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Enzymolysis is a key bioconversion process of lignocellulosic biomass. 
The optimization of enzymolysis is important for its efficiency and 
accuracy. There is potential to solve the problem of low reducing sugar in 
the conversion of lignocellulose to bioethanol. In this study, mixed 
cellulases (cellulase and β-glucosidase) were used in the enzymolysis of 
acid-exploded poplar wood residues. The mixed enzymolysis process was 
optimized by response surface area test, and its kinetics model was 
established based on the Michaelis-Menten equation. The optimal 
parameters of the mixed enzymolysis were: initial, pH 5.2; temperature, 
46 °C; and cellulase to β-glucosidase ratio, 1.62. These parameters 
resulted in enzymatic saccharification efficiency 1.3 times as high as that 
of the control (conducted with un-optimized parameters). The modeling 
revealed that there was a strong correlation (R2 = 0.97) between substrate 
concentration and reaction rate. Multiple simultaneous saccharification 
and cofermentation (MSSCF) developed in the laboratory was also 
employed to verify the optimal parameters. The mixed enzymolysis 
process carried out with the optimal parameters achieved an ethanol 
concentration of 30.09 ± 0.49 g/L, which was 1.64 times higher than that 
conducted with un-optimized parameters. The fermentation time was also 
reduced by 24 h. Overall, the optimization of mixed enzymolysis process 
could enhance the efficiency of lignocellulosic directional conversion to 
bioethanol. 
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INTRODUCTION 
 

Although lignocellulosic ethanol production has not yet become economical, and 

the high cost of enzymatic saccharification hinders its industrialization (Khare et al. 2015). 

Optimization of enzymolysis process, which can improve bioconversion efficiency and 

control accuracy, therefore plays a key role in reducing the cost of enzymatic 

saccharification (Ghosh et al. 2015). This has led to a number of studies that were carried 

out to increase cellulase activities, enhance cellulase resistance to inhibitors, and improve 

zymograms by optimizing the enzymolysis process (Bhutto et al. 2014; Fenila and Shastri 

2016; Guo et al. 2018). Different biomasses (energy grass, bagasse, straw, eucalyptus, 
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palm, etc.) and different pretreatment methods (biological, physical, chemical, and some 

combinations of these methods) have different effects on saccharification and inhibitors 

(Baboukani et al. 2012; Sun et al. 2015). Dilute acid combined with steam explosion results 

in higher fermentable sugar content and lower inhibitor concentration (Castro et al. 2014). 

In addition, pretreatment is associated with high value utilization of lignin (Narron et al. 

2016; Santos et al. 2017). Although most of the research utilizes sulfuric acid, phosphoric 

acid can alleviate the concentration of inhibitors and reduce the cost of plant manufacturing, 

and fermentation residues can be used to make fertilizers (Vasconcelos et al. 2013). Hence, 

this study carried out mixed enzymatic optimization using dilute phosphoric acid 

impregnation combined with steam explosion treatment. At present, the process of 

bioethanol production from lignocellulose mainly can be categorized as either separate 

hydrolysis and fermentation (SHF), simultaneous saccharification and fermentation (SSF), 

or simultaneous saccharification and co-fermentation (SSCF) (Ruifei et al. 2014; Jalil et 

al. 2017). However, these approaches cannot save time while efficiently using 

lignocellulose. Therefore, the multiple simultaneous saccharification and cofermentation 

(MSSCF) system was selected for this work. MSSCF is able to consume reducing sugar 

progressively, in time to maintain a dynamic balance in an enzymatic fermentation system.     

Cellulase-producing strains are mainly fungi, especially molds, of which 

Trichoderma, Aspergillus, and Penicillium are the main genera. Some other genera and 

some other fungi, bacteria, and actinomycetes can also produce cellulase (Sunil et al. 2015). 

Cellulase is a multi-enzyme that consists of at least three different enzyme families, namely, 

cellobiohydrolase (CBH), endoglucanase (EG), and β-glucosidase (βG). These enzymes 

synergistically hydrolyze cellulose into reducing sugars, which are then fermented into 

targeted products (Zhan et al. 2017). Most commercial cellulases, including CBHs and 

EGs, have been produced by Trichoderma reesei (Xia et al. 2018). However, cellobiose 

inhibition of CBHs and EGs which is often accompanied by hydrolysis of cellulose can 

lead to inefficient enzymatic saccharification (Singhania et al. 2013; Velmurugan and 

Incharoensakdi 2016). Hence, it is highly necessary that the exogenous βGs be 

supplemented into commercial cellulases to develop special mixed cellulases that prevent 

cellobiose inhibition (Binod et al. 2019; Zhao et al. 2018). Due to the diversity and 

complexity of raw materials (such as grass, softwood, hardwood, etc.), it is better to 

optimize enzymatic hydrolysis so that enzymatic saccharification becomes more cost-

effective (Van Dyk and Pletschke 2012). 

The kinetics of enzymolysis are crucial to control and improve the robustness of 

the system. Empirical models, such as Michaelis-Menten-based, adsorption in cellulose 

hydrolysis, jamming, and fractal models, etc., have been employed to analyze the kinetics 

of enzymatic hydrolysis (Andersen et al. 2018). Michaelis-Menten models are most 

suitable for studying the effect of product inhibition on enzymatic saccharification. 

However, because these processes are complex and heterogeneous, they need further 

clarification. 

In this study, poplar wood powder pretreated by dilute phosphoric acid-steam 

explosion was used as the substrate for enzymolysis by mixed cellulases (commercial 

cellulase appended with βG). The enzymolysis was optimized by response surface 

methodology, and its kinetic model was based on the Michaelis-Menten equation to 

understand the relationship between substrate concentration and reaction rate. Multiple 

simultaneous saccharification and cofermentation (MSSCF) was conducted to evaluate its 

efficiency. 
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EXPERIMENTAL 
 

Materials  
Poplar wood powder (diameter: 1 to 2 mm, length: 2 to 15 mm) was first soaked in 

2 wt% dilute phosphoric acid at a solid-liquid ratio of 1:2.5 for 1 h. The soaked powder 

was then treatment by a steam explosion apparatus (Hebi Zhengdao Bioenergy Co. Ltd. 

Hebi, Henan, China) at a pressure of 2 MPa (20 bar, 215 °C) with a pressure holding time 

of 180 s. The resultant samples, which was later used as substrates, were collected and 

stored at 4 °C. The main components (cellulose, hemicellulose, lignin, and reducing sugar 

[RS]) were quantified, and the data is shown in Table 1. 

 

Table 1. Main Components of Poplar Wood Powder 
 

No. 1 2 

Treatment method Powder 
 Dilute acid-steam 
explosion powder 

Cellulose (%) 43.50 ± 0.69 38.19 ± 0.51 

Hemicellulose (%) 26.20 ± 0.57 6.79 ± 0.27 

Lignin (%) 22.31 ± 0.34 27.10 ± 0.19 

Others (%) 4.70 ± 0.12a 26.80 ± 0.33b 

RS (g/L)c - 12.79 ± 0.75 
a Neutral washing impurities and ash 
b Degradation products and ash 
c Degraded reducing sugar 

 

Mixed Enzymes and Strains 
Mixed enzymes were prepared by mixing βG produced in the laboratory using 

Aspergillus niger C112 (CCTCC M2012129) with commercial cellulase (Trichoderma) 

purchased from Hunan Lierkang Biological Co. Ltd. (Yueyang, Hunan Province). The self-

produced enzyme had a βG activity of 20.49 U/mL and a filter paper activity (FPA) of 1.23 

IU/mL, while the mixed enzymes had a βG activity of 75.84 U/mL and a FPA of 72.34 

IU/mL.   

Enzyme production by Aspergillus niger C112 was carried out in 250 mL flasks 

containing 100 mL of culture medium at initial pH 5.0 and seed volume 6 %, which were 

cultured in the shaking table under the conditions of 200 r/min and 28 °C, for 7 days.  Then 

the filtrate was filtered by 300 mesh molecular sieve and concentrated by TP10-20 

ultrafiltration device under the operating pressure of 0.08-0.1 MPa. The enzyme solution 

was prepared and stored at 4 ℃. 

Aspergillus niger C112 culture medium: rice straw powder 30 g/L, corncob 25 g/L, 

(NH4)2SO4  10 g/L, peptone 5 g/L, KH2PO4 5 g/L, CaCl2 9 g/L, MgSO4 9 g/L, Tween 80 

1ml / L, 1mol / L citric acid buffer 100ml / L, Mandels microelement concentrate 1ml / L. 

Mandels microelement concentrate formula: FeSO4·7H2O 5 g/L, MnSO4·H2O 1.6 g/L, 

ZnSO4·7(H2O) 1.4 g/L, CoCl2·6H2O 3.7 g/L. 

The strains used in MSSCF were Saccharomyces cerevisiae (CICC-1517RM) and 

recombinant Escherichia coli KO11 (ATCC-55124). Both strains were acquired from 

Institute of Biological and Environmental Science and Technology at Central South 

University of Forestry and Technology (Changsha, China). 
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Optimization of Enzymolysis  
The effects of different pH (4.0, 4.5, 5.0, 5.5, and 6.0), temperatures (40, 45, 50, 

55, and 60 °C), substrate concentrations (50, 75, 100, 125, and 150 g/L), times (0, 2, 4, 8, 

12, 24, 48, and 72 h), and ratios of βG to FPA in mixed enzymes (1.05, 1.31, 1.56, 1.81, 

2.04, and 16.66) on enzymolysis were studied using the single factor test. Based on the 

results of the test, three factors (at three different levels), including temperature, pH, and 

ratios of βG to FPA were selectively subjected to response surface test (RST). All 

experiments were carried out in 250 mL flasks containing 100 mL of hydrolytic medium 

at an initial pH 5.0, a temperature of 50 °C, a substrate concentration of 100 g/L, a time of 

24 h, and a ratio of βG to FPA (FPA loading 15 IU/g) of 1.56, except for the set factors.  

 

Mixed Enzymolysis Kinetics Model 
The effects of substrate concentrations (25, 50, 75, 100, 125, 150, 175, and 200 g/L) 

on mixed enzymolysis rate were studied based on the Michaelis-Menten kinetics model, 

which was then evaluated by the linearization method. The values of maximum reaction 

rate (Vmax) and Michaelis-Menten constant (Km) were confirmed and calculated by the least 

squares method. The adsorption capacity of substrate to protein was also determined.  

 

MSSCF 
The fermentation medium was prepared with 100 g/L substrate, 2 g/L KH2PO4, 0.4 

g/L CaCl2, 0.4 g/L MgSO4 7H2O, and 30 %(v/v) of 0.05 mol/L citric acid buffer, pH 5.6. 

The temperature of the mixed enzymolysis was initially maintained under 46 °C for 8 h. 

After that, it was lowered to 37 °C, the temperature at which fermentations using S. 

cerevisiae and E. coli KO11 at dry cell weights of 1 g/L and 0.33 g/L, respectively, were 

carried out. Ethanol yield was calculated as follows. 

     

(1) 

where 0.9 is the conversion coefficient of glucose to cellulose; 0.51 is the conversion 

coefficient of glucose to ethanol; and 0.46 is the conversion coefficient of xylose to ethanol. 

 

Analysis  
The lignocellulosic components were analyzed via weight loss (Chun 2006), and 

the reducing sugar (RS) concentration was measured by the 3,5 dinitrosalicylic acid (DNS) 

method. βG activities were determined using p-nitrophenyl-β-D-galactopyranoside 

(pNPG) assay, and FPA activities was determined using the DNS method (Ghose 1987). 

The dry weight of Saccharomyces cerevisiae and Escherichia coli KO11 were measured 

the absorbance value at wavelengths of 560 nm and 600 nm respectively, and the amounts 

were then converted into absolute dry weight of bacteria. Protein content was analyzed by 

Bradford assay (Sangon Biotech Limited Co. Ltd., Shanghai, China). Ethanol 

concentration was determined by gas chromatography (GC; GC-14C, Shimadzu, Kyoto, 

Japan) equipped with an FID detector and a capillary column Rtx-5. The temperatures were 

set as follows: inlet temperature, 180 °C; detector temperature, 200 °C; and column 

temperature, 80 °C (Schlatter et al. 2014).  

 

 
  

0.46content oseHemicellul0.51content Cellulose

0.9content Ethanol
yield Ethanol
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RESULTS AND DISCUSSION 
 

Single Factor Experiment 
As shown in Fig. 1, the contents of RS produced by mixed enzymolysis were higher 

than those produced by single commercial enzymolysis under the same conditions, which 

is likely due to the synergistic effect of mixed enzyme (Chylenski et al. 2017; Wang et al. 

2017). Additionally, the influence of temperatures from 40 to 45 °C on concentration of 

RS in mixed enzymolysis was negligible compared with that in single enzymolysis, that of 

temperatures from 45 to 60 °C was more prominent. Furthermore, in both single and mixed 

enzymolysis, the concentration of RS increased with the increases of substrate 

concentration and reaction time (Figs. 1C, 1D), but the yield of reducing sugar decreased 

with the increase of substrate. Interestingly, the concentrations of RS produced under the 

same conditions by the two processes were not distinctly different with time under 4 h; this 

is likely caused by the effects of enzyme adsorption (Machado et al. 2015) and cellobiose 

accumulation (Shokrkar et al. 2018). 

 

 
Fig. 1. Influence of different factors on RS production by commercial and mixed enzymolysis  
(A: pH, B: temperature, C: substrate concentration, D: time) 

 
As illustrated in Fig. 2, the concentration of RS increased with increasing enzyme 

( βG to FPA) ratio from 1.05 to 1.56 with a maximum RS concentration of 42.79 ± 0.63 

g/L; thereafter, it started to decrease at 1.81. Moreover, the concentration of RS produced 

by mixed enzymolysis process was much higher than that produced by single enzymolysis 

process. This result indicated the mixed enzymolysis is better than the single enzymolysis. 

As the ratio of βG increased gradually, oligosaccharides were hydrolyzed to glucose 

sufficiently, and cellobiose was converted to glucose, which relieved the inhibition of 
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cellobiose and promoted the increase of reducing sugar content (Shokrkar et al. 2018). 

When βG continually increased until the saturation was reached, the enzymatic hydrolysis 

efficiency started to decrease, and the reducing sugar content decreased due to the dilution 

of the solution. 

 

 
Fig. 2. Influence of different enzymes and mixed ratios on RS production (a: commercial 
cellulase, b-e: mixed enzymes (different βG to FPA ratio), f: enzymes produced by A. niger 
C112). 

 

Table 2. The Values of Factors and Results of Response Surface Test 
 

Run 
no. 

Factors Observed RS  

A 
Initial pH 

B 
Temperature
（°C） 

C 
Enzyme ratio 

(g/L) 

1 5.5 40 1.56 39.83 ± 0.37 

2 5.0 50 1.05 30.78 ± 0.44 

3 5.5 45 1.05 35.77 ± 0.71 

4 4.5 45 1.05 26.79 ± 0.68 

5 5.0 45 1.56 42.66 ± 0.52 

6 5.0 45 1.56 40.40 ± 0.33 

7 5.0 45 1.56 40.44 ± 0.19 

8 4.5 40 1.56 36.19 ± 0.24 

9 4.5 45 2.04 18.93 ± 0.56 

10 4.5 50 1.56 24.23 ± 0.73 

11 5.0 40 1.05 32.40 ± 0.50 

12 5.5 45 2.04 21.06 ± 0.25 

13 5.0 45 1.56 40.26 ± 0.69 

14 5.5 50 1.56 39.65 ± 0.35 

15 5.0 40 2.04 20.42 ± 0.67 

16 5.0 45 1.56 40.49 ± 0.47 

17 5.0 50 2.04 21.83 ± 0.52 
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RST Optimization 
The RST optimization results are shown in Table 2. The model (R2 = 0.974) used 

to simulate three factors (initial pH value, temperature, and enzyme ratio) is as follows. 

Y=-3.30A2-2.58B2-11.91C2+2.94AB-1.71AC+0.75BC+3.77A 

-1.54B-5.44C+40.85         (2) 

where Y, A, B, and C represent RS concentration, initial pH, temperature, and enzyme ratio, 

respectively.  

The highest RS concentration (42.66 g/L) was obtained at the following conditions: 

initial pH, 5.0; temperature, 45 °C; and enzyme ratio, 1.56.  

Table 3 shows that the models were significantly different (P< 0.0001). Enzyme 

ratio (factor C) could significantly influence the production of RS extreme, as indicated by 

the P value of much less than 0.05. The interaction between pH (factor A) and temperature 

(factor B) could also significantly influence the RS production (P < 0.05), while other 

interactions could not (P > 0.05). Thus, the impacts of the factors on the production of RS 

can be ranked as follows: enzyme ratio > initial pH > temperature. 

 

Table 3. Significant Difference and Variance Analyses 
 

Source Square Sum Freedom Mean Square F Value P Value 

Model 1130.49 9 125.61 29.18 < 0.0001 

A 113.79 1 113.79 26.44 0.0013 

B 19.09 1 19.09 4.43 0.0732 

C 236.61 1 236.61 54.97 0.0001 

AB 34.68 1 34.68 8.06 0.0251 

AC 11.74 1 11.74 2.73 0.1426 

BC 2.28 1 2.28 0.53 0.4908 

A2 45.73 1 45.73 10.62 0.0139 

B2 27.79 1 27.79 6.50 0.0382 

C2 597.73 1 597.73 138.88 < 0.0001 

Residual 30.13 7 4.3   

Lack of Fit 
Value 

26.02 3 8.67 8.44 0.0333 

Pure Error 4.11 4 1.03   

Sum 1160.62 16    

 

Three dimensional response surface and contour map (Fig. 3) were used to observe 

the effect of interactions between two variables on the production of RS. The elliptical 

shape of the contour map of initial pH value versus temperature indicates that the 

interaction between the two factors is more prominent than that between temperature and 

enzyme ratio, or between initial pH and enzyme ratio. 

Simulation by Design Expert 8.0 software showed that the predicted optimal 

enzymolysis conditions were: initial pH, 5.2; temperature, 46 °C; and enzyme ratio, 1.62, 

with the corresponding RS concentration of 42.74 g/L. To validate the predicted optimal 

conditions, three replicate experiments were performed, and an average maximum RS 

concentration of 43.11 ± 0.61 g/L was obtained. This value is 1.3 folds higher than the 

value obtained from un-optimized conditions. 
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Fig. 3. Three dimensional response surface and contour map illustrating effects of interactions of 
different factors on enzymolysis (I: initial pH and temperature, II: initial pH and enzyme ratio,  
III: temperature and enzyme ratio) 

 

Kinetics Model for Mixed Enzymolysis 
The substrate type influences adsorption equilibrium time in biomass enzymolysis 

(Machado et al. 2015). The enzymolysis rate of different substrate concentrations at 

different times is shown in Fig. 4. At reaction time of lower than 3 h, mixed enzymolysis 

rates were irregular, which may be caused by non-equilibrium adsorption. The equilibrium 
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time of cellulase adsorbed on acid pretreated wild ryegrass is 8 h (Zheng 2007). In contrast, 

at reaction time of higher than 3 h, mixed enzymolysis rates increased with increasing 

substrate concentration, but decreased with time. Because the amount of enzyme was 

sufficient when the concentration of substrate was low, the rate of enzymatic hydrolysis 

increased with the increase of the concentration of substrate. When the enzyme and 

substrate reached saturation, the rate of enzymatic hydrolysis was slowed by increasing the 

substrate concentration (more than 175 g/L), because the excessive substrate concentration 

led to ineffective adsorption and spatial hindrance of the enzyme (Pareek et al. 2013; 

Rahikainen et al. 2013). In addition, the substrate reduction reaction rate was relatively 

slowed over time as the amount of enzyme was constant.  

 

 
Fig. 4. Effects of substrate concentrations on enzymolysis rate (different colors represent reaction 
rates at different time points) 

 

The relationship between substrate concentration and enzymolysis rate within 24 h 

was linear and conformed with the Michaelis-Menten equation (Fig. 5) with Vmax = 1.54 

(g/(L·h) and Km = 89.38.  

 
 

Fig. 5. Effects of substrate concentrations on enzymolysis rate within 24 h (A: untreated dates,  
B: linear expression) 
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As shown in Fig. 6, the relationship between substrate concentration and protein 

adsorption was similar to that between substrate concentration and reaction rate with the 

maximum protein adsorption capacity (Pmax) = 1.805 (g/L) and the equilibrium constant 

(Kp) = 5.635. These values indicate that protein adsorption in mixed enzymolysis is 

important (Lu et al. 2017). 

 

 
Fig. 6. Effects of substrate concentrations on protein adsorption (A: untreated dates, B: linear 
expression) 

 

Comparison of Effects of Commercial and Mixed Enzymolysis on Ethanol 
Fermentation 

Ethanol fermentation is a bilateral fermentation process. Excessive initial sugar 

concentration causes stress on yeast growth, but low sugar concentration directly affects 

ethanol production (Dengfeng 2014). By increasing the content of reducing sugar in the 

enzymatic hydrolysis process, combined with the process of MSSCF fermentation, 

reducing sugar can be consumed in time to achieve dynamic balance, which can effectively 

solve the bilateral effects. As shown in Fig. 7, the yields of ethanol produced using 

commercial and mixed enzymolysis in MSSCF system for 72 h were 18.77 ± 0.38 and 

30.78 ± 0.49 g/L, respectively, which correspond with theoretical conversion rates of 

49.34% and 80.91%, respectively.  

 

 
Fig. 7. Comparison of single and mixed enzymolysis carried out in MSSCF (A: commercial 
enzyme, B: mixed enzyme, the black line is the reducing sugar concentration and the red line is 
the ethanol concentration) 
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Furthermore, at about 24 h, the rate of RS consumption was faster, and the yield of 

ethanol in mixed enzymolysis was higher than in commercial enzymolysis. Because the 

addition of β -glucosidase, compared with commercial enzyme mixtures, can convert 

oligosaccharides (cellobiose) into reducing sugars in a more timely and sufficient manner 

for fermentation strains to convert to ethanol. 

Pretreatment, enzymolysis, and fermentation are the main processes of ethanol 

fermentation of lignocellulosic, and they interact with each other. In order to achieve higher 

ethanol yield, the three should be highly coordinated and unified.  

The enzymatic hydrolysis process serves as a bridge that links pretreatment and 

fermentation. This is because enzymatic hydrolysis is not only a verification of the 

pretreatment effect of the material, but also a direct factor affecting the fermentation effect. 

Efficiently connecting the pretreatment and fermentation process to save time and cost is a 

problem that needs to be solved. First, poplar wood residues were pretreated by dilute 

phosphoric acid steam explosion; the resulting pulp had increased accessibility of 

substrates, which promotes enzymatic hydrolysis. Most hemicellulose was degraded to 

reducing sugar but cellulose and lignin remained almost unchanged. Therefore, it was 

necessary to promote the degradation of cellulose into reducing sugar to ferment ethanol 

through the process of subsequent enzymatic hydrolysis. In addition, phosphorus is 

beneficial to sugar metabolism. It can promote the growth and reproduction of 

microorganisms, and may promote the subsequent fermentation experiments. The 

enzymatic hydrolysis process was optimized under mixed enzymatic hydrolysis conditions 

to improve conversion efficiency and accuracy. Furthermore, combined with the process 

of MSSCF, this work also can effectively solve the bilateral effects. In general, all 

processes are effectively combined for promoting efficient conversion of residues into 

bioethanol. 

 

 
CONCLUSIONS 
 
1. Mixed enzymolysis of dilute phosphoric acid-steam exploded poplar wood residues 

was optimized using response surface experimental design and analysis. The optimal 

enzymolysis conditions were: initial pH, 5.2; temperature, 46 °C; and enzyme ratio, 

1.62.  

2. The parameters for the kinetics model was analyzed based on the Michaelis-Menten 

equation, and the enzyme had Vmax = 1.54 g/L·h and Km = 89.38. 

3. Multiple simultaneous saccharification and cofermentation (MSSCF) was developed 

in the laboratory to verify the obtained optimal conditions. The mixed enzyme resulted 

in the highest ethanol production of 30.78 ± 0.49 g/L with a theoretical yield of 80.91%, 

which was 1.64 times as high as the production by un-optimized conditions. 
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