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Kinetics of Cellulase Saccharification of Corn Stover
after Pretreatment by Lignin Peroxidase and H,O;

Zhi C. Zhang,®* Jin H. Li,’ and Feng Wang®

The kinetics of cellulase saccharification of corn stover (CS) after
pretreatment by lignin peroxidase (LiP) and H202 was modeled in this
work. The Impeded Michaelis model was applied in fitting all experimental
data. The model gave the initial activity and accessibility of the enzyme on
the substrate (Kobs,0) and the gradual loss of enzyme activity (Ki). The
maximum Yus (55.56%) was obtained at pH 4.7, 48.6 °C, a 1.5% cellulase,
and 12.4:1 water-to-material ratio. The binary quadratic model provide a
good fit of the data on Yus and of the model parameters Kobs,0 and Ki. The
results showed that Y«s was positively correlated with Kobs,0 and negatively
correlated with Ki. This study laid a foundation for improving the cellulase
saccharification efficiency of lignocellulosic biomass after pretreatment by
H20:2 and LiP.
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INTRODUCTION

Lignocellulosic biomass represents a variety of biomass sources, including
agricultural waste, where lignocelluloses can be utilized as raw materials and converted
into valuable chemicals, food products, and/or bio-energy (Baeyens et al. 2015). The
conversion of cellulose from lignocelluloses into bioenergy has attracted a great deal of
interest among researchers (Kang et al. 2014). However, only a minimal amount of
lignocellulose is typically utilized. As such, a great quantity of lignocellulose has been
wastefully discarded, resulting in environmental pollution and a serious waste of natural
resources. Lignin inhibits the degradation of cellulose and hemicellulose by preventing
contact with the cellulase and hemicellulase (Shi et al. 2008; Bellido et al. 2014; Wang et
al. 2015). The crystal structure reduces access to the surface area between cellulase and
cellulose, and between hemicellulose and hemicellulase. Therefore, the aim of the
pretreatment is to degrade the lignin and to improve enzymatic saccharification efficiency.
The H20: oxidative degradation is a particularly promising pre-treatment method
(Ramadoss and Muthukumar 2015; Zhang et al. 2015; Cao et al. 2016; Qing et al. 2016).
The catalysts used in H202 oxidative degradation of lignin include alkali (Cao et al. 2016),
inorganic salt (Ramadoss and Muthukumar 2015; Qing et al. 2016), and enzymes (Zhang
et al. 2015). However, the use of alkali and inorganic salt as catalysts results in
environmental pollution. The potential advantages of enzymatic-H202 oxidative
degradation of lignin include cost-effectiveness, speed, convenience, safety, high yield of
total reducing sugar (Yws), low environmental impact, and the lack of a need for special
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equipment. However, the hydrolysis solution of this method contains high amounts of
lignin degradation products. These degradation products may affect the next step in the
saccharification of cellulose catalyzed by cellulase.

A kinetic model that completely describes the enzymatic hydrolysis process is
essential for reactor design. The Michaelis—Menten model for enzyme Kinetics is well
suited for application in homogeneous systems. However, many bio-catalytic reactions
take place in heterogeneous systems where the effects of mass-transfer and reaction occur,
such as accessibility and reactivity of enzymes on insoluble substrates, and enzyme
deactivation (Xu and Ding 2007; Bansal et al. 2009). Previous studies have proposed
alternative models to simulate enzymatic reactions in a heterogeneous system, such as the
jammed Michaelis model, the fractal Michaelis model, and the model of the shrinking
particle theory (Movagharnejad and Sohrabi 2003; Xu and Ding 2007; Bansal et al. 2009).
These models have the following disadvantages: (i) the models consist of complicated
ordinary differential equations that must be solved; (ii) the models contain many
parameters that cannot be effectively determined; and (iii) some parameters are arbitrarily
selected rather than research supported (Ye and Berson 2011). To overcome the above-
mentioned disadvantages of these models, the Impeded Michaelis model has been
developed by modifying the Michaelis-Menten model with a time-dependent decay
coefficient of impeded enzyme reaction (Yang and Fang 2015a, 2015b). However, this
model cannot directly show the correlation between the yield of total reducing sugar (Ytrs)
and the initial activity and accessibility of the enzyme on the substrate (Kobs,0) or the gradual
loss of enzyme activity (Ki) in a heterogeneous system.

In the authors’ previous study, Aspergillus oryzae CGMCC5992 was isolated from
the sludge of the Yudai River at Jiangsu University, and was able to remove chemical
oxygen demand (COD) from vinasse (Zhang et al. 2013). When gallic acid is used as the
substrate, Aspergillus oryzae CGMCC5992 can synthesize lignin peroxidase (LiP), and
laccase (Guo et al. 2013). Proteomic analysis has shown that the strain secretes LiP in the
presence of corn stover (CS) (Guan et al. 2015). These enzymes play key roles in the
degradation of lignin and aromatic compounds. Furthermore, the authors have developed
a method to degrade lignin in CS by combining solid state fermentation and enzymatic
hydrolysis, and have found that A. oryzae grows well on H202-pretreated CS. This method
has a higher synthesis of LiP, a greater disintegration of lignin (Zhang et al. 2014), a
reduced treatment time of 10 days rather than 50 days, and an increased efficiency of lignin
degradation of 80% compared to the 57.8% efficiency of solid-state fermentation (Zhang
et al. 2014). However, it has two major drawbacks of requiring a large production location
and having a long fermentation cycle. Recently, a combination of liquid-state fermentation
and enzymatic hydrolysis has been applied in the pretreatment of CS, and the Yus reaches
a maximum of 46.28% (Zhang et al. 2015). In the present study, the authors aimed to
further explore the kinetics of enzymatic hydrolysis of cellulose from the CS pre-treated
by LiP and assess the effects of various factors on the enzymatic hydrolysis Kinetics.
Moreover, the authors investigated the correlations between Ys and Kobs0 and between Yirs
and Ki in a heterogeneous system and clarified the enzymatic saccharification law of
cellulose in the presence of the degradation products of lignin. This study will help to
optimize hydrolysis conditions to lay the foundation for next step in ethanol fermentation,
which might include using CS as a raw material.

Zhang et al. (2017). “Oxidative degradation of lignin,” BioResources 12(3), 5462-5486. 5463



PEER-REVIEWED ARTICLE b | oresources.com

EXPERIMENTAL

Materials

The CS was obtained from a local farm (Jurong, China) and ground to less than
0.25-mm. The content of hemicellulose, cellulose, and lignin of the ground CS consisted
of 26.24%, 32.12%, and 15.42%, respectively. A commercial Trichoderma reesei cellulase
was purchased from Guangzhou Global Green Tech. Ltd. (Guangzhou, China). The
activities of carboxymethyl-cellulase (CMCase), filter paper enzyme (FPase), B-
glucosidase, and hemicellulase were 5.97 x 10* U/mL, 821 FPU/mL, 10.1 U/mL, and 284
U/mL, respectively. All chemicals used were of analytic grade and purchased from East
China chemical and glass- Instruments Co. Ltd. (Zhenjiang, China).

Microorganism

The A. oryzae CGMCC5992 applied in the study was isolated from the sludge of
the Yudai River at Jiangsu University and stored in the China General Microbiological
Culture Collection Center. The strain in all of the experiments was cultured on PDA slants
at 28 °C for 4 days, then stored in refrigerator at 4 °C and transferred every 2 months.

LiP preparation

The crude LiP solution was prepared according to the method described by Zhang
et al. (2015) with minor modifications. A total of 1 x 10° spores from the A. oryzae slant
were inoculated aseptically into a 250-mL Erlenmeyer, loading 100 mL potato dextrose
medium and then incubated in a rotary incubator shaker at 35 °C, 125 rpm for 24 h. This
culture broth was used as seed in the LiP fermentation. Subsequently, 10 mL of seed culture
was aseptically inoculated into a 250-mL Erlenmeyer flask containing 100 mL of minimal
medium (pH 6.8 to 7.0). The minimal medium consisted of: 30 g/L CS powder, 2.5 g/L
glycerol, 2.5 g/L maltose, 15 g/L yeast extraction, 4.5 g/L (NH4)2SQ4, 0.4 g/L FeSO4-7H20,
0.4 g/L CuSO4-5H20, 1 g/L MnSO4-H20, 0.6 g/L MgS0O4-7H20, 0.1 g/L VBi12, and 0.004
g/L glycine. After inoculation, the flask was incubated at 35 °C in a rotary incubator shaker
(125 rpm) for 72 h. Then, the incubation broth was centrifuged, and the supernatant was
examined to determine the LiP activity. The LiP activity was adjusted to 500 U/L, and the
supernatant was used as an enzyme in the lignin hydrolysis.

Oxidative degradation of CS by H202 using A. oryzae CGMCC 5992 broth as catalyst

Next, 20 g CS was mixed with 250 mL H20 in a 500-mL three-neck round-bottom
flask, and the mixture was pretreated at 110 °C for 10 min and then cooled to 35 °C.
Subsequently, 75 mL enzyme solution (the above-described LiP-containing supernatant)
was added to the flask, and the mixture solution was stirred at 100 rpm and preheated to
35 °C in the water bath. Then, 100 mL H202 (1.5%) was added to the mixture at a flow
rate of 0.5 mL/min. After 8 h of hydrolysis, the mixture was filtered, and the filtered residue
was dried to a constant weight and used as raw material in the cellulase saccharification
reaction. The lignin content of the filtered residue (the pretreated CS) was 9.8%.

Cellulose saccharification in CS after enzymatic catalysis by A. oryzae CGMCC 5992
broth

All saccharification tests of pretreated CS cellulose were conducted in 250-mL
Erlenmeyer flasks. First, 10 g CS pretreated with H202 and LiP was added into 100 mL of
0.1 mol/L acetate buffer containing 1% cellulase (pH 4.5). After being fully mixed, the
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initial concentration of reducing sugar was denoted as Co. The saccharification reaction
was conducted at 50 °C in a shaking bath (120 rpm) for 12 h. Then, 1-mL samples were
collected at 4 h, 8 h, 12 h, 24 h, and 48 h. Each sample was immediately cooled in an ice
bath to room temperature to terminate the reaction. The reducing sugar concentration in
each flask was denoted as Ci1. The Yus was calculated according the following equation,

Yirs (%) = C x V/ G x 100 (1)

where Yus is the yield of total reducing sugar, V is the volume of reaction solution (mL), G
is the weight of total dry substrate (g), and C1 and Co are the reducing sugar concentrations
(g/mL) at 0 h and t h of reaction.

Methods
One-factor-at-a-time test

Various factors, including pH, water to materials ratio, temperature, and enzyme
concentration, were assessed by the one-factor-at-a-time method. The pH values of the
acetate buffer were 2, 3, 4, 5, 6, and 7, respectively. Water to materials ratios were 8:1,
10:1,12:1, 14:1, and 16:1, respectively. Temperature was set at 35 °C, 40 °C, 45 °C, 50 °C,
55 °C, and 60 °C, respectively. The enzyme concentration was 0.5%, 0.75%, 1%, 1.25%,
1.5%, and 2%, respectively.

Response surface design

The effects of reaction temperature, pH of acetate buffer, water to materials ratio,
and enzyme concentration on Yws were evaluated via the Box—Behnken Design (BBD)
modification of the response surface design (Amini et al. 2009a, 2009b; Cerino-Cordova
et al. 2011, 2012; Déavila-Guzmana et al. 2012). A four-factor and three-level response
surface analysis was designed using Yis, the initial observed rate constant (Kobs,0), and the
coefficient of the ineffective enzyme during the hydrolysis reaction (Ki) as response
variables. The reaction pH of the acetate buffer, temperature, water-to-material ratio, and
cellulase concentration were used as independent variables. Table 1 shows the levels of the
variables that were identified from the results of the one-factor-at-a-time experiments.

Table 1. Factors and Levels of Box-Behnken Design of Response Surface*

pH Temperature COEQ;X? aeiion Water/Materials Ratio
Level R 5 c 5
-1 4 40 0.5 8
0 5 50 1.0 12
1 6 60 15 16

*: The units of temperature and enzyme concentration were °C and %.

Analysis

The LiP activity of the broth was spectrophotometrically (Shanghai Analytical
Instrument Co., Ltd., Shanghai, China) measured according to the method described by
Mitchell and Lonsane (1993). The reaction solution consisted of 1.5 mL of 10 mM veratryl
alcohol, 50 uL enzyme sample, and 0.25 M sodium tartrate buffer (pH 2.5). The reaction
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was initiated by adding H202 (5 mM). One unit (U) of LiP activity was defined as the
amount of enzyme required to oxidize 1 pmol veratryl alcohol to veratryl aldehyde in 1
min at 30 °C. The total lignin content (acid-soluble lignin + acid-insoluble lignin) of
substrates and raw materials was determined as recommended by Sluiter et al. (2008). The
reducing sugar concentration in the hydrolysis solution was identified according to the 3,5-
dinitrosalicylic acid method (Miller 1959).

All tests were repeated at least three times, and the results were presented as means
due to their negligible standard errors. All data were fitted using Microsoft Excel
(Microsoft, Redmond City, America) and SPSS 17.0 software (IBM, Ammonst City, USA).
The analysis of Box—Behnken Design (BBD) was performed with the Design-Expert
version (8.0.4). All the regression equation and the analysis of variance (ANOVA) were
performed using SPSS 17.0 software.

Impeded Michaelis kinetic model

The enzymatic saccharification of CS pretreated with H202 and LiP was conducted
in a heterogeneous system, in which many factors affect the reaction kinetics. These factors
include product inhibition, mass-transfer resistance, interaction between enzyme and the
inert, nonreactive site of lignocellulosic biomass, and enzyme inhibition (Gan et al. 2003).
Based on the Michaelis—Menten model with minor modifications, the impeded kinetic
model in a heterogeneous system constructed by Yang et al. (2015a, 2015b) was applied
to fit all of the test data.

Michaelis—Menten model believes that the enzymatic reaction process is divided
into two step including that the substrate (S) combined with enzyme (E) forms the enzyme-
substrate complex (ES) and that ES is converted into E and product (P).

According to impeded Michaelis kinetic model, the efficiency dependent upon the
pretreatment on the substrate, the initial accessibility of cellulase to the cellulose of
pretreated CS, and the activity of cellulase on the cellulose (Kobs0) = k2(Eo) / Km, the
correlation between the yield of total reducing sugar (Yws), reaction time (t) and Kobso was
as follows,

a7, 1
—s =, ox— (1 -V ) 2
dt 0bs,0 (1 + O(f) trs ( )

where Eo is the initial enzyme concentration, k2 is the rate constants from enzyme-substrate
complex to product, Km is the Michaelis constant, and « is a constant. The coefficient of
the time-dependent inactive enzyme (Ki) can be calculated according to the constant a and
the following equation,

B 2a
"l ot

©)

where inactive enzyme results from the combined effects of product inhibition, the action
of enzyme on the inert and nonreactive site of lignocellulose biomass, and the mass-transfer
resistance for enzymes. Equation 2 can be solved to give:

K pq ot
—mu—ngzifﬁ- 4)

Equation 4 then can be rearranged as,
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t 1 a
= + t (5)
- In(l_Ytrs) Kobs,o KObS,O

where Eq. 5 was applied to fit the experimental results by plotting t / (=In(1 — Yus)) versus
t. The coefficient of t term and the constant term are a / Kobsoand 1 / Kobso, respectively.
The value for Ki was calculated according to Eq. 3, and the predicted Yus (Yirs, pred) Was
calculated under optimum condition according to the equation below.

(_ Kobs,Ot

Y —1—¢ 1+ozt) (6)

trs,pred

RESULTS AND DISCUSSION

In the enzymatic degradation of solid cellulose, the action of cellulase in the mobile
components of insoluble cellulosic substrates produces chemical and physical changes,
resulting in an increased release of the residual lignin or lignin monomer in the residual
solid phase of pretreated CS (Balat and Balat 2008). Because the enzymatic
saccharification of cellulose is a rather slow process, these actions and the feedback
inhibition of the products are negligible in the initial reaction stage.

One-factor-at-a-time Method

All Yus determined at various time in the one-factor-at-a-time are shown in Table 2.
Table 3 shows Kobs,0 and Ki obtained from the regression equation and the ANOVA of the
data. All p values were less than 0.01 and R? was close to adj-R? in Table 3, which implied
that all fitted equations were statistically significant (p<0.05) and all data were reliable.

Effect of water to materials ratio

The addition of water may have three effects on the system. Firstly, it will tend to
favor enzyme diffusion from the solution to the reaction interface, and the product diffusion
from the reaction interface to the solution. Secondly, addition of water affects the
microenvironment of the enzyme, which can affect catalytic activity and susceptibility to
denaturation (Liu et al. 2010; Salum et al. 2010; Liu et al. 2011). Thirdly, water protects
the cellulase from combining residual lignin and degrading products, which further affects
the reaction velocity. However, if the water-to-material ratio is too high, it will reduce the
concentrations of enzyme and substrate, which will decrease the reaction rate. Similarly,
high water-to-material ratio leads to lower ethanol concentration, increasing the cost of
subsequent ethanol-water distillation, and the volume of reactors. Therefore, the optimal
water-to-material ratio must provide enzymatic saccharification and require low cost to
concentrate the final product. The authors studied the effect of the water-to-material ratio
on the saccharification kinetics of cellulose, as shown in Table 2. Table 3 reveals the
variation tendency of parameters Kobs, 0, and Ki from the kinetic equation (5) with an
increase of water to materials ratio. Tables 2 and 3 shows that (1) Yws at 12 h of reaction
and Kobs, o gradually increased from 39.60% to 50.42%, and from 0.2762 h'* to 0.3537 h*,
respectively, when the water to materials ratio increased from 8:1 to 10:1, and that they
gradually decreased with further increase of the water to materials ratio; (2) Ki presented a
U-shaped curve when the water to materials ratio was changed within the tested range; (3)
the minimum Ki (0.1231 h'') was obtained at a water to materials ratio of 12:1. Because
Kobso = k2[Eo] / Kmand [Eo] was the initial cellulase concentration and a constant in the
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experiment, an increase of Kobs,0 hinted at an increase of k2 or decrease of Km. The Km value
represents the affinity of the reaction between the enzyme and substrate. When Km was
smaller, the affinity was greater and vice versa. Because Ki was the coefficient of the
ineffective enzyme during the hydrolysis reaction, a lower Ki indicated that there was less
ineffective enzyme and more effective enzyme. Therefore, it was deduced that the water to
materials ratio increased Yws by adjusting the affinity between the enzyme and substrate,
which led to an increased amount of effective enzyme. Under the condition of a lower
water to materials ratio, diffusion was limited, Kobso decreased, Ki increased, and Yus
decreased. Under the condition of a higher water to materials ratio, the concentrations of
cellulase and substrate decreased, as did Yirs.

Table 2. Yield of Total Reducing Sugar (Yus) in One-Factor-at-a-Time (%)

Hydrolysis-time (h)
0 | 4 | 8 | 12 | 24 | 48
Water:Materials
Ratio
81 14.0404+ 16.6804+ 40.0532+ 39.5956+ 38.8916+ 38.6988+
) 0.9650 0.5101 0.1744 0.1273 1.173 0.6331
10:1 16.9900x 21.2036x 48.9764+ 50.4196+ 48.5322+ 48.3956+
) 0.2917 0.9788 0.7791 0.2189 0.1715 0.3349
12:1 16.8388% 14,5156+ 44,7172+ 45.5621+ 45,9844+ 47.0404+
) 0.1977 0.9877 0.9318 0.7993 0.9631 1.0010
14:1 9.3942+ 9.3947+ 27.1172+ 28.5076% 28.7524+ 29.3876%
' 0.1892 0.1770 0.9656 0.8653 0.7793 0.7455
161 6.1384+ 9.0948+ 19.4436+ 24.4948+ 24,8292+ 25.0578+
' 0.2031 0.2644 0.7263 0.1912 0.6549 0.8679
pH
5 10.0452+ 13.5652+ 37.6426+ 38.0116+ 39.4548+ 39.7364+
0.2372 0.1110 0.1486 0.3741 0.1641 0.4221
3 10.6612+ 15.3604+ 40.1061+ 40.4404+ 41.8132+ 42.5172+
0.2458 0.4840 0.1797 0.4195 0.5417 0.7321
4 14.9204+ 16.9092+ 44,1364+ 46.2132+ 47.7092+ 49.0468+
0.6723 0.8554 0.5730 0.9045 0.8620 0.8185
5 18.2292+ 21.2036+ 45,9316+ 46.1780+ 47.1284+ 44.3476x
0.7431 0.7064 0.5992 0.6444 0.3158 0.3682
6 15.4484+ 17.7540+ 42.6932+ 43.0918+ 46.9524+ 47.9732+
0.3357 0.2823 0.9519 0.6843 0.7802 0.2541
7 11.2596+ 23.2980+ 41.0036+ 41.8660+ 43.2740+ 42.7108+
0.1828 0.4035 0.3601 0.7701 0.2660 0.1965
Temperature (°C)
35 10.5556+ 12.3508+ 23.1748+ 24.5652+ 24.8468+ 25.4452+
0.2493 0.0953 0.1139 0.2675 0.1486 0.1950
40 9.1652+ 114118+ 26.7313% 27.9444+ 28.2436% 30.0916+
0.2238 0.3598 0.1542 0.2872 0.4626 0.2654
45 11.4356x 14.5156* 34.3332% 36.0404x 37.3252+ 38.3461+
0.4137 0.5701 0.4457 0.8595 0.8087 0.4488
50 13.0372+ 14.5156+ 43.6436% 45.5268+ 46.1076% 47.0052+
0.4802 0.4881 0.4673 0.6353 0.3090 0.5286
55 13.9876+ 19.7604+ 40.0532+ 42.1652+ 42.8516+ 41.8132+
0.2114 0.1907 0.7448 0. 6694 0.7120 0.4924
60 9.8516+ 13.4772% 32.1674+ 36.4161+ 37.9764+ 39.6836%
0.1170 0.2855 0.2815 0.8162 0.8581 0.7918
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Enzyme Concentration (%)

0.5 7.0004+ 12.0692+ 31.9748+ 32.8372+ | 33.2068+ 34.9188+
0.1653 0.4978 0.5796 0.9350 | 0.3544 0.3215

0.75 13.0196+ 15.8004+ 37.2548+ 39.5076+ 39.7188+ 40.1236+
0.2187 0.7945 0.5837 0.6677 0.4033 0.6628

1 12.9668+ 17.226+ 44.6468+ 45.0164+ 46.7412+ 46.9348+
0.5709 0.6901 0.9326 0.6993 0.9692 06988

1.25 12.9492+ 16.8036+ 47.4804+ 47.8155+ 48.1668+ 48.8884+
0.6420 0.2681 0.3445 0.8489 0.3544 0.6405

15 13.1604+ 17.226+ 48.0084+ 48.3780+ 48.9060+ 495572+
0.2825 0.3807 0.6721 0.1398 0.8126 1.0239

1.75 13.0027+ 16.3284+ 47.4987+ 48.1316%+ 49.3988+ 51.3172+
0.1608 0.1291 0.2657 0.4033 1.0171 0.3237

2.0 13.8292+ 17.3316+ 49.5572+ 50.6484+ 50.842+ 51.7396+
0.1354 0.1830 0.3325 0.9692 0.2572 1.7521

Table 3. Results of Regression Analysis in One-Factor-at-a-Time Experiment

R? Adj. R? Kobs,o (h™?) Ki(ht) p value®
Water:Materials
Ratio
8:1 0.9758 0.9691 0.2762 0.1443 0.000
10:1 0.9726 0.9659 0.3537 0.1431 0.000
12:1 0.9267 0.9071 0.1650 0.1231 0.0021
14:1 0.9508 0.9386 0.1065 0.1286 0.001
16:1 0.9695 0.9626 0.0932 0.1303 0.000
pH
2 0.9529 0.9407 0.1597 0.1295 0.001
3 0.9593 0.9492 0.1810 0.1307 0.001
4 0.9487 0.9356 0.1839 0.1249 0.001
5 0.9777 0.9721 0.4523 0.1496 0.000
6 0.9619 0.9516 0.1860 0.1264 0.001
7 0.9914 0.9883 0.3939 0.1485 0.000
Temperature (°C)
35 0.9907 0.9873 0.1626 0.1441 0.000
40 0.9749 0.9672 0.1214 0.1322 0.000
45 0.9694 0.9617 0.1621 0.1316 0.000
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50 0.9263 0.9088 0.1625 0.1225 0.002

55 0.9825 0.9772 0.3166 0.1449 0.000

60 0.9573 0.9468 0.1298 0.1230 0.001
Enzyme

Concentration (%)

0.5 0.9604 0.9506 0.1310 0.1287 0.001
0.75 0.9708 0.9627 0.1996 0.1356 0.000

1 0.9572 0.9463 0.2097 0.1310 0.001
1.25 0.9447 0.9299 0.2054 0.1286 0.001
15 0.9457 0.9312 0.2107 0.1288 0.001
1.75 0.9309 0.9126 0.1755 0.1210 0.002

2 0.9363 0.9207 0.2064 0.1260 0.002

" p value is Prob > F

Effect of pH

The shape of the pH effect curve on the Yus, Kobso, and Ki of a hydrolysis reaction
was determined by the pH. The pH could change the structure of enzymes and the charge
quantities on the binding and catalysis sites of enzymes, thus affecting the reaction velocity.
In the present study, the authors compared the pH effect of reaction resolution on Yirs, Kobs,o,
and K of the cellulose saccharification reaction of pretreated CS. The Yus in Table 2 and
Kobso In Table 3 had a maximum, respectively, and Ki presented a wavy-value with pH
change within the tested range, as shown in Table 3. The maximum response of Yus and
Kobs,0 0ccurred between a pH of 4.0 to 5.0. The results showed that pH increased Yis by
increasing the affinity of the enzyme and the substrate, or the reaction velocity from the
enzyme-substrate complex to the product when pH was increased from 2.0 to 4.0. The
authors’ result was different from the results of the cellulase hydrolysis of Douglas fir
treated with a wet explosion pretreatment using CCD, where 5.5 is the optimal pH for the
maximum Yus (Biswas et al. 2015a,b). This discrepancy could have been explained by
differences in the substrates and the sources and properties of the cellulase. The primary
driving force for enzyme action is binding cellulase via their surface hydrophobic
properties, which can be affected by suspension pH through surface functional groups (Lan
et al. 2012). The wavelike Ki curve shows that the pH effect on the combination of the
inhibitor (lignin) and the site in the enzyme was unsynchronized with the pH change.

Effect of temperature

An increase in the reaction temperature might have increased the saccharification
reaction velocity, though this occurred only over a strictly limited temperature range. The
reaction velocity is initially increased as an increasing temperature certainly increases the
mobility of molecules, but also increase the kinetic constant of the reaction (Arrhenius
equation). However, the kinetic energy of the enzymes exceeded the energy barrier for
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breaking the weak hydrogen and hydrophobic bonds. At a higher temperature, denaturation
predominated, accompanied by a loss of catalytic activity.

To explore the optimal temperature of saccharification, the authors performed the
saccharification reaction at a series of temperatures, (35 °C, 40 °C, 45 °C, 50 °C, 55 °C
and 60 °C) and investigated the effect of reaction temperature on Yus, Kobso, and Ki, as
shown in Table 2 and Table 3.

Tables 2 and 3 show the variation tendency for the Yirs, Kobs,0 and Ki. The maximum
Yus (45.53%) at 12 h of reaction was obtained at 50 °C (Table 2), while the maximum Kobs,o
(0.3166 h') was obtained at 55 °C (Table 3). The Ki was gradually decreased from 0.1441
h™ to 0.1225 h't when the temperature increased from 35 °C to 50 °C (Table 3). The Ki
then increased from 0.1225 h* to 0.1449 h'* when the temperature was further increased
from 50 °C to 55 °C. Based on these results, the authors deduced that when the temperature
was lower than 50 °C, the increase in temperature increased the affinity between the
substrate and enzyme, and facilitated the conversion of the enzyme-substrate complex into
product, which resulted in a decreased concentration of ineffective enzyme, increased
concentration of effective enzyme, and an increased Yws. When the temperature was
between 50 °C and 55 °C, the increase in temperature enhanced the affinity between the
substrate and the enzyme, and facilitated the conversion of the enzyme-substrate complex
into product. However, the amount of ineffective enzyme also increased.

Effect of enzyme concentration

Enzyme concentration was found to be a key factor in controlling the speed of CS
saccharification. In general, higher enzyme concentration led to an increased Yws. Tables 2
and 3 show the effect of cellulase concentration on Yus, Kobso, and Ki. Table 3 summarizes
the results of the ANOVA analysis. All p values were less than 0.01 and R? was close to
the adj-R? in Table 3, which suggested that these equations provided a good fitting degree.
From Table 2 and Table 3, it was clear that when the enzyme concentration increased from
0.5% to 1.5%, Yus at 12 h of reaction gradually increased from 32.84% to 48.38%, and
Kobs,0 increased from 0.1310 h' to 0.2107 ht. However, Ki remained stable within a range
of enzyme concentrations. This finding could have been explained by the substrate
absorption. Many studies have reported that solid substrate can absorb some enzymes
(\Vallander and Eriksson 1987; Lee et al. 1994; Rosgaard et al. 2007). Unsurprisingly, the
Yus increased with enzyme concentration. When the enzyme concentration in the reaction
mixture was very low, the substrate (CS) adsorbed fewer enzymes, and the Yusand Kobs,o
were positively correlated with enzyme concentration. Therefore, when the enzyme
concentration was less than 1.5%, Yus and Kopso rapidly increased with enzyme
concentration. However, after substrate adsorption reached the saturation state, the
excessive enzymes in the solution could not be absorbed, and the Ywsand Kobs,o were slowly
increased when the enzyme concentration increased from 1% to 2%. This finding could
have been explained by substrate limitation.

Optimization of LiP Synthesis Conditions Using RSM

Based on the results of the one-factor-at-a-time method, the water to materials ratio,
pH, reaction temperature, and cellulase concentration were selected as the most influential
factors. The authors further investigated the effect of their interactions on the Yis, Kobs,o,
and Ki of the saccharification kinetics of cellulose in CS using BBD with four factors, three
levels, and three response values (a total of 29 experiments, as shown in Table 4). Three
levels were coded as -1, 0, and +1 (Davila-Guzmana et al. 2012). The second-order
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polynomial equation to fit the experimental results and identify the relevant model terms
was based on Eq. 7 as follows,

Y =Bo+ELiXi+ELiXiXi+Z i (Xi)? (7

where Y is the predicted response, fo is the constant, fi is the linear coefficient, g is the
interaction coefficient, Sii is the quadratic coefficient, and Xi and X; are the coded
independent variables (Cerino-Cordova 2012).

Table 4. Box-Behnken Design of Response Surface Method and the Run Results

C: D:
A- B: Enzyme Water/ Response Value
Run Temperature . -
pH o Concentration | Materials ) *
( C) . Kobs, 0 Ki Yius
(%) Ratio (h?) (h'Y) (%)
1 5 50 1.0 12 0.1827 0.1221 | 49.3099
2 5 60 15 12 0.2290 0.1268 50.5982
3 6 50 1.0 16 0.2499 0.1311 | 47.7805
4 5 60 1.0 16 0.1111 0.1043 | 41.6416
5 6 50 0.5 12 0.2272 0.1474 27.7886
6 6 40 1.0 12 0.2101 0.1460 27.3029
7 5 50 1.0 12 0.2210 0.1213 56.9131
8 4 50 15 12 0.2589 0.1257 57.5890
9 5 50 15 16 0.1464 0.1226 38.9611
10 4 40 1.0 12 0.1835 0.1387 32.9842
11 5 40 1.0 8 0.0897 0.1291 23.3411
12 4 50 1.0 16 0.0870 0.1166 28.3782
13 5 50 0.5 8 0.0682 0.1291 17.9626
14 5 50 0.5 16 0.1011 0.1256 26.8576
15 5 60 1.0 8 0.1400 0.1340 27.4930
16 4 50 0.5 12 0.0797 0.1129 28.6968
17 5 60 0.5 12 0.1545 0.1310 34.9694
18 6 60 1.0 12 0.1286 0.1370 24.6206
19 6 50 15 12 0.1756 0.1378 31.5902
20 4 50 1.0 8 0.0760 0.1282 19.8211
21 4 60 1.0 12 0.1070 0.1365 22.1725
22 5 50 1.0 12 0.1613 0.1228 | 44.4734
23 6 50 1.0 8 0.1467 0.1409 23.8762
24 5 50 1.0 12 0.1752 0.1260 | 45.5506
25 5 40 1.0 16 0.3427 0.1449 | 43.0214
26 5 40 15 12 0.2446 0.1315 | 49.7957
27 5 40 0.5 12 0.1178 0.1242 32.0549
28 5 50 1.0 12 0.2420 0.1322 | 47.2613
29 5 50 1.5 8 0.1988 0.1322 | 41.6592

*:Yuws Was the yield of total reducing sugar at 12 h of reaction

Tables 5 and 6 exhibit the authors’ test data conducted with the independent
variable t and the three dependent variables Yus, Kobso, and Ki of each run in the response
surface designs, respectively. After plotting the t / —In(1 — Yus) vs. t of the experimental
data in 29 runs, it was fitted with Eq. 5, the corresponding regression equation, and the R?,
adj-R?, and p values are shown in Table 6. All p values were less than 0.01 and R? was
close to adj-R? in Table 6, which suggested that the 29 fitted equations were highly
significant.
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Table 5. Yield of Total Reducing Sugar (Yws) at Various Hydrolysis Time of Each
Run of Response Surface (%)

Hydrolysis-time(h)

Run 0 1 8 12 24 48
1 13.5200% | 16.4096% | 47.6868% | 49.3092% | 50.6048% | 51.5064%
0.3200 0.2972 0.8513 0.9460 0.4309 0.2369
2 18.0184+ | 212868+ | 48.8664: | 505024+ | 532848+ | 54.8856%
0.1968 0.6706 1.0423 0.8838 0.3501 0.5208
3 10.0096+ | 24.3536% | 46.0064% | 47.7848+ | 51,1568+ | 53.4148%
0.1892 0.2587 0.5973 0.6196 1.0208 0.3921
4 105616+ | 10.8476+ | 241824+ | 41.6416: | 48.8506: | 50.0052+
0.4015 0.3926 0.4015 0.3926 0.4762 0.5811
5 14.0352+ | 16.3884% | 26.7788+ | 27.7864% | 28.4436: | 29.2452+
0.7093 0.8693 0.1492 0.3836 0.5406 0.2033
6 142006+ | 16.1976% | 265032+ | 27.3088+ | 28.3168% | 29.2674%
0.4726 0.6002 0.2828 0.3189 0.3698 0.3964
7 18.0184+ | 103152+ | 557028+ | 56.9112+ | 58.4264: | 59.0848+
0.3680 0.5840 1.3442 1.0583 1.0549 0.3698
8 18.0184+ | 22.3156: | 56.4972% | 57.5896: | 50.0848+ | 60.3618%
0.1899 0.2598 0.5990 1.8118 0.1109 0.3228
9 16.2572+ | 164208+ | 34.1264+ | 38.9612+ | 42.5098+ | 44.3256+
0.3880 0.4516 0.5755 1.2878 0.1306 0.2932
10 10.0696+ | 14.6924+ | 31.2532+ | 32.9816% | 33.7872% | 34.2516%
0.2294 0.6769 0.6685 0.2850 0.6745 0.0978
11 70032+ | 05146+ | 103548+ | 23.3412+ | 242848+ | 252516+
0.0978 0.1381 0.1231 0.3361 0.2480 0.5686
12 78244 | 10.0408+ | 253088+ | 28.3724% | 31.7012: | 33.1651%
0.5099 0.0573 0.1669 0.5194 0.5615 0.6243
13 55508+ | 7.6284% | 157392+ | 17.9656% | 18.2308% | 20.0884%
0.4628 0.0872 0.0989 0.3140 0.4205 0.3682
14 78244+ | 10.6344% | 26.6332t | 26.8576+ | 28.6032+ | 30.8216%
0.1472 1342 0.1300 0.2183 0.3867 0.1968
15 142572+ | 1513765 | 26.9272+ | 27.4926: | 30.0236% | 32.2608%
0.4753 0.6327 0.2820 0.2981 0.3757 0.3992
16 51612+ |  0.6668+ | 23.5664% | 28.6983% | 31.63248% | 33.3006%
0.3893 0.6439 0.1231 0.1972 0.4108 0.4318
17 6.2424+ | 142784+ | 32.8968+ | 34.9644% | 36.2364% | 37.4872%
0.1246 0.1048 0.6752 0.6819 0.7137 0.5231
18 117768+ | 12.0428+ | 22.7608t | 24.6264% | 255068+ | 27.3624%
0.1710 0.2247 0.2418 0.2762 0.3109 0.4971
19 13.2306+ | 157948+ | 30.3002+ | 315024+ | 32.4624+ | 34.3472%
0.1246 0.1048 0.6752 0.6919 0.7136 05231
20 56144 | 80316+ | 18.5276: | 10.8212+ | 21.3176:| 22.4932+
0.1011 0.2246 0.2418 0.4971 0.1821 0.1710
21 105124+ | 9.8242+ | 202244+ | 221748+ | 22.6312+ | 23.5456%
0.2207 0.1869 0:2418 0.1987 0.2415 0.2719
22 16.8024+ | 14.5228+ | 42.6188+ | 444744+ | 450048+ | 464376+
0.1761 0.2247 0.4891 0.5219 0.5831 05311
23 12.0508+ | 14.0324+ | 22.0792+ | 23.8716% | 255676% | 26.5952+
0.1249 0.2218 0.3721 0.4321 0.4973 0.4733
24 16.8236+ | 145016+ | 44.6352+ | 455506: | 45.0796: | 46,0332+
0.1869 0.1971 0.2418 0.5421 0.4869 0.4597
25 23.6102+ | 25.8168+ | 305802+ | 43.0214% | 43.8308: | 44.9362+
0.1710 0.1982 0.7210 0.4532 0.4531 0.8932
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26 14.7772+ | 20.4176+ | 47.2628+ | 49.7968+ | 51.0264+ | 51.6756%

0.1019 0.3768 0.5231 0.7135 0..8967 0.8700

27 3.7508+ | 12.8156+ | 28.8464+ | 32.0588+ | 33.7448+ | 36.0254+

0.061 0.2184 0.4921 0.3219 0.4327 0.4710

28 18.3288+ | 20.6084+ | 46.3724+ | 47.2628+ | 50.1754+ | 50.5712+

0.1782 0.3782 0.5537 0.4740 0.6773 0.4547

29 14.4772+ | 16.8524+ | 40.5328+ | 41.6572+ | 43.3488% | 43.9112+

0.1906 0.2899 0.5002 0.6247 0.6703 0.3867

Table 6. Regression Analysis of Each Run of RSM " p value is Prob > F
Run R? Adi-R? Kobso (h?) Ki (h?) p value.”

1 0.9276 0.9093 0.1827 0.1221 0.002
2 0.9624 0.9521 0.2290 0.1268 0.001
3 0.9812 0.9767 0.2499 0.1311 0.000
4 0.9228 0.9020 0.1111 0.1043 0.002
5 0.9957 0.9939 0.2272 0.1474 0.000
6 0.9945 0.9936 0.2101 0.1460 0.000
7 0.9209 0.9001 0.2210 0.1213 0.002
8 0.9460 0.9323 0.2589 0.1257 0.001
9 0.9667 0.9581 0.1464 0.1226 0.000
10 0.9815 0.9768 0.1835 0.1387 0.000
11 0.9752 0.9698 0.0897 0.1291 0.000
12 0.9463 0.9327 0.0870 0.1166 0.001
13 0.9787 0.9732 0.0682 0.1291 0.000
14 0.9653 0.9562 0.1011 0.1256 0.000
15 0.9880 0.9856 0.1400 0.1341 0.000
16 0.9384 0.9236 0.0797 0.1129 0.001
17 0.9713 0.9639 0.1545 0.1310 0.000
18 0.9902 0.9870 0.1286 0.1370 0.000
19 0.9872 0.9836 0.1756 0.1378 0.000
20 0.9721 0.9668 0.0760 0.1282 0.000
21 0.9833 0.9795 0.1070 0.1365 0.000
22 0.9305 0.9122 0.1613 0.1228 0.002
23 0.9949 0.9925 0.1467 0.1409 0.000
24 0.9288 0.9119 0.1752 0.1260 0.002
25 0.9943 0.9929 0.3427 0.1449 0.000
26 0.9641 0.9554 0.2446 0.1315 0.000
27 0.9661 0.9586 0.1178 0.1242 0.000
28 0.9693 0.9615 0.2420 0.1322 0.000
29 0.9668 0.9587 0.1988 0.1322 0.000
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Table 7. ANOVA Analysis for Quadratic Response Surface Model Fitting

Kobs,O Ki Yirs
Item Co- F p- Co- F value Co- F p-
efficient | Value | value* | efficient | Value P efficient |Value | value
Model 3.81 | <0.0067 3.67 | 0.0103 3.58 [0.0116
Intercept 16.75 0.12 152.86
A 2.88 4.43 | 0.0497 | 0.0068 | 13.76 | 0.0023 | -0.56 |0.064 |0.8034
B -2.65 3.74 | 0.0690 | -0.0037 | 4.14 | 0.0613 | -0.58 |0.071 [0.7942
C 4.21 9.42 | 0.0066 | 0.0005 0.90 | 0.7689 8.49 |14.59 |0.0017
D 2.66 3.75 | 0.0685 | -0.0040 | 4.87 | 0.0444 6.04 |7.57 |0.0156
AB -0.13 0.01 | 0.9582 | -0.0017 | 0.28 | 0.6064 2.03 |0.29 |0.6014
AC -5.77 5.90 | 0.0258 | -0.0056 | 3.10 | 0.1002 | -6.27 |2.72 |0.1212
AD 2.31 0.94 | 0.3444 | -0.0004 | 0.020 | 0.8899 3.84 |1.02 |0.3301
BC -1.31 0.30 | 0.5892 | -0.0029 | 0.83 | 0.3776 | -0.53 |0.019 |0.8915
BD -0.75 8.81 | 0.0082 -0.011 | 12.87 | 0.0030 | -1.38 |0.13 |0.7215
CD -2.31 0.81 | 0.3809 | -0.0015 | 0.23 | 0.6377 | -2.90 |0.58 |0.4586
A? - - - -0.0068 | 7.52 | 0.0159 | -11.15 |13.94 |0.0022
B2 - - - 0.0050 | 4.01 | 0.0651 | -6.47 4.7 10.0478
- -2.91
C? - - - 0.019 | 0.8293 0.95 [0.3465
0.00034
D2 - - - -0.0007 | 0.080 | 0.7813 | -10.12 |11.50 |0.0044
Lack of fit
- 2.26 0.224 - 2.43 | 0.2037 - 2.92 |0.1570
value
R2 - - 0.9176 - - 0.9578 - - 0.9468
Adj-R? - - 0.9030 - - 0.9312 - - 0.9329

" p value is Prob > F

The ANOVA testing was useful in that it could be used to determine the “goodness
of fit” of a quadratic model. Table 7 summarizes the ANOVA results. Three quadratic
models’ F values of Yus, Kobso, and Ki were 3.58, 3.81, and 3.67, respectively, which
indicated that three developed quadratic models were significant (p < 0.05). There was only
a 1.16%, <0.67%, and 1.03% chance for Yis, Kobso, and Ki, respectively, that a model F
value could occur due to chance. Because the three models showed insignificant "lack of
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fit F values”, which were 2.92, 2.26, and 2.43, respectively, three response values of Yis,
Kobs,0, and Ki were sufficiently explained by three regression equations.

The goodness of fit of the three models was also confirmed by the R? values of the
three regression models. The R? values of Yus, Kobso, and Ki were 0.9486, 0.9176, and
0.9578, respectively, which were higher than the highest reported R? value of 0.80 in a
model with good fit (Govarthanan et al. 2015). These results indicated that the
predictability of the three models was relatively more reliable, and that the three response
values of Yus, Kobs0, and Ki were sufficiently explained by the three regression equations.
Their adjusted R? was 0.9329, 0.9030, and 0.9312, which was close to their R? values, and
indicated a good adjustment of the theoretical response values to the experimental data by
the developed model. The three regression relationships were given in three equations as
follows,

Yus= 48.70-0.56 x A-0.58 x B+8.49xC+6.04 xD +2.03x AB - 6.27 x
AC+384xAxD-0583xBxC-138xBxD-290xCxD-11.15x )

A2-6.47 x B2-2.91 x C2-10.12 xD2

Kobs,0=0.17 + 0.029 x A - 0.027 x B+ 0.042 x C+0.027 x D-0.0013 x Ax B
-0.058 x AxC+0.023xAxD-0.013xBxC-0.070xB xD-0.021 x (8)
CxD

Ki=0.12-0.011 xBx D + (6.797 x A-3.727 x B + 0.5490 x C - 4.045 x D-
1673 x AxB-5585xAxC+0.4473x AxD-2.892xB xC-1.528 x 9)

CxD+6.832x A2 +4.989 x B2 +0.3437 x C2-0.7052 x D2) x 1072

where A is pH, B is temperature (°C), C is enzyme concentration (%), and D is water to
materials ratio.

The p values of "Prob > F" of the model term were less than 0.0500, which indicated
that the terms were significant. Terms C, D, A%, B2, and D? were significant in the Yus
model. In the Kobso model, terms A, C, AC, and BD were signifcant, and terms A, D, BD,
and A? were significant terms in the Ki model. Therefore, the Yus model contained two
linear terms (C, D), three quadratic terms (A, B, and D), and one block term; the Kobso
model contained two linear terms (A, C), two interaction terms (AC and BD), and one
block term; the Ki model consisted of two linear terms (A, D), one interaction term (BD),
one quadratic term (A?), and one block term.

The contour plots were constructed to study the interaction among the various
factors and to optimize each factor for optimal production (Beg et al. 2003; Tanyildizi et
al. 2005). Figure 1 illustrates 2D contour plots with the effects of temperature, water to
materials ratio, pH, and, cellulose concentration on Kobso and the effects of temperature
and water to materials ratio on Ki. Figure 1a shows that when the temperature was increased
from 40 °C to 60 °C, and the water to materials ratio decreased from 16:1 to 8:1, Kobs.o
decreased from its maximum to its minimum. Figure 1b demonstrates that when the pH
cellulase concentration increased within the tested range, Kobso rapidly increased. Figure
1c shows the effects of temperature and water to materials ratio on Ki. When the
temperature increased from 40 °C to 50 °C and the water to materials ratio increased from
8:1 to 16:1, the Ki gradually decreased, whereas when the temperature was further
increased from 55 °C to 60 °C, the Ki increased.
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Fig. 1. The contour plots of the response surface methods; (a) Effects of temperature and water
to materials ratio on Kobs,0; (b) Effects of pH and cellulase on Kobs,0; and (c) Effects of temperature
and water to materials ratio on K
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To verify the effects of the four variables on Yus, Kobso, and Ki, the authors further
analyzed the perturbation plots as shown in Fig. 2. Figure 2a shows that the effect curves
of pH, temperature, and water to materials ratio on the Yus resulted in an inverted-U-shaped
curve, and that the effect curve of cellulase concentration on Yus resembled a line. The
optimal condition for the maximum Yus was a pH of 4.7, a temperature of 48.6 °C, a
cellulase concentration of 1.5%, and a water to materials ratio of 12.4. Under such
conditions, the maximum Yis pred Was 55.56%. Figure 2b shows that the effect curves of the
four variables on the Kobso Were close to straight lines. The cellulase concentration was
positively correlated with Kobso, Whereas other variables were negatively correlated with
Kobs,0. The optimal conditions predicted for Kobs,o Were a pH of 6.0, a temperature of 40 °C,
a cellulase concentration of 0.53%, and a water to materials ratio of 16:1. Under such
conditions, the maximum Kobs,o was 0.3656 h™. Figure 2c shows that the effect curves of
pH and temperature on Kj presented a U-shaped curve, and the effect curves of cellulase
concentration and water to materials ratio on Kiwere close to a line. The optimal condition
for the minimum Ki was a pH of 4.0, a temperature of 60 °C, a cellulase concentration of
0.55%, and water to materials ratio of 16:1. Under such conditions, the minimum predicted
Kiwas 0.1100 ht,
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In conclusion, the optimal medium for maximum Yws was determined using a one-
factor-at-a-time design and a BBD-RSM. The predicted maximum Yius, Kobso, and
minimum Ki were 55.56%, 0.3656 h!, and 0.1100 h™, respectively. The predicted value of
Yuws was relatively high compared to previously reported yields (Zhang et al. 2015;
Chakraborty et al. 2016). The optimized conditions were a pH of 4.7, a temperature of 48.6
°C, a cellulase concentration of 1.5%, and a water to materials ratio of 12.4. Using the
optimized culture medium, 2 kg of CS pretreated with H202 and LiP-containing A. oryzae
CGMCC 5992 broth was hydrolyzed. The Yus, Kobso, and Ki reached 58.28%, 0.3532 h,
and 0.1323 h'%, respectively, after 12 h of hydrolysis, which was consistent with the results
of RSM optimization.

Analysis of Correlation Between Yus, Kobs,0, and Kj

The Impeded Michaelis model was developed and verified, indicating that it could
be applied to other hydrolysis systems (Yang and Fang 2015a,b). The p values were less
than 0.01 and R? was higher than 0.9 in all regression equations in the above-described
experiments, which suggested that the Impeded Michaelis model fit the results well. By
providing Kobso and Ki, the model helped to illustrate the mechanism through which each
condition affected Yusin the process of lignocellulose saccharification. However, the model
was not able to show the correlation between Yus and Kobs,0 or Ki, which was a disadvantage.

Because Kobso was equal to ko[Eo] / Km, and [Eo] was the initial cellulase
concentration, which was a constant, Kobso was proportional to k2 / Km. The variable k2
represents the rate constant facilitating reactions from enzymatic-substrate complex to final
products. The greater the value of kz, the higher the final product (reducing sugar)
concentration will be (Yws). The term Km represents the Michaelis-Menten constant, which
reflects the concentration of the substrate when the reaction velocity is equal to one half of
the maximal velocity for the reaction. The smaller the value of Km, the greater the affinity,
the greater the value of Yus and vice versa. Therefore, it was reasonable to deduce that Yirs
was positively correlated with Kobso. The variable Kj is the coefficient of ineffective
enzyme during the hydrolysis reaction, thus a lower value of Ki indicated less ineffective
enzyme and more effective enzyme. Taken together, the authors believed that the Yis was
negatively correlated with Ki.

To verify the two deductions, the authors analyzed the data on Yirs, Kobs0, and Ki in
Tables 2, 3, 5, and 6 with a more simple and intuitive binary quadratic regression using the
following function,

Yirs = o X (Kobs,o)2 + b x Kobs,0- C X (Ki)2 +d x Ki-139 (20)

where o, b, ¢, and d are the coefficients of (Kobs,0)2, Kobso, (Ki)2, and Ki, respectively, and e
IS a constant.
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Table 8. Coefficient of Regression Analysis of ltems between Yus, Kobs,0, and Ki*

Item Coefficient Standard Error t-value p value
Constant -139.270 31.498 -4.422 0.000
(Kobs,0)2 -306.0110 11.054 26.268 0.000
Kobs,0 290.1671 491.986 6.156 0.000
(Ki)2 -15131.1670- 24.203 -12.655 0.000
Ki 3028.2850 1905.359 -7.941 0.000

*: F-value = 574.458, p = 0.000, R? = 0.9801, adj-R? = 0.9779

Table 8 shows the variance analysis of the relationships among Yis, Kobs,0, and Ki.
From Table 8, the F value of the Fisher’s test (574.458) and the p value of the t-test (0.000)
showed that the correlation among Yus, Kobso, and Ki was extremely significant, and that
the credibility of the analysis was extremely high. The fitness of the model was also
confirmed by the R? value. The value for R? was 0.9801, which was higher than the
reported highest R? value of 0.80 in a good fitting model (Govarthanan et al. 2015). This
indicated that the predictability of the present model was relatively more reliable and that
only 2% of the total variations were unable to be explained by the model. The adjusted R?
was 0.9779, which was very close to the R? value. The proximity of the adjusted R? to R?
suggested a good fitness of the model. The column diagram of model with better gaussian
distribution could further establish the goodness of fit of the developed model Fig. 3. The
analysis in Table 8 demonstrated that a significant correlation existed among Y, Kobs,o,
and Ki.

Frequency (o)
|
A

| e \

3 -2 1 0 1 2
The Standard Residaul of Regression Analysis

Fig. 3. The column diagram of the standard residual of regression analysis; the dependent
variable: Ys; the independent variables: Kobs,0 and Ki; the standard error = 0.961; and df = 54
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Coefficients for all of the parameters were extremely significant (p = 0.000). The
negative coefficients of (Kobso)? and (Ki)? in Table 8 demonstrated that the relationship
curve between Yius and Kobs,0 Or between Yis and Ki appeared to have an inverted-U-shaped
relationship, and that Yus had the maximum value. After the coefficient of each item in
Table 8 was introduced into Eqg. 10, the equation below was given.

Yirs = -306 x (Kobs,0)? + 290 X Kobso - 15131 x (Ki)? + 3028 x Ki-139 (11)

The following two equations were obtained by taking the derivation of pt to Kobs,0
and K, respectively.

Yirs” = 612 X Kobs,o+ 290 (12)
Yus = -30262 x K i + 3028 (13)

Suppose that Yirs’= 0, Kobso =290/ 612 = 0.4739, and Ki= 3028 / 30262 = 0.1001.
When Kobso < 0.4739 and Ki< 0.1001, it follows that Yus” > 0, which could have been
explained by the finding that Yus was significantly positively correlated with Kopso and Ki.
Conversely, when Kobso > 0.4739 and Ki > 0.1001, then Yus’ < 0, which could have been
explained by the finding that Yus was significantly negatively correlated with Kobs,0 and Ki.
When Kobs 0= 0.4739 and Ki= 0.1001, Yus reached its maximum (82.07%). In Table 3 and
Table 6, all Kobso values were less than 0.4739 and all Ki values were higher than 0.1001.
The Yus was positively correlated with Kobso and negatively correlated with Ki. Because
Kobs,0 was the initial activity and accessibility of enzyme on the substrate and Ki was the
coefficient of ineffective enzyme during the hydrolysis reaction, the Yus was positively
correlated with the initial activity and accessibility of the enzyme on the substrate and
negatively correlated with the coefficient of ineffective enzyme during the hydrolysis
reaction. The regression analysis could more simply and intuitively exhibit the correlation
between Yus and Kobs,0 and the correlation between Yus and Ki than the Impeded Michaelis
model.

CONCLUSIONS

1. A simplified Impeded Michaelis kinetic model containing two independent variables
(Kobs,0 and a) and one dependent variable (Yus) could be applied to fit the data of the
saccharification reaction cellulose of CS after pre-treatment with a combination of LiP
and H202. The Ki was calculated from the variable a.

2. One-factor-at-a-time experimentation and RSM were applied to optimize the
conditions for obtaining maximum Yws and Kobs,0 and minimum Ki. After optimization,
the maximum Yus (55.56%) was obtained.

3. The binary quadratic function model fit the correlations between Yus and Kobso and
between Yus and Ki. The profile curves between Yus and Kobso and between Yis and Ki
presented an inverted-U-shaped curve.

4. Under the tested conditions, Yws was significantly and positively correlated with Kobs,o
and negatively correlated with Ki.
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