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In order to alleviate environmental pollution and the waste of resources 
caused by improper disposal of fungal residue, this study used fungal 
residue waste, which was treated with NaClO alkaline solution and nitric 
acid ethanol method for rough fiber preparation. The enzymatic hydrolysis 
of cellulase conditions were optimized using response surface 
optimization method, and the optimal preparation parameters were: 

enzyme addition of 5000 U/g, enzymatic hydrolysis temperature of 52 C, 
enzymatic hydrolysis time of 2.65 h, and solid-liquid ratio of 1:20. The Fr-
MCC purity reached over 97%. The Fr-MCC obtained had an irregular 
granular or lamellar aggregation morphology, typical I-type cellulose 
crystal structure and molecular features, good thermal stability, and was 
similar in properties to commercial MCC. It was judged to be suitable for 
further processing and manufacturing of biological base materials. This 
approach was shown to improve the utilization efficiency of cultivation 
residues, reducing environmental pollution caused by the accumulation of 
cultivation residues, and providing new methods and ideas for the 
preparation of MCC and other bio-based materials. 
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INTRODUCTION 
 

China’s edible mushroom industry has developed rapidly into one of the largest 

edible mushroom crops in the world. Edible mushrooms are delicious and nutritious, and 

the industry, as a typical high-efficiency agriculture, low-carbon agriculture and 

sustainable agriculture, is a characteristic industry to improve rural economy and increase 

farmers’ income (Li et al. 2022). However, along with huge benefits, there are some 

problems that need to be solved. Edible mushroom cultivation generates a lot of fungal 

residues and other waste materials, which may cause certain environmental pollution and 

resource waste problems if not properly handled. Fungal residue is a waste material 

produced after edible mushroom cultivation, mainly including wood chips, straw, 

cottonseed hulls, corn cores, field crop straw and wheat bran, etc., which contain rich crude 

fiber and other nutrients (Díaz et al. 2022). Currently, the proportion of utilization of edible 

mushroom fungal residues in China is low, and most of them are disposed of by burning, 

throwing them away, and pulverizing and returning them to the field. This has a certain 

impact on the ecological environment to some extent, and the bacteria that breed will also 
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affect the safety of humans and livestock (Maciorowski et al. 2007). Proper handling and 

use of fungal residues in a resourceful, high-value, and scientific way is important to 

protect the ecological environment and improve the recovery and utilization of agricultural 

waste.  

Cellulose is a natural polysaccharide compound that is widely found in the cell 

walls of plants. As an important renewable resource, it has many unique properties and 

broad application prospects. Microcrystalline cellulose (MCC) is a cellulose derivative 

obtained through special processing, with high crystallinity and microscopic particle size 

characteristics (Haldar and Purkait 2020). Due to its unique physical and chemical 

properties, it plays an important role in formulation technology, thickeners, fillers, and 

carriers. In the past few decades, MCC has become a key raw material in many industries, 

such as pharmaceuticals, food, textiles, and biomaterials (Trache et al. 2016). Currently, 

according to literature reports, various types of MCC have been prepared from biomass 

such as bamboo, herbal residues, soybean hulls, and sorghum stalks, using methods such 

as acid hydrolysis, biological conversion, and oxidation-reduction reactions. Chemical 

methods are simple and cost-effective and are widely used, while biological methods are 

environmentally friendly, have mild processing conditions, and are free of pollution, 

making them a hot topic in cellulose utilization research (Debnath et al. 2021).  

This study used waste mycelium residue as fungal residue and extracted crude 

cellulose through NaClO alkaline solution and nitric acid ethanol. Enzymatic hydrolysis 

parameters were optimized using response surface methodology, and fungus residue 

microcrystalline cellulose (hereinafter referred to as Fr-MCC) was prepared by enzymatic 

hydrolysis using cellulase. The Fr-MCC was characterized using scanning electron 

microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction 

(XRD), and thermogravimetric analysis (TGA), providing theoretical basis and technical 

support for improving the utilization of waste mycelium residue and preparing new 

biological materials. 

  

 
EXPERIMENTAL  
 

Materials  
The mycelium residue used in this experiment was from Zhuoni County, Ganzi 

Tibetan Autonomous Prefecture, with a cellulose content of approximately 36.2%, 

hemicellulose content of approximately 16.4%, and lignin content of approximately 14.0%. 

Cellulase was purchased from Beijing Hongrun Baoshun Technology Co., Ltd.  

 

Preparation of Fr-MCC and Enzymatic Hydrolysis Optimization 

Extraction of crude fiber 

As shown in Fig. 1, the fungus residue was crushed to <1 cm pieces, and visible 

contaminants such as rubble and debris were removed. The samples were washed clean 

with tap water and then crushed through a 40-mesh sieve after drying. The samples after 

screening were mixed with 5% sodium hypochlorite solution (pH was adjusted to 11 with 

sodium hydroxide solution) at a solid-liquid ratio of 1:10, bleached for 40 min at 55 °C, 

and washed with tap water for 1 to 2 times. The samples after bleaching were added with 

nitrate-ethanol solution (nitrate: ethanol=1:3) at a solid-liquid ratio of 1:10, treated with 

water bath at 80 °C for 60min, washed with tap water to neutral, and blown dry to constant 

weight to obtain crude cellulose.  
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Single factor test of enzymatic hydrolysis of Fr-MCC by cellulase 

The crude fibers obtained in step a were treated with different solid-liquid ratios (1: 

10, 15, 20, 25, 30, 40); cellulase addition amount (500, 1000, 2000, 3000, 4000 u/g 

(sample)); temperature (35, 45, 55, 65 °C); time (0.5, 1.0, 1.5, 2.0, 2.5, 3, 4, 5 h) as 

variables, fixed other three factors, the samples were prepared and the samples were 

washed, centrifuged and dried to obtain the Fr-MCC products, and the effects of each single 

factor on the yield and purity of Fr-MCC were further investigated. 

 

 
 

Fig. 1. Preparation flow chart of Fr-MCC 

 

Optimization of preparation parameters by response surface methodology 

The purpose of this experiment was to improve the purity of Fr-MCC. On the basis 

of the above single factor test results, the purity of Fr-MCC was taken as the only response 

variable, and the enzyme addition, reaction temperature, and reaction time were selected 

as the three factors for the response surface optimization test of three factors and three 

levels. The effects of variance analysis and factor interaction on the purity of Fr-MCC were 

analyzed to optimize the enzymatic hydrolysis preparation parameters. 

 

Determination of Parameters and Analysis Methods 
The contents of cellulose, hemicellulose, and lignin in fungal residue raw materials 

were determined according to Jung et al. (2015).  

The yield of Fr-MCC was determined according to Ndika et al. (2019). The purity 

was determined according to Ren et al. (2018). The Degree of Polymerization (DP) was 

determined according to Shlieout et al. (2002). 

The morphology was observed by SEM and compared with references (Sanders 

2022). The different test samples, such as Fr-MCC were dispersed in a double-sided 

conductive adhesive surface and sprayed with gold for 40 seconds at a current of 10 mA. 

After spraying the gold, the test samples were placed on the sample stage of the scanning 

electron microscope, and the acceleration voltage was set to 3.0 kV to observe the 

microscopic morphological features (Kiziltas et al. 2014). The Quattro ESEM scanning 

electron microscope was provided by Thermo Fisher Scientific, Waltham, MA, USA. 

For FT-IR analysis (Nicolet Summit X FTIR spectrometer, Thermo Fisher 

Scientific, Waltham, MA, USA), Fr-MCC and other test sample powders were mixed with 

an appropriate amount of KBr and then pressed into a sample (Adel et al. 2011). Sample 

were scanned in the range of 400 to 4000 cm-1 with a resolution of 4 cm-1. 

The XRD analysis used a Cu-Kα radiation source with a wavelength of 1.541 A as 

the target, 100 mA current, 40 kV acceleration voltage, and 1°/min scanning speed (Ren et 
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al. 2023). The Rigaku X-ray powder diffractometer ULTIMA IV was provided by Japan 

Physical Science Company. The scanning range of 2θ was 10° to 60°. The relative 

crystallinity index (CrI) was calculated using the Segal formula, 

CrI = (I002 - Iam)/ I002        (1) 

where I002 is the peak intensity of the 002 crystal plane (2θ = 22°), Iam is the peak intensity 

of the amorphous phase, corresponding to 2θ = 18° (Vanhatalo et al. 2016). 

The TGA analysis was conducted according to the literature reference (Kiziltas et 

al. 2014) using a STA 449 thermogravimetric analyzer (Netzsch, Germany).  The sample 

mass was approximately 6 mg, and the heat stability was determined in an N2 atmosphere 

at a flow rate of 40 mL/min from 25 to 900 °C at a heating rate of 10 °C/min. 

 

Statistical Analysis 
The data were entered and organized using Microsoft Excel 2010 software, and 

statistical analysis and graphing were performed using SPSS 17.0 and Origin 2015 

software. The analysis of variance between treatments was conducted using the Duncan 

method at a significance level of 0.05. The response surface optimization was performed 

using Design-Expert.V8.0.6 software. 

 
 
RESULTS AND DISCUSSION 
 
Preparation of Fr-MCC by Single-factor Experiment of Enzyme Addition 

Effect of enzyme addition on Fr-MCC preparation 

The influence of enzyme addition on Fr-MCC yield and purity was studied. As 

shown in Fig. 2(a), the Fr-MCC yield decreased significantly with the increase of enzyme 

addition. The purity showed an upward trend, stabilizing at 92.6% when the enzyme 

addition was 2000 U/ and reaching a maximum of 93.3% at 4000 U/g. The reason for this 

may be that as the enzyme addition increased, the binding sites between enzyme molecules 

and cellulose molecules increased, leading to a significant improvement in enzyme 

decomposition efficiency. The residual hemicellulose, lignin, and amorphous regions 

adhering to the cellulose surface were mostly decomposed, resulting in an improvement in 

MCC purity while the yield decreased (Tong et al. 2023). In this experiment, the main goal 

was to improve the purity of Fr-MCC. The optimal range of enzyme addition was selected 

as 2000 to 5000 U/g for further experiments. 

 

Effect of enzyme hydrolysis temperature on Fr-MCC preparation 

The influence of enzyme hydrolysis temperature on Fr-MCC yield and purity was 

studied. As shown in Fig. 2(b), the Fr-MCC yield showed a downward trend followed by 

an upward trend with the increase of temperature. There was no significant difference 

among the treatments within 55 °C, and the yield increased significantly when the 

temperature exceeded 65 °C, reaching a maximum value of 45.6%. The results of the purity 

experiment were the opposite, showing an initial increase followed by a sharp decline, 

reaching a maximum value of 93.5% at 55 °C and a minimum value of 85.0% at 65 °C. 

This is because the enzymatic reaction activity is easily affected by temperature changes, 

and when the temperature is low, the enzymatic reaction activity is insufficient, affecting 

the enzymatic degradation rate of hemicellulose, lignin, etc. in the sludge fibers, resulting 

in low purity and high yield. The Fr-MCC yield and purity underwent significant changed 
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at 65 °C. This may be due to the fact that the temperature is too high, causing partial 

inactivation and denaturation of the cellulase, which leads to low purity and high yield 

(Dalagnol et al. 2017). In this experiment, the Fr-MCC purity response surface 

optimization experiment was conducted in the 45 to 65 °C enzymatic hydrolysis time 

interval. 

 

Effect of enzymatic hydrolysis time on Fr-MCC preparation 

The enzymatic hydrolysis time affected the yield and purity of Fr-MCC. As shown 

in Fig. 2(c), with the increase of enzymatic hydrolysis time, the Fr-MCC yield decreased 

significantly, and the decreasing rate accelerated when the time exceeded 2 h. There was 

no significant change after more than 3 h. The purity results were the opposite of the yield 

results. When the time exceeded 1.5 h, there was no significant change in purity. The 

reasons for the decrease in yield and increase in purity may be due to the increase in 

enzymatic hydrolysis time, which allows the cellulase to react fully, resulting in the 

degradation of the impurities on the surface of the crude fiber, such as the amorphous 

region of hemicellulose, into glucose and other monosaccharides and dissolved in water, 

leading to loss. Until the enzymatic reaction stopped after 3 h, the yield and purity tended 

to stabilize. In this experiment, the Fr-MCC purity response surface optimization 

experiment was conducted in the 1 to 3 h interval. 

 

 
 

Fig. 2. Effects of cellulase addition (a), temperature (b), time (c), and liquid-solid ratio (d) on the 
yield and purity of Fr-MCC 
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Effect of solid-liquid ratio on Fr-MCC preparation 

Different solid-liquid ratios of cellulase affected the yield and purity of Fr-MCC. 

As shown in Fig. 2(d), the yield showed an upward trend within the range of 1:10-40, but 

it was not significant at any level. The purity showed a trend of first increasing and then 

decreasing, reaching a maximum value of 92.6% at a solid-liquid ratio of 1:20. The reason 

for this may be that the liquid volume was too small, and the enzyme solution in the reaction 

system was not able to completely wrap the reactants, so the enzyme molecules could not 

fully bind to the cellulose molecules. Alternatively, the liquid volume ratio is too large, 

causing the enzyme solution concentration to decrease, enzymatic efficiency to decrease, 

and incomplete enzymatic hydrolysis, resulting in a decrease in the purity of Fr-MCC (Aziz 

et al. 2022). Taking into account the yield, purity, and cost factors, the optimal solid-liquid 

ratio was judged to be 1:20. 
 

Optimizing the Process Parameters for Fr-MCC Preparation Using Response 
Surface Methodology 

Establishing and analyzing the second-order response surface regression model 

Based on the results of the single factor experiment, the Design-Expert.V8.0.6 

software was used to conduct a response surface optimization experiment using the Box-

Behnken model. Fr-MCC purity was used as the sole response variable, and three variables 

were selected for analysis: cellulase addition, enzymatic hydrolysis temperature, and 

enzymatic hydrolysis time. The experimental design and results are shown in Table 1.  

 
Table 1. Experimental Design and Results Based on Response Surface Method 

Test No. 
Enzyme 

Addition(U/g) 
Temperature 

(°C) 
 Time 
 (h) 

 Purity (%) 
 Predicted value Actual value 

1 2000 45 2 93.63 93.83 
2 5000 45 2 93.39 94.41 
3 2000 65 2 85.52 87.79 
4 5000 65 2 85.43 88.82 
5 2000 55 1 92.07 93.46 
6 5000 55 1 92.07 94.01 
7 2000 55 3 93.10 95.64 
8 5000 55 3 93.10 97.97 
9 3500 45 1 89.42 91.07 
10 3500 65 1 84.77 87.06 
11 3500 45 3 92.00 95.71 
12 3500 65 3 84.24 88.59 
13 3500 55 2 93.51 96.87 
14 3500 55 2 93.51 96.72 
15 3500 55 2 93.51 96.48 
16 3500 55 2 93.51 96.33 
17 3500 55 2 93.51 96.13 

 

The variance analysis results are shown in Table 2. The model established through 

the analysis was significant, and the residual term was not significant, indicating that the 

model was reasonable. The R2 value of the model was 0.9971, and the R2adj value was 

0.9934, indicating that the model fit well, and the experimental error was small, which can 

be used to continue the condition optimization analysis of Fr-MCC purity. Among the 

coefficients, the main effects of B (enzymatic hydrolysis temperature), C (enzymatic 

hydrolysis time), and the quadratic term B2 showed a significant impact on purity (P value 
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< 0.01). The main effects of A (cellulase addition), AC, BC, and the quadratic term C2 had 

a significant impact on purity (P value < 0.05), and the impact of the three factors on purity 

in descending order was: enzymatic hydrolysis temperature > enzymatic hydrolysis time > 

cellulase addition. The fitted second-order polynomial regression equation was as follows:  

Purity = -53.24989+3.49889E-004*A+5.32055*B+8.45867*C 

 +7.50000E-006*A*B+2.96667E-004*A*C-0.07750*B*C 

 -1.40222E-007*A2-0.049780*B2-0.92050*C2   (2) 

 
Table 2. Variance Analysis of Regression Model for Purity 

Variance Source 
Square 

Sum 
Degree of 
Freedom 

Mean 
Square 

F-value P-value Significance 

Model 201.47 9 22.39 268.18 < 0.0001 ** 

Enzyme addition (A) 2.52 1 2.52 30.19 0.0009 * 

Temperature (B) 64.75 1 64.75 775.75 < 0.0001 ** 

Time (C) 18.94 1 18.94 226.93 < 0.0001 ** 

AB 0.051 1 0.051 0.61 0.4616  

AC 0.79 1 0.79 9.49 0.0178 * 

BC 2.42 1 2.42 28.97 0.0010 * 

A2 0.42 1 0.42 5.02 0.0600  

B2 104.34 1 104.34 1250.01 < 0.0001 ** 

C2 3.57 1 3.57 42.74 0.0003 * 

Residue 0.58 7 0.083    

Loss of fit 0.23 3 0.078 0.88 0.5211  

Pure error 0.35 4 0.088    

Sum 202.05 16     

Note: **. Extremely significant difference (P<0.01); *. Significant difference (P<0.05).  
 

Response surface analysis of Fr-MCC purity 

By conducting a quadratic regression analysis on the obtained quadratic terms, the 

interactive effects of AB, AC, and BC can be visualized through a three-dimensional 

surface plot. The steeper the response surface curve, the more significant the factor’s 

influence on Fr-MCC purity. The bottom projection is an isohyetal map, and the greater 

the eccentricity, the flatter the shape and the more significant the influence (Li et al. 2019). 

The interactive effects of enzyme addition (A) and enzymatic hydrolysis temperature (B) 

on Fr-MCC purity are shown in Fig. 3-a, the interactive effects of enzyme addition (A) and 

enzymatic hydrolysis time (C) on Fr-MCC purity are shown in Fig. 3-b, and the interactive 

effects of enzymatic hydrolysis temperature (B) and enzymatic hydrolysis time (C) on Fr-

MCC purity are shown in Fig. 3-c. From the 3D response surface curve and isohyetal map, 

the steepness of the surface curve for Fr-MCC purity was in the order of enzymatic 

hydrolysis temperature being the most significant, followed by enzymatic hydrolysis time, 

and enzyme addition being the least significant.  

 

Optimal condition prediction and validation experiment 

The optimal conditions for enzymatic hydrolysis of xylan to prepare Fr-MCC were 

predicted and verified through a quadratic regression analysis of the second-order fitting 

equation. The predicted optimal conditions were approximately: enzyme addition of 5000 

U/g, enzymatic hydrolysis temperature of 52 ℃, and enzymatic hydrolysis time of 2.65 h. 

The model predicted that the purity of Fr-MCC could reach up to 98.2%.  
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(a) 

 

 
(b) 

 

 
 (c) 

Fig. 3. Effects of interaction for various factors on the purity of Fr-MCC 
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Five repeated validation experiments were conducted using the predicted optimal 

conditions, and the actual measured average purity of Fr-MCC was 97.9%, which was only 

0.24% lower than the predicted value. This indicates that the model can predict the actual 

situation fairly well. The degree of polymerization of Fr-MCC was 280. 
 

Structural Characterization Analysis 
Scanning electron microscopy (SEM) analysis  

The Fr-MCC sample prepared in this experiment was a nearly white powder, with 

an increased density and more uniform dispersion compared to the fungal residue. Through 

SEM analysis, the microscopic morphology was observed, as shown in Fig. 4-a. The 

surface of the fungal residue was relatively smooth and had a high degree of integrity, as 

the original sample contained lignin, hemicellulose, and cellulose that were adhered 

together, and were wrapped in wax and protein on the surface (Wang et al. 2022). Figure 

3-b shows the morphology of the crude fibers after sodium hypochlorite bleaching and 

nitric acid ethanol treatment. The surface of the crude fibers had a large number of 

depressions and irregular pores, indicating that the wax layer, protein, and most of the 

lignin and hemicellulose were decomposed and peeled off, and the internal crystalline 

structure of cellulose was exposed (Wang et al. 2022).  

 

 
 

Fig. 4. SEM images for different samples of fungal residue (a), Crude fiber(b), Fr-MCC (c) and 
Commodity MCC (d) 
 

Figure 3c shows the morphology of Fr-MCC after enzymatic hydrolysis by 

cellulase, where the sample morphology underwent a noticeable change. Fr-MCC appeared 

as irregularly shaped, unordered aggregates with a decreased overall particle size and 

uneven surface texture, indicating that in the presence of cellulase, the long fibers of 

lignocellulose in the sludge waste were broken down into smaller molecular chains, while 

lignin and hemicellulose were degraded (Vanitjinda et al. 2019). Figure 3d shows the 
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microscopic morphology of commercial MCC, which has a similar basic shape to Fr-MCC, 

with irregularly shaped, unordered particles. The main difference is that the commercial 

MCC particles were smaller, which may be due to the properties of the fungal residue and 

the degree of comminution.  

 

Fourier transform infrared (FT-IR) analysis 

The FT-IR spectra of the fungal residue, crude fiber, Fr-MCC, and commercial 

MCC are shown in Fig. 5. The peak types of each sample were basically similar, indicating 

that the functional group structure of cellulose had not changed during the preparation 

process. The broad absorbance peak at 3336 cm-1 was the expression of the stretching of -

OH bonds. The absorbance peak height of Fr-MCC during the preparation process showed 

an upward trend, indicating that the number of free -OH groups had changed. The reason 

for this may be the enzymatic hydrolysis and breakage of long chain cellulose molecules 

into short chain cellulose molecules. The absorbance peak at 2892 cm-1 was the expression 

of the stretching vibration of the C-H bonds in methyl, sub-methyl, and next-methyl 

groups. The peak at 1740 cm-1 was attributable to the stretching vibration of lignin, 

hemicellulose carboxyl ester bond groups, or the stretching vibration of acetyl and 

xylopyranosyl ester bond groups in hemicellulose. The peak value of Fr-MCC (Fig. 5c) 

was weakened or disappeared, indicating that the lignin and hemicellulose in it were 

basically removed. The absorbance peak at 1641 cm-1 was ascribed to the variable angle 

vibration interaction between cellulose and water molecules. The absorbance peak at 1430 

cm-1 belongs to the bending vibration of the -CH2 and -OCH related groups. The weak 

absorbance peak at 1235 cm-1 is the expression of the stretching vibration of the C-O-C 

ester bond, the fungal residue was much more obvious than the crude fiber, Fr-MCC, and 

commercial MCC. The absorbance peak at 1164 cm-1 represents the stretching vibration of 

the C-O bond. The absorbance peak at 1029 cm-1 represents the skeletal stretching vibration 

of the C1-O-C4 ring in pyranose sugar. The absorbance peak at 895 cm-1 is a structural 

characteristic peak of cellulose molecules, representing the β-glucosidic bond connection. 

The increase in the height of the Fr-MCC peak (Fig. 5c) indicates an increase in the purity 

and crystallinity of cellulose (Kunusa et al. 2018). 

 
Fig. 5. Comparison of FT-IR spectra for different samples of fungal residue (a), Crude fiber (b), 
Fr-MCC (c) and commodity MCC (d) 
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 X-ray diffraction (XRD) analysis 

The X-ray diffraction pattern is shown in Fig. 6, where all the samples exhibited a 

strong absorbance peak at 2θ=22°, as well as weak peaks at 14° to 17° and 34°, which are 

all indicative of cellulose I type, suggesting that the cellulose crystal structure was not 

damaged during the entire preparation process (Naduparambath et al. 2018). As shown in 

Table 3, the crystallinity of several samples was in the order of: commercial MCC > Fr-

MCC > rough fibers > raw sample, with crystallinity values of 62.61%, 55.05%, 53.40%, 

and 38.77%, respectively. This indicates that the crystallinity increased as Fr-MCC was 

prepared and purified (Murthy et al. 1990). The reason for this may be that rough fibers 

produce H3O+ during the acid hydrolysis process, which penetrates the non-crystalline or 

non-crystalline regions of cellulose molecules, promoting the breakage of sugar glycosidic 

bonds, ultimately releasing individual microcrystals and resulting in an increase in the 

crystallinity of rough fibers (Asmarani 2020). Fr-MCC is hydrolyzed by cellulase, where 

the interwoven lignin and hemicellulose are completely hydrolyzed. This process exposes 

the internal crystalline state, and in addition, cellulase breaks down the long chain 

macromolecular cellulose into small molecular cellulose, causing the reorganization of the 

molecular structure of Fr-MCC, resulting in an increase in its crystallinity (Han and Geng 

2023). The high crystallinity of commercial MCC may be due to differences in fungal 

residue properties and processing methods. 

 

 
 

Fig. 6. XRD patterns comparison for different samples of fungal residue, crude fiber, Fr-MCC and 
Commodity MCC 

 

Table 3. Crystallinity of Fungal Residue, Crude Fiber, Fr-MCC and Commodity 
MCC 

Sample 
Category 

Fungal Residue Crude Fiber Fr-MCC 
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MCC 
CrI/% 38.77 53.40 55.05 62.61 
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Thermogravimetric analysis (TGA) 

As shown in Fig. 7, due to their similar chemical composition, the TG curves of the 

fungal residue, crude fiber, Fr-MCC, and commercial MCC were basically similar, with 

the trend of the sample weight loss process being roughly divided into three stages as 

temperature increases. The first stage occurred at a temperature of approximately 0 to 100 

℃, and all four samples showed slight weight loss. This weight loss was caused by the 

evaporation of free water in the sample (Fielden et al. 1988). The weight loss rates are 

3.60%, 4.29%, 6.62%, and 4.88%, respectively. The second stage began at approximately 

180 and 380 ℃ for the initial weight loss temperature and maximum weight loss 

temperature of the fungal residue and crude fiber, respectively, with maximum weight loss 

percentages of 56.2% and 67.9%, respectively. The initial weight loss temperature of Fr-

MCC was 220 ℃, the maximum weight loss temperature was 390 ℃, and the maximum 

weight loss was 69.6%. The initial weight loss temperature of commercial MCC was 250 

℃, the maximum weight loss temperature was 400 ℃, and the maximum weight loss was 

82.4%. In the third stage, the TG curves of all four samples became relatively flat, and the 

weight loss rate stabilized.  

 

 
 

Fig. 7. Comparison of TGA curves for different samples of fungal residue, Crude fiber, Fr-MCC 
and Commodity MCC 
 

The complete decomposition temperature of the fungal residue, crude fiber, Fr-

MCC, and Commercial MCC was 348.5, 342.3, 358.8, and 373.1 ℃, respectively, with ash 

residues of 20.2%, 15.0%, 14.3%, and 5.1%, respectively. Overall, the thermal stability of 

Fr-MCC was significantly improved compared to the fungal residue and crude fiber 

samples, but slightly lower than commercial MCC. The thermal stability performance of 

the four samples is ranked as follows: commercial MCC > Fr-MCC > crude fiber > fungal 

residue. The reason for this might be that under high-temperature and anaerobic conditions, 

the biomass undergoes complex processes such as dehydration, depolymerization, 

isomerization, aromatization, decarboxylation and carbonization, and pyrolysis generates 

various volatile substances, tar, and residual carbon. This is caused by the fact that the 

commercial MCC and Fr-MCC have less impurities of all kinds compared to the fungus 
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residue, and the proportion of residual carbon content is relatively large. 

The findings of this study show that there is potential to effectively alleviate the 

environmental pollution caused by the improper disposal or incineration of fungal residue, 

and improve the utilization rate of fungal residue waste resources. It provides a new idea 

and method for the preparation of MCC. 

 

 

CONCLUSIONS 
 

1. The crude fiber of fungal residue was extracted using NaClO alkaline solution and the 

nitric acid ethanol method. The optimal enzymatic hydrolysis conditions for preparing 

high-purity Fr-MCC with cellulase were determined as follows: enzyme addition of 

5000 U/g, hydrolysis temperature of 52 ℃, hydrolysis time of 2.65 h, and solid-liquid 

ratio of 1:20, resulting in Fr-MCC purity of over 97%.  

2. The sample was in the form of irregular white powder with a crystalline structure, 

which showed certain thermal stability.  
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