cellulase: The adsorption of cellulase on substrate was 179 

controlled by thermodynamic parameters. According to the Van't Hoff equation, the obtained 180 

data under different temperatures were fitted (Greluk and Hubicki 2010; Kim et al. 1994; Kim 181 

et al. 1992). Adsorption enthalpy changes (ΔHo), adsorption entropy change (ΔSo) and Gibbs 182 

free energy change (ΔGo) were calculated using equation 6 and equation 7, which were also 183 

used to analyze the endothermic or exothermic degree of cellulase adsorption process, the 184 

order or disorder of the system, spontaneous or involuntary degree, physical adsorption or 185 

chemisorption. 186 

                                                      
RTR

 ΔHΔS
)

Ce

Qe
In(                                                          6 187 

                                                        
R

T 

ΔSΔHΔG 

                                                         7 188 

Where R is the gas constant (8.3145 J·mol-1·K-1), T is the adsorption temperature, ΔHo 189 

and ΔSo are calculated from the slope and intercept of the ratio of ln (Qe/Ce) to 1/T, 190 

respectively. 191 

2.4. Preparation of MFC and MFC film 192 

360 g BHKP with a beating degree of 30 SR° was enzymatic hydrolyzed with two 193 

different buffer diluted cellulases (D cellulase and R cellulase) at a dosage of 10 U/g, 20 U/g, 194 

30 U/g, 40 U/g and 50 U/g. The treatment was carried out at 50 ℃ for 16 h and inactivated by 195 

increasing the temperature to 80℃. Then the pulp was subjected to PFI (vertical) refining to 196 

80 SR° before homogenization for MFC preparation (Z. J. Zhang et al. 2016). 197 
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The 0.2% glycerol was added into the MFC film formation process as the pure MFC film 198 

was brittle. 150 g MFC (1 wt%) and 0.3 g glycerol were mixed with an electric stirrer. Then, 199 

the mixture was poured into a glass plate mold (200 mm x 200 mm) and dried on the 200 

condition of 45°C and 50% RH for 48 h to obtain the MFC film (Minelli et al. 2010).  201 

2.5. Characterization of MFC and MFC film 202 

MFC: X-Ray diffraction (XRD) patterns of MFC were collected on a D/max-2500 203 

Analytical X'Pert X-diffractometer (Rigaku Corporation, Japan) using Cu radiation (0.154 nm) 204 

at an accelerating voltage of 40 kV and a current of 30 mA (Tang et al. 2019). The 205 

crystallinity index (CrI) was calculated according to Turley method (equation 8). The 206 

microstructure of MFC was analyzed by the scanning electron microscopy (SEM; JEOL 207 

IT300LV, Japan) with an accelerating voltage of 10 kV (Z. J. Zhang et al. 2016; Z. J. Zhang 208 

et al. 2018). Congo red staining method was used to determine the specific surface area (SSA) 209 

of fibers (Wiman et al. 2012) in view of the change of SSA of fiber was related to the amount 210 

of dye adsorption. The amount of dye adsorbed by fibers at the corresponding wavelength 211 

was determined by UV-vis spectrophotometer. The SSA of fiber was calculated by equation 9. 212 

                                                                
002 am

002

CrI 100%
I I

I


=                                                            8 213 

Where CrI is the crystallinity index (%), I002 is the lattice (002) diffraction angle of the 214 

great intensity in crystalline zone and Iam is the diffraction intensity of the peak at 2θ = 18 °, 215 

representing the amorphous region. 216 

                                                             max

21

×N SA
SSA

MW 10

A 



                                                  9 217 

Where, Amax(mg·g-1) is the maximum adsorption capacity, N (6.02×1023mol) is the 218 

Avogadro constant, SA (1.73 nm2) is the surface area of dye molecule and MW(696.66 g·mol-
219 

1) was the relative molecular mass of Congo red dye. 220 
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MFC film: The microstructure of MFC film was determined via the scanning electron 221 

microscopy (SEM; JEOL IT300LV, Japan) with an accelerating voltage of 10 kV. The 222 

morphology of the MFC film surface was studied by digital microscope (Digital microscope 223 

VHX-7000, KEYENCE, Japan). The mechanical properties of MFC film were tested by 224 

universal material testing machine Instron 3369 (Instron Corporation, USA). Five samples of 225 

MFC films (10 mm×150 mm) were randomly selected from each group of the same film after 226 

cutting prepared by 5 parallel experiments. The thickness of selected MFC film samples were 227 

measured at 6 points in one MFC film sample and find the average value by thickness meter 228 

with an accuracy of 0.001mm. The ratio of the displacement to the original length was the 229 

elongation at break (E, %) and the maximum tensile stress was the tensile strength (TS, Mpa) 230 

of the MFC films when the film was broken (Z. J. Zhang et al. 2018). 231 

The oxygen permeability of the MFC film was measured using gas permeation testing 232 

equipment (GDP-C German-Burger Company) according to ISO 2556:1974("ISO 2556:1974 233 

- Plastics -- Determination of the gas transmission rate of films and thin sheets under 234 

atmospheric pressure -- Manometric method"). It was carried out under the conditions of 235 

temperature of 23°C and relative humidity of 50%. The experiment was repeated 3 times for 236 

each MFC film and the average value was obtained as the oxygen transmission rate. 237 

Furthermore, the oxygen permeability coefficient of the film was calculated according to the 238 

oxygen permeability (equation 10) and the oxygen permeability coefficient (equation 11). 239 
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                                                10 240 

Where Qg (cm3/m2·d·Pa) is the oxygen transmission rate, Δp/Δt (Pa/h) is the arithmetic 241 

mean value of the oxygen pressure change in the low pressure chamber per unit time, V (cm3) 242 

is the volume of low pressure chamber, S (m2) is the test area of sample, T (K) is the test 243 
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temperature, p1-p2 is the pressure difference on both sides of the sample, the T0 is the standard 244 

temperature (273.15K) and the p0 is the pressure in standard state (1.0133×105 Pa). 245 

DQ
PP

D

t

p
p g 







 9

210

0
g 10157.1

)(TP

T

S

V
                         11 246 

Where pg is the oxygen permeability coefficient; D is the thickness of sample. 247 

3. Results and discussion 248 

3.1. Fabrication procedure of MFC film by two cellulases 249 

Fig. 1 shows the preparation scheme of MFC film with two cellulases. Briefly, BHKP 250 

with a beating degree of 30 SR° was pretreated by D cellullase or R cellulase to fibrillate 251 

cellulose and followed by PFI refining and homogenization to obtain MFC. In the beating 252 

process, the fiber structure was modified by shearing, twisting and carding of the machine to 253 

give pulp certain properties. Meanwhile, the cell wall of the fiber also underwent 254 

displacement, deformation and ruptured to absorb water, resulting in fibrillation. Therefore, 255 

the surface area and accessibility of fibers increased due to more fibrils, fines and pores 256 

generated, which will be more conducive to the cellulase adsorption onto fibers (Yang et al. 257 

2018). Adsorption ratio of two cellulases differed. Here, D cellulase possessed higher 258 

adsorption ratio compared to R cellulase during cellulase hydrolysis and produced MFC with 259 

different properties. The detailed fabrication process is demonstrated in the Experimental 260 



 

12 

 

Section.261 

 262 

 263 

Fig. 1 Schematic of MFC film preparation with two cellulases (D cellulase and R cellulase) 264 

pretreatments 265 

3.2. Cellulase activity and adsorption properties of two cellulases 266 

Each cellulase has its most suitable catalytic temperature and acid-base environment, 267 

where the cellulase has the highest catalytic rate and the fastest reaction rate. Therefore, the 268 

cellulase activity of D and R cellulases measured at a temperature of 60°C and a pH of 4.8 is 269 

shown in Fig. 2a. 270 

The adsorption ratio of D cellulase and R cellulase under different tempertures and 271 

contact times are shown in Fig. 2b and c. D cellulase was adsorbed by fibers at 25℃ and 35℃ 272 

for 10 minutes, at 45℃ for 30 minutes and at 55℃ for 60 minutes to reach adsorption 273 

equilibrium. Different from the other three temperatures, the adsorption ratio of D cellulase at 274 

25℃ increased first and then reached steady state. The adsorption ratio of D cellulase at 275 

equilibrium was much higher than the other three temperatures. Similarly, R cellulase’s 276 

adsorption ratio at 25℃ differed siginificantly from that of the other three temperatures as 277 
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shown in Fig. 2c. It took 5 minutes to reach equilibrium at 25℃and 90 minutes at 45℃. This 278 

is because the desorption process of the cellulase is temperature-controlled. An increase in 279 

temperature changed the steric hindrance of the cellulase-active reactive groups on the fibrous 280 

substrate and the spatial conformation of the cellulase, attenuated the interactions between 281 

cellulase and hemicellulose, between enzyme and pores of fiber, resulting in the cellulases 282 

detachment from the hemicellulose or cellulases liberation from pores of the fiber (Girard and 283 

Converse 1993; Y. Lu et al. 2002; M. Tu et al. 2007). Moreover, The results showed that the 284 

cellulase adsorption on fibers reached adsorption equilibrium with the extending of contact 285 

times. This was attributed to the high cellulase concentration in the initial stage of adsorption 286 

process, and many available adsorption sites on fibers for cellulase binding. As the adsorption 287 

process continues, the cellulase concentration was decreased, and the adsorption sites on the 288 

fibers were gradually filled up, resulting in a reduction of adsorption ratio, and finally tended 289 

to be a dynamic equilibrium state (X. Y. Liu et al. 2020; H. Y. Zhang et al. 2019). 290 
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 291 

Fig. 2   Cellulase activity of (a) D cellulase and R cellulase; cellulase adsorption ratio of (b) D 292 

cellulase and (c) R cellulase under different temperatures and contact times 293 

The pseudo second-order kinetic model of D and R cellulases at different temperatures 294 

are shown in Fig. 3a and b. The adsorption rate constant k2 and the correlation coefficients R2 
295 

are shown in Table 1. It is clearly shown that the pseudo-second-order kinetic models’ 296 

correlation coefficients of D and R cellulases at four temperatures are equal or closing to 1. 297 

Therefore, the dynamic behavior for adsorption of D and R cellulases under different 298 

temperatures agrees very well with the pseudo second-order kinetic model (Daoud et al. 2010). 299 

The most important fact is that it is used to calculate the adsorption rate constant (D cellulase: 300 

K2 is 0.36, R cellulase: K2 is 0.51; under the temperature closest to cellulase hydrolysis 301 
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temperature 55℃) of the pseudo second-order model, which intuitively demonstrated the 302 

adsorption rate in adsorption process of these two cellulases. The larger value of adsorption 303 

rate constant (K2) indicated faster adsorption rate (Xu et al. 2012). Hence, it is obviously that 304 

adsorption rate of either D or R cellulase decreased with the increase of temperature during 305 

the adsorption process (Mingliang et al. 2019; Pengthamkeerati et al. 2007). 306 

To further study the adsorption behavior of D cellulase and R cellulase on fibers, 307 

adsorption thermodynamic model was used and the results are shown in Fig. 3c and d. Table 2 308 

shows parameters (ΔHo, ΔSo and ΔGo) calculated from isothermal data. The change in Gibbs 309 

free energy ΔGo is generally in the range from 0 to -20 KJ·mol-1, if the adsorption of cellulase 310 

on cellulose is spontaneous physical adsorption (M. Tu et al. 2009). It can be seen from Table 311 

2 that ΔGo was between 0.70 and 0.77 KJ·mol-1 for the adsorption of D cellulase indicating it 312 

was a non-spontaneous physical adsorption. However, the ΔGo was between -0.84 and -0.76 313 

KJ·mol-1 for the adsorption of R cellulase indicating the process was spontaneous. Moreover, 314 

the negative value of ΔHo confirmed the exothermic nature of adsorption and further 315 

supported by the decrease of adsorption rate at equilibrium for two cellulases with the 316 

increase of temperature (Piao et al. 2012). The ΔSo was positive indicating the increase of the 317 

randomness of the mixture of cellulase and cellulose. The adsorption of D cellulase reduced 318 

the randomness of the mixture, while the adsorption of R cellulase increased (X. Lu et al. 319 

2017). 320 
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 321 

Fig. 3 The pseudo second-order kinetic model and thermodynamic fitting lines for the 322 

adsorption of (a) (c) D cellulase and (b) (d) R cellulase 323 

Table 1 The pseudo second-order kinetic equation fitting results of two cellulases 324 

 T（℃） K2 Qe(mg·g-1) R2 

D Cellulase 

25 10.98 3.60 1 

35 3.35 3.35 1 

45 2.01 3.25 1 

55 0.36 3.10 0.99 

R Cellulase 

25 39.28 1.10 1 

35 0.85 1.15 0.99 

45 0.79 1.15 0.99 

55 0.51 1.00 0.99 

 325 

 326 
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Table 2 Thermodynamic parameters of the adsorption for two cellulases   327 

 T(K) △G°(KJ·mol-1) △H°(KJ·mol-1) △S°（J·mol-1） R2 

D Cellulase 

298.15 0.70 -19.62 -0.02 0.83 

308.15 0.72    

318.15 0.75    

328.15 0.77    

R Cellulase 

298.15 -0.76 -3.12 0.21 0.87 

308.15 -0.79    

318.15 -0.81    

328.15 -0.84    

 328 

3.3. Structure characteristics of MFC treated by two cellulases with different dosages 329 

Fig. 4a and b show the XRD patterns of MFC prepared by D and R cellulases with 330 

different dosages. It can be seen that the characteristic absorption peaks at the diffraction 331 

angle of 15.8° and 22.1° observed in MFC prepared by D cellulase with different dosages, and 332 

at 15.8° and 22.3° observed in MFC prepared by R cellulase indicated that the fabricated 333 

MFC was primarily in the form of cellulose I owning to the basically same positions of the 334 

characteristic peaks assigning to the (110) and (200) planes of crystalline cellulose I (L. Segal 335 

et al. 1959). Results obtained above illustrated that the crystal structure of MFC has not been 336 

modified during the preparation of MFC by cellulase hydrolysis, regardless of the type of 337 

cellulase or the amount of cellulase used.  338 

Fig. 4c demonstrates that both D and R cellulases treatments significantly changed the 339 

crystallinity of MFC. With the increase of the dosages of cellulase, the crystallinity of MFC 340 

prepared by D cellulase increased first and then decreased, while R cellulase showing M-type 341 

trend. Both trends resulted from the difference in the amorphous and crystalline regions of 342 

cellulose hydrolyzed by cellulase. These results indicate that cellulases are expected to 343 

preferentially attack the amorphous regions and then the crystalline regions. The accessibility 344 
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of the amorphous and crystalline regions of the cellulose structure is an important issue as 345 

crystalline regions are degraded when amorphous regions are no longer accessible (Aguiar et 346 

al. 2020; Ribeiro et al. 2020).  347 

For D cellulase, which is a kind of complex cellulase, including endoglucanase, 348 

exoglucanase and β-glucosidase, when the amount of cellulase was low, the amorphous 349 

regions hydrolyzed by cellulase were larger than crystalline regions, resulting in increased 350 

crystallinity of cellulose. However, as the dosages of cellulases increased, both the crystalline 351 

and the amorphous regions of cellulose were hydrolyzed (Tian et al. 2017), the crystallinity 352 

decreased. However, the crystallinity of MFC prepared by R cellulase was higher than that 353 

produced by D cellulase, because the R cellulase (endoglucanase) hydrolyzed the amorphous 354 

region, which increased the proportion of the crystalline region, resulting in higher 355 

crystallinity (X. Y. Liu et al. 2020; Zeng et al. 2020). 356 

SSA calculated by equation 10, as shown in Fig. 4d, illustrates that the SSA of MFC 357 

prepared by D cellulase ranged from 27.19 to 29.18 m2/g. SSA of MFC prepared by D 358 

cellulase reached the maximum value at the cellulase dosage of 30 U/g, which improved the 359 

SSA by 3.45 m2/g slightly compared with the MFC without enzymatic hydrolysis treatment. 360 

However, when the cellulase dosage was more than 30 U/g, the SSA of the MFC was 361 

decreased. This observation can be explained that D cellulase hydrolysis usually starts in 362 

amorphous regions of fiber, which can shorten the fiber and reduce the hydrogen bond of 363 

cellulose, and then increasing the specific surface area of the product within a certain range of 364 

cellulase dosages. The SSA of MFC treated by R cellulase (Fig. 4d) was slightly decreased 365 

with the increase of the cellulase dosage. This is accordance with what was found in enzyme-366 

assisted mechanical production of microfibrillated cellulose from Northern Bleached 367 

Softwood Kraft pulp (Tian et al. 2017), where it was found that cellulase treatment had no 368 

advantage in improving SSA of MFC compared with hemicellulase treatment. Generally, the 369 
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SSA of MFC treated by D cellulase hydrolysis was higher than that of MFC fabricated by R 370 

cellulase hydrolysis with same dosage. This indicates that R cellulase, as an endoglucanase, is 371 

not conducive to improving the SSA of MFC. 372 

 373 

Fig. 4 Structural properties of MFC produced by D and R cellulases at different dosages. 374 

XRD patterns of MFC prepared by (a) D cellulase and (b) R cellulase, (c) Crystallinity index 375 

of MFC, (d) Special surface areas of MFC  376 

3.4. Morphology and microstructure of MFC and MFC film 377 

Fig.5 a and b show the SEM images (magnifications of 1000× and 4000×) of MFC 378 

pretreated with D cellulase and R cellulase respectively. It can be seen that the MFC prepared 379 

by R cellulase was smaller than the MFC produced by D cellulase. Previous studies have 380 

reported that with endoglucanase pretreatment, MFC was smaller and more uniform in 381 

diameter (Liu et al. 2019; X. Y. Liu et al. 2020). The representative images showing 382 

morphologies and microstructures of MFC films with a thickness of about 60 micron and a 383 
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moisture content of about 5% analyzed by SEM and digital microscope are depicted in Fig. 5. 384 

The thicknesses of the prepared MFC films were about 60 micron. As observed, the overall 385 

surface of MFC films treated by D and R cellulases with 20 U/g respectively are smooth. As 386 

seen from SEM images in Fig. 5c and d, some small protrusions disperse which are 387 

microfibrillated fibers on the surface of the films and there are closely packed nanofiber 388 

network owning to the higher crystallinity and the larger specific surface area of MFC. 389 

However, the MFC film treated by D cellulase has relatively smoother surface. These 390 

observations are important when oxygen permeability is considered since pores are usually 391 

considered to serve as a path for permeating oxygen molecules (Minelli et al. 2010). Three-392 

dimensional micro-topographies obtained by digital microscope reveal the same result that 393 

MFC films treated by D and R cellulases all display smooth surface (Fig. 5 e, f).  394 
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 395 

Fig. 5 The SEM images of MFC and MFC films: (a) and (c) treated by D cellulase with 396 

20 U/g, (b) and (d) treated by R cellulase with 20 U/g. Three-dimensional micro-topographies 397 

of MFC films: (e) treated by D cellulase with 20 U/g, (f) treated by R cellulase with 20 U/g 398 

3.5. Mechanical and barrier properties of MFC film 399 
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The elongation at break (E) and tensile strength (TS) are important parameters in the 400 

evaluation of the mechanical properties of the film (Ahankari et al. 2021).  401 

As illustrated in Fig. 6a (E) and b (TS), the MFC film’s E and TS decreased obviously 402 

compared to MFC film whose cellulase dosage was 0 U/g, indicating the process of cellulase 403 

treatment increased MFC film fragility. These results are attributable to the reduction effect of 404 

the cellulase pretreatment on the fiber length and SSA of MFC, which are factors governing 405 

the tensile strength and elongation at break of MFC films (Kubo et al. 2019).  406 

Additionally, there are significant differences in trend of E and TS between the MFC 407 

film treated by D and R cellulases respectively. With an increase of the cellulase dosage in the 408 

pretreatment from 0 to 50 U/g, E and TS of MFC film treated by D cellulase pretreatment 409 

decreased first and then increased slightly, but the MFC film treated by R cellulase decreased 410 

continuously. This is because the hydrolysis process of cellulase has an effect on shortening 411 

the fiber and reducing the hydrogen bonding of cellulose, thereby reducing the binding force 412 

between microfibrils, leading to the decrease in E and TS. The mechanical performances (E 413 

and TS) of MFC films strongly depend on the morphology and SSA of their corresponding 414 

constituent MFC, which can be well controlled by the cellulase-assisted mechanical treatment 415 

(X. Y. Liu et al. 2020). Herein, more enzyme components of D cellulase, a complex cellulase, 416 

have synergistic action on the cellulose to produce glucose. The high concentration glucose 417 

produced by D cellulase at high-dosage could in turn inhibit and reduce the hydrolysis 418 

reaction resulting in the decrease of damage to the fiber and then increased the E and TS of 419 

MFC film (Kumar and Murthy 2013). However, R cellulase, as a single endocellulase, has no 420 

synergistic action. It just cut the macromolecular chain of cellulose, and avoided the 421 

inhibition of cellulase hydrolysis reaction caused by glucose, so that when the amount of R 422 

cellulase increased, the increasing hydrolysis reaction damaged the fiber and decreased the E 423 

and TS of MFC film continuously (Y. H. P. Zhang and Lynd 2004).   424 
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Fig. 6c demonstrates the dosages’ effect of D and R cellulases on oxygen permeability 425 

coefficient of MFC film. It is worth mentioning that the oxygen permeability coefficient of 426 

these two MFC films decreased first and then increased though having different turning point. 427 

It is well known that smaller permeability coefficient means better barrier properties. 428 

Permeability of oxygen depends upon the dissolution of oxygen and its diffusion rate in the 429 

MFC film (Wang et al. 2018). MFC increases the diffusion path length of the oxygen that 430 

permeate the MFC film (Nair et al. 2014). The MFC film prepared by D cellulase possessed 431 

the best barrier property at 20 U/g and the corresponding oxygen permeability coefficient was 432 

4.37 ×10-14 cm3·cm/cm2·s·Pa. However, MFC film prepared by R cellulase was at 10 U/g 433 

with the oxygen permeability coefficient of 4.13 ×10-14 cm3·cm/cm2 ·s·Pa. Obviously, the 434 

barrier property of MFC films prepared by R cellulase treatment was better than that of MFC 435 

film prepared by D cellulase treatment. MFC film prepared after cellulase treatment was 436 

generally superior to the MFC film without cellulase treatment. The reason was that cellulase 437 

hydrolysis shorted the fiber, which was more conducive to the formation of a dense network 438 

structure of MFC film. This impedes various oxygen molecules to pass through due to small 439 

pore size. Apart from that, high crystalline regions of MFC film treated by cellulase are 440 

impermeable to oxygen, making it a good candidate to impart oxygen barrier properties 441 

(Mondragon et al. 2015).  442 

 443 
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 444 

Fig. 6 Mechanical and barrier properties of MFC film (a) Elongation at break of MFC 445 

film, (b) Tensile strength of MFC film and (c) Oxygen permeability coefficient of MFC film 446 

 447 
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4. Conclusions 448 

Two cellulases (D cellulase and R cellulase) with different cellulase components had 449 

obvious differences in adsorption performance. D and R cellulases rapidly adsorbed onto the 450 

surface of the fiber at initial stage of adsorption, reached equilibrium after 10 minutes at 25 ℃, 451 

and then decreased. The adsorption ratio of D cellulase was higher than that of R cellulase. 452 

High temperature was not conducive to the adsorption of the two cellulases. Moreover, the 453 

MFC prepared by pretreatment of these two cellulases with different dosages also illustrated 454 

certain similarities and differences in their respective physicochemical properties. By 455 

adjusting the dosage of two cellulases in the pretreatment, the CrI, SSA and morphology of 456 

MFC could be controlled. As a single endocellulase, R celluase could help to control the 457 

properties of MFC film at low cellulase dosage. These results would be promising to be 458 

adopted as a theoretical basis for further promoting the application of cellulase pretreatment 459 

technology in the industrialization of MFC preparation and film formation. 460 
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index; SSA, Specific surface area; E, Elongation at break; TS, Tensile strength; CMC, 469 
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Figures

Figure 1

Schematic of MFC �lm preparation with two cellulases (D cellulase and R cellulase) pretreatments



Figure 2

Cellulase activity of (a) D cellulase and R cellulase; cellulase adsorption ratio of (b) D cellulase and (c) R
cellulase under different temperatures and contact times



Figure 3

The pseudo second-order kinetic model and thermodynamic �tting lines for the adsorption of (a) (c) D
cellulase and (b) (d) R cellulase



Figure 4

Structural properties of MFC produced by D and R cellulases at different dosages. XRD patterns of MFC
prepared by (a) D cellulase and (b) R cellulase, (c) Crystallinity index of MFC, (d) Special surface areas of
MFC



Figure 5

The SEM images of MFC and MFC �lms: (a) and (c) treated by D cellulase with 20 U/g, (b) and (d) treated
by R cellulase with 20 U/g. Three-dimensional micro-topographies of MFC �lms: (e) treated by D cellulase
with 20 U/g, (f) treated by R cellulase with 20 U/g



Figure 6

Mechanical and barrier properties of MFC �lm (a) Elongation at break of MFC �lm, (b) Tensile strength of
MFC �lm and (c) Oxygen permeability coe�cient of MFC �lm


