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tivation rate.

Applying mass action law and quasi-steady-state theory, two cellulase kinetic models namely Eqs. (5)
and (8) were developed on the basis of the first and second order reactions of enzyme deactivation,
respectively. The two models are compared according to analysis of experimental data from enzymatic
hydrolysis steam-exploded wheat straw. Both simulation and prediction results show Eq. (8) has much
higher accuracy than Eq. (5). Analysis of initial hydrolysis rate is also in accordance with Eq. (8) and
against Eq. (5). Fitted values of k, (the rate constant of product formation), kge> (the rate constant of
enzyme deactivation) and K. (the equilibrium constant) determined from Eq. (8) are 0.4732h!,
0.4011 L/(h g), and 16.8597 g/L, respectively. The higher the enzyme concentration is, the larger the deac-

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Enzymatic hydrolysis of cellulose to produce reducing sugars
has long been pursued for its large potential value in many indus-
tries such as bioenergy, food, textile, detergent, animal feed, pulp
and paper (Bhat, 2000; Himmel et al, 1999; Sun and Cheng,
2002). To render the enzymatic process much more economical,
maximum utilization of cellulase is indispensable. Advances in this
aspect partly depend on the development of cellulase kinetics that
may accurately quantify feedstock conversion, hydrolysis rate and
causes for the rate slowdown during the enzymatic process (Bansal
et al., 2009). Toward this aim, many kinetic models including
empirical and mechanistic models have been proposed extensively
in the past decades (Bansal et al., 2009; Gan et al., 2003; Peri et al.,
2007; Xu and Ding, 2007). Empirical models such as artificial neu-
ral network and response surface methodology models could accu-
rately predict the enzymatic reaction, and the reaction conditions
could always be optimized using these models (Kim et al., 2008;
Mussatto et al., 2008; Park et al., 2002; Peri et al., 2007; Zhang
et al., 2009; Zhou et al., 2009). However, such models could not
provide any insight into the mechanistic details of the process
and be applied outside the conditions under which they are devel-
oped (Bansal et al., 2009). In contrast, mechanistic models based on
certain principles, theories and assumptions, could overcome the
drawbacks. These models always contain many differential equa-
tions and their parameters are often determined difficultly, which
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makes the development of them was not a simple thing (Liao et al.,
2008; Peri et al., 2007; Zheng et al., 2009). Besides, most of them do
not provide guidance on the adjustments of enzyme dosage and
hydrolytic time (Shen and Agblevor, 2008a,b). The two factors
are critical for economy of cellulase utilization in its related indus-
tries (Peri et al., 2007).

It has been generally accepted that cellulase deactivation during
the enzymatic hydrolytic process results in some hydrolytic rate
slowdown (Gan et al., 2003; Ganesh et al., 2000; Ghadge et al.,
2005). Cellulase could be deactivated by many factors including
shear force, temperature, ion strength, product inhibition, and inef-
fective adsorption of cellulase (Demerdash and Attia, 1992; Gan
et al,, 2003; Gunjikar et al., 2001; Kaya et al., 1996; Kumakura,
1996; Peri et al., 2007; Turner et al., 2003). Many models have been
proposed without considering cellulase deactivation (Shen and
Agblevor, 2008a).

In this respect, we deduced a simple mathematical equation that
directly described the relationship between product concentration
and two reaction conditions (initial enzyme concentration and
hydrolytic time). Two deactivation models (the first and second or-
der models) were involved in developing the mathematical model.

2. Methods

2.1. Materials

Crude cellulase powder was provided by Shanghai Bio Life
Science & Technology Co., Ltd. of China. The enzyme activity
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was 74.07 FPU/g, as the measurement described by the descrip-
tion of the Commission on Biotechnology of International Union
of Pure and Applied Chemistry (IUPAC) (Ghose, 1987). For the
assay procedures described here, 2.0 mg of reducing sugars (glu-
cose equivalents) were produced from a piece of whatman grade
No. 1 filter paper (1 x 6 cm, about 50 mg) at some diluted en-
zyme solution.

Wheat straw was obtained from a farm in a local harvest.
Water immersion made its water content is 50% (w/v). It was
pretreated by steam explosion for 5 min at 200 °C and 1.5 MPa.
The solid residues was washed three times by distilled water
and dried at room temperature. After passed through a 20
meshes sieve, it was used as enzymatic substrate. According to
the method of Van Soest (Goering and Van Soest, 1970), the con-
tents of cellulose, hemicellulose and lignin in the pretreated
straw were measured as 51.25%2.23%, 17.80+1.77% and
25.39 + 1.18%, respectively.

2.2. Enzymatic hydrolysis

The pretreated straw was hydrolyzed for 12 h at temperature
50 °C and pH 5.0 (0.2 M acetate buffer) and S/L ratio of 5% (w/v)
in a shaking bath (120 rpm). Initial enzyme concentrations of
1.33, 2.00, 3.33, 5.33, 8.00, 11.33, 15.33, 20.00, and 25.33 g/L were
tested for different times. At each desired time, a sample solution
was taken out, and centrifuged at 4000 rpm and 4 °C for 5 min.
The obtained supernatant was kept at 80 °C for 10 min and then
used for glucose assay.

2.3. Glucose analysis

Glucose was determined by the HPLC Waters 2695 system con-
sisting of Waters 600E system controller, Waters 717 automatic
sampler, Waters 2414 differential refractometer and Shodex sugar
SP-0810 column. The mobile phase was distilled water at a flow
rate of 0.6 ml/min. The column temperature was 80 °C. The in-
jected sample volume was 10 pl. Standard samples and hydrolyzed
samples were filtrated by 0.45 um filter before analysis.

3. Model development

Cellulase consists of three components is assumed to form a
single combined effect on the hydrolysis of insoluble substrate
(Carrillo et al., 2005; Movagarnejad et al., 2000; Peri et al., 2007;
Shen and Agblevor, 2008a; Shen and Agblevor, 2008b; Xu and Ding,
2007), and the surface structure of insoluble substrate is consid-
ered homogeneous (Shen and Agblevor, 2008a,b). The enzymatic
hydrolysis reaction can be described as that cellulase (E) (g/L) is ad-
sorbed on the active sites of the insoluble substrate (S) (g/L) to
form complexes (ES) (g/L), which continue to produce glucose (P)
(g/L) and release enzyme (E) . It is shown as the following
equation:

kq ky
E+Sl:—_>ESHE+P (1)
1
where k; (L/(h g)), k_; (h™!) and k, (h™!) are the rate constants of
enzyme adsorption, enzyme desorption and production formation,
respectively.

Applying mass action law and quasi-steady-state theory, a
mathematical equation cab be deduced as follow (Shen and Agble-
vor, 2008a,b):

k_y+k;

Ke - k]

where K. (g/L) is the equilibrium constant. [Sg], [P] and [E] represent
concentrations of initial substrate, product and enzyme. Eq. (2) ex-
presses the relationship between product (glucose) concentration
and hydrolytic time, which indicates that product glucose concen-
tration increases with the time, and the maximum product concen-
tration is [Sp).

In order to obtain the accurate function between glucose con-
centration and time from Eq. (2), it is required to know the cellu-
lase activity variation during the enzymatic hydrolysis process
(cellulase deactivation raw). In our study, product inhibition is in-
volved in cellulase deactivation and the enzyme deactivation is as-
sumed to a first or second order reaction. When cellulase
deactivation is considered as a first order reaction, the deactivation
rate can be expressed by:

I = ki 3

where kg.; (h™1) is the first order rate constant of cellulase deactiva-
tion. Integrating Eq. (3) with the initial condition ([E] = [Eo] at t = 0)
produces

[E] = [Eo] exp(—Kge1?) (4)

where [Ey] is the the initial enzyme concentration. Substituting Eq.
(4) in Eq. (2) and integrating with the initial condition ([P] = [0] at
t=0) produces

(5)

B 1 — exp(—Kkger t)]*2/ e
IP) = ol x {1 - {1 1 +Ke/[Eo]1 }

When cellulase deactivation is considered as a second order reac-
tion, the deactivation rate can be expressed by the following
equation:

d

% = —Kkaea [E*] (6)
where kqez (L/(h g)) is the second order rate constant of cellulase
deactivation.Integrating Eq. (6) with the initial condition
([E] = [Eo] at t = 0) produces

Eo

[E] - 1+ [EO]kdeZt

(7)
Similarly, substituting Eq. (7) in Eq. (2) and integrating with the ini-
tial condition ([P]=[0] at t=0) produces (Shen and Agblevor,
2008b):

M=MX%P+£ﬁ%mﬂﬁm} @)

Egs. (5) and (8) are two three-parameter models that express
specific mathematical functions between the product concentra-
tion [P] and hydrolytic time t at different initial enzyme concentra-
tions [Eg]. In the two equations, t and [Ey] are independent
variables, and [P] is dependent variable. Compared to many other
models, benefits of the two models include an effective analytical
solution, a good convergence for product formation, simple equa-
tion and few parameters (only three) (Shen and Agblevor,
2008b). Using such models, enzyme loading and hydrolytic time
can be adjusted to obtain the maximum profit of cellulase utiliza-
tion in industrial applications.

Under similar assumptions, Shen and Agblevor (2008a,b) also
deduced a mathematical equation where product concentration
approaches infinity when time approaches infinity. It was not suit-
able for extrapolating the product concentration beyond some
time. In contrast, both Egs. (5) and (8) are not subjected to the time
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limit. It is desired that they could describe the basic characteristics
of enzymatic hydrolysis of cellulose.

4. Results and discussion
4.1. Experimental data of enzymatic hydrolysis

Table 1 shows the effect of initial enzyme concentration and
time on the enzymatic hydrolysis. Increasing enzyme concentra-
tion and hydrolytic time could produce higher amount of glucose.
When enzyme concentration is over 5.33 g/L, relative small differ-
ence is observed probably due to saturation of the substrate. For
each enzyme concentration, the hydrolysis rate gets to the maxi-
mum value at the initial stage and gradually becomes lower and
lower as time increases. Over 50% glucose is produced within the
first 3 h for each initial enzyme concentration. The slowdown of
hydrolytic rate could be caused by enzyme deactivation (major fac-
tor), lignin/hemicelluloses/ash against enzyme adsorption and
substrate recalcitrance as others have demonstrated (Bezerra
and Dias, 2005; Carrillo et al., 2005; Ganesh et al., 2000; Gupta
and Lee, 2009; Kim et al., 2003; Shen and Agblevor, 2008b).

4.2. Egs. (5) and (8) based simulation

The experimental data of Table 1 are fitted into Egs. (5) and (8)
using binary nonlinear regression analysis. Fig. 1 shows the plot of
the simulated glucose concentration by Egs. (5) and (8) against the
experimentally determined values. The experimental points are
apparently closer to the line simulated by Egs. (8) than that by
Eq. (5). The parameters k», K, k4e1, and kgep determined from the
fitting are shown in Table 2. The difference of each parameter
determined by Egs. (5) and (8) is significant. The correlation coef-
ficients R? also indicate that Eq. (8) has better simulation perfor-
mance than Eq. (5) (see Table 2).

Unary nonlinear regression to fit Eq. (5) was reported by Shen
and Agblevor (2008a,b). They considered the three parameters
(k2, K. and kgep) were related to initial enzyme concentration, and
separately fitted experimental data of each initial enzyme concen-
tration. The determined values of k;, K, and kg, from the fitting
were different at each initial enzyme concentration, and the differ-
ence did not present any direct relationship between each param-
eter and enzyme concentration. As characteristic constants, ko, K,
and kge, should be determined by enzyme intrinsic property other
than enzyme concentration. So unary regression analysis at each
enzyme concentration is incorrect and binary regression analysis
may be a preferable choice.

Table 1
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4.3. Egs. (5) and (8) based prediction

In order to examine the predictive performance of the model,
two experiments (initial enzyme concentrations of 1.33 and
25.33 g/L) were carried out. Fig. 2 shows the plot of experimental
glucose concentration against the predicted values by Egs. (5)
and (8). The predictions based on Eq. (8) are closer to the experi-
mental data than that based on Eq. (5). Eq. (8) has higher predic-
tion accuracy than Eq. (5).

4.4. Analysis of initial hydrolysis velocity

Initial hydrolysis velocity vo (g/(L h)) is a very important param-
eter when studying cellulase kinetics. Because vy is indefinable for
t 0 (division by zero), many researchers take the product deter-
mined after some time (i.e. 15 or 60 min) as an estimation (Carrillo
et al., 2005; Shen and Agblevor, 2008a). Strictly, it is very inaccu-
rate because the invariance stage of hydrolysis rate is no more than
few minutes or seconds, and experimental error also exists
unavoidably. In this respect, we define v, according the proposed
model. Differentiating Eq. (2), vo can be expressed as:

Vo = {@} - ka[So] [Eo]

dt |,y Ke+ [Eo]

On the other hand, Bailey (1989) proposed a more suitable ap-
proach by considering the initial hydrolysis rate vg as a function of
initial enzyme concentration compared to Henri-Michaelis-Men-
ten equation where vy was taken as a function of substrate concen-
tration. Accordingly, it was convenient to define the maximal
initial hydrolysis velocity Vemax (g/(Lh)) and corresponding half-
saturation constant K, (g/L) as Eq. (10) showed:

Vemax [EO]

9

Vg = ——max ol 10
" K + [Eo] (19

Comparing Eq. (9) and (10), it can be easily deduced:

Kn =K. (11)

Vemax = k2 [SO] (12>

Substituting data of Table 1, the calculated Ky, and Vemax values
are shown in Table 3. It can be known from experimental data of
Table 1 that the initial hydrolysis rate exceeds 3 g/(L-h) when ini-
tial enzyme concentration is over than 5.33 g/L. As shown in Ta-
ble 2, the initial hydrolysis rate calculated from Eq. (5) is less
than 3 g/(L h), which showed disagreement with Eq. (5). Besides,
it could be noticed from Eq. (12) that Venax is related to [Sg]. The
higher [So] is, the larger Vemax is.

Glucose production from enzymatic hydrolysis of steam-exploded wheat straw at different initial cellulase concentrations and times.

Time t Initial cellulase concentration [Eo] (g/L)

(h) 2.00 3.33 5.33 8.00 11.33 15.33 20.00

0 0 0 0 0 0 0 0

1 2.248 £0.102 2.644 + 0.092 3.088£0.116 3.580+0.123 3.832+0.118 4.032 +£0.129 4.500 +0.137
2 3.108 +0.126 4208 +0.124 5.548 £0.214 6.064 + 0.256 6.528 +0.248 6.904 +£0.219 6.932 +0.247
3 3.812+0.144 4.856+0.218 6.252+0.310 6.792 +0.316 7.296 +0.333 7.800 £0.319 8.048 +0.377
4 4.420 +0.199 5.544 +0.222 6.952 + 0.366 7.560 £ 0.322 8.024+0.315 8.480 £ 0.366 8.792 £0.189
5 4.868 +0.215 5.992 +0.228 7.396 £0.319 7.976 £ 0.388 8.500 £ 0.372 9.048 £ 0.411 9.240 + 0.459
6 5.228 +0.229 6.436 £0.315 7.948 £0.377 8.596 +0.411 9.124 +0.444 9.492 + 0.455 9.776 + 0.442
7 5.584 +0.267 7.072 £0.333 8.432+0.412 8.992 +0.428 9.520 +£0.477 9.924 + 0.428 10.192 + 0.455
8 5.828 £0.227 7.496 £ 0.338 8.796 + 0.441 9.328 £ 0.445 9.864 + 0.452 10.368 £0.511 10.556 + 0.501
9 6.164 +0.288 7.749 £ 0.299 9.065 + 0.446 9.625 + 0.442 10.040 £ 0.389 10.484 +0.256 10.884 + 0.389
10 6.425 +0.269 7.901 £ 0.389 9.298 + 0.455 9.892 + 0.459 10.356 +0.449 10.766 + 0.481 11.189 £ 0.555
11 6.702 £0.322 8.252 +£0.221 9.436 +0.377 10.084 + 0.504 10.524 £ 0.411 10.996 + 0.388 11.356 + 0.565
12 6.919+£0.322 8.401 +£0.416 9.665 + 0.356 10.291 £0.516 10.702 +£0.489 11.201 + 0.466 11.551+0.378




8264

Glucose concentration (g/L)

Y. Zhang et al./Bioresource Technology 101 (2010) 8261-8266

Glucose concentration (g/L)
[$)]

Glucose concentration (g/L)

10 4

Glucose concentration (g/L)
[}

o

(E1=20gL| .~

— : :
6 8 10 12
Time (h)

Glucose concentration (g/L)

10
8
7.
6 o,
] 4
4
34
2- .
14/

Glucose concentration (g/L)

Glucose concentration (g/L)

e Experimental values
....... Simulation based on Eq. (5)
— Simulation based on Eq. (8)

Fig. 1. Glucose concentration values simulated by Eqs. (5) and (8) versus experimental values.

4.5. Analysis of cellulase deactivation

All

the results about simulation, prediction and

initial

hydrolysis rate indicate that Eq. (8) is much more suitable to
study cellulase kinetics as a mechanistic model compared to

Eq. (5). Therefore, we use the parametric values from Eq. (8)
to study cellulase deactivation process. According Eq. (7) and
parameters of Table 1, the relationship between the retained
cellulase activity and time can be expressed as the following
equation:
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Fig. 2. Glucose concentration values predicted by Egs. (5) and (8) versus experi-
mental values.

Table 2
Model parameters determined from binary regression analysis of experimental data
using Eqs. (5) and (8).

Parameters Symbol Eq. (5) Eq. (8)
Rate constant of product formation ko (h™") 0.0592  0.4732
Equilibrium constant K. (g/L) 0.2983 16.8597
Rate constant of enzyme deactivation kger (h™1) 0.9644 _

kee2 (L/(h g) —— 0.4011
Correlation coefficient R? 0.9455 0.9938

Table 3
Ky and Venax determined from Eq. (9) based on parameters values of Table 1. Vepay is
directly proportionate to [So].

Parameters Symbol Eq. (5) Eq. (8)

Half-saturation constant Kin (g/L) 0.2983 16.8597

Maximal initial hydrolysis velocity Vemax (g/(Lh)) 2.9595 23.6589
[E] 1 1 13)

[Eo] ~ [Eolkaat 1 0.4011[EoJt 1

Eq. (13) points out that the retained activity is related to not only
time but also initial enzyme concentration. According to Eq. (13),
variation curves of cellulase activity during hydrolysis time are pre-
sented in Fig. 3. Cellulase loses its activity very quickly, where more
than 30% activity is lost within 1 h. Even no more than 10% activity
is retained after an hour when initial enzyme concentration is
25.33 g/L. After 12 h, there is less than 20% retained activity. The
higher the enzyme concentration is, the more the loss of cellulase
activity is. Opposite results were reported by others who study cel-
lulase deactivation, where cellulase was not involved in hydrolytic
process (Ganesh et al., 2000; Kaya et al., 1996; Kim et al., 1982).
They thought the higher the enzyme concentration was, the smaller
the ratio of enzyme in the high shear and bulk regions was. So the
effect of shear force on the rate of enzyme deactivation could be ex-
pected to decrease as the enzyme concentration increased (Kaya
et al., 1996). The distinction between hydrolytic and non-hydrolytic
process is owing to different predominant causes for enzyme deac-
tivation. During non-hydrolytic process, enzyme deactivation is
mainly caused by shear force, pH, temperature and ionic strength.
Besides these factors, cellulase deactivation in hydrolytic process
could still be caused by product inhibition and ineffective adsorp-

1.0
o [E]=133gL = [E]=2¢L

0.8} o [E]=333gL e [E]=533gL
= ‘ & [E]=8gL A [E]=1133gL
S IR v [E]=1533gL v [E]=20gL
; 0.6 o [E]=2533 gL
Z
E
- ®
S 0.4+
=1
'3
ot
~ Y

0.2

A
X
0.0 T T T T T T T T T [
0 2 4 6 8 10 12
Time 7 (h)

Fig. 3. Effect of initial enzyme concentration on retained activity of cellulase at
different times.

tion between enzyme and substrate. These factors are always pre-
dominant when cellulase is involved in hydrolytic process. The
higher the enzyme concentration is, the more the produced glucose
and the unadsorbed cellulase.

5. Conclusions

The model based on the second order reaction of enzyme deac-
tivation is preferable during the analysis of simulation, prediction
and initial hydrolysis rate of enzymatic hydrolysis steam-exploded
wheat straw, compared to that based on the first order reaction.
The preferable model is a simple three-parameter mathematical
function that directly expresses the relationship between glucose
concentration and two hydrolytic conditions (time and initial en-
zyme concentration). The development of the model could provide
some guidance on the adjustments of enzyme dosage and hydro-
lytic time, which help to maximize cellulase using and evaluate
process economy in its related industrial applications.
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