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AbstractCorn cob lignocellulosic biomass is one of the useful precursors for the alternative production of fuels and
chemicals. Understanding the kinetics of enzymatic conversion of corn cob through kinetic models could provide in-
depth knowledge and increase the predictive ability for process design and optimization. In this study, models based on
the semi-mechanistic rate equations, first-order decay exponential function of time for adsorbed enzymes, structural
and diffusion coefficient for adsorption were used to estimate kinetic parameters for the enzymatic conversion of alka-
line peroxide oxidation (APO) pretreated corn cob to sugar. Fitting a first-order inactivation model of adsorbed cellu-
lases to account for experimental hydrolysis data, the apparent hydrolysis rate constant (k2=29.51 min1), the inactivation
rate constant (k3=0.269 min1), and reactivation rate constant (k4=0.0048 min1) were estimated. Regressed values of
apparent maximum rate, Vmax, app, for adsorbed enzymes reduced appreciably with time to more than 98% at 96 h. The
diffusion limit model showed that the diffusion resistance increased with increasing enzyme concentrations.
Keywords: Lignocellulose, Kinetic Models, Enzymatic Hydrolysis, Adsorption, Inactivation

INTRODUCTION

Recently, there has been global attention to alternative sources
for fuels and chemicals [1,2]. Lignocellulosic biomasses are eco-
nomically viable alternative materials for the production of platform
chemicals, biofuels, and other value-added bioproducts derived
from them [3-6]. Some of the derived biobased products from lig-
nocelluloses include sorbitol, succinic acid, sugars, levulinic acid
ethanol, butanol, and lactic acid [7]. Corncob is the central solid
part of corn (Zea mays) that accounts for 16%-19% of the whole
corn [8]. All over the world, corn cob as a non-edible lignocellulosic
material is useful in the production of bio-commodities, renew-
able, and clean energy [9]. However, many technical and economic
difficulties hinder the development of biobased products from bio-
mass [10]. Enzyme hydrolysis on treated lignocelluloses is an effi-
cient, economical, and mild way of producing sugars amenable to
further downstream processing [11-13]. The optimization of the
enzymatic conversion process of lignocelluloses requires adequate
knowledge of the kinetics of the reaction. The nature and the struc-
ture of the cellulolytic enzymes play crucial roles in the development
of enzymatic kinetic models [14]. Kinetic modelling of enzymatic
conversion of lignocelluloses is a challenging area of bioreactor engi-
neering science because of the difficulties in the complexity of the

substrate, action of the enzyme, enzyme-substrate interaction, and
multiple effects of the enzyme complex [15]. Deactivation of cellu-
lase enzymes during enzymatic hydrolysis process slows the hydroly-
sis rate [16]. The slow kinetics and the reduction in the rate of
conversion to valuable products stand as bottlenecks [10,11,17,18]
for a viable production process. Factors that may be responsible for
cellulase deactivation include ineffective adsorption of cellulase, tem-
perature, product inhibition, ion strength, non-productive binding
caused by the presence of lignin [19], and shear force [20]. Change
in substrate properties, such as crystallinity [18], accessibility [21-24],
can cause rate reduction. Also, low product concentration, high
cost of enzymes, misinterpretation, and misunderstanding of the
cellulose kinetics on substrates are significant challenges to enzy-
matic hydrolysis [11]. Several kinetic models have been developed
from experimental studies with discrepancies in the reported results.
Hence, the need to have an in-depth understanding of the kinetic
study via both experimental and modelling approaches.

This kinetic study centred on three approaches to assess how
enzyme kinetic models conform to the experimental data for the
APO pretreated corn cob biomass. The first approach was based
on the classical nonlinear model of Michaelis-Menten (c-MM) along
with the linearized forms (Lineweaver-Burke (LB), Langmuir, and
Eadie-Hofstee (EH)), and the modified MM model (m-MM) to
estimate kinetic parameters: the maximum initial hydrolysis rate of
product formation (Vmax), and the Michaelis-Mentens constant (km)
which describes the formation and dissociation of the enzyme-sub-
strate complex, of the enzymatic process [12,15,25]. In the second
approach, experimental data were fitted to kinetic models to account
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for the apparent hydrolysis rate (Vmax, app), the deactivation rate con-
stant (k3), and the reactivation rate constant (k4) values of the ad-
sorbed cellulase on substrates [10,20]. Finally, the Chrastil model
[26,27] was applied to evaluate the diffusion characteristics of the
enzymatic process by estimating the kinetic parameters k (rate con-
stant, which is proportional to the diffusion coefficient for adsorp-
tion) and n (the structural diffusion resistant constant). These
kinetic parameters provided adequate understanding, prediction,
and enabled us to evaluate the effects of the addition, removal, or
modification of the process components as they may affect the design
of a bioreactor.

MATERIALS AND METHODS

1. Materials Sourcing and Preparation
Corn cob (Zea mays) residues were harvested from farmland

around Iju town, near Ota (6o40'N 3o08'E), South West, Nigeria.
The samples were prepared after collection, as described elsewhere
[9]. Using a band saw, the cobs were reduced and further shred-
ded in a rotor mill having a 4 mm sieve. Samples were screened
through different laboratory sieve sizes. Screened samples were
dried in a convection oven at 105 oC for 3 h and kept in plastic
bottles. Samples were stored in a locker in the laboratory until they
were ready to be used. The corn cob particle sizes used for this study
ranged between 0.3 mm to 2.36 mm. Sodium hydroxide, hydrogen
peroxide (35%w/v), D(+)-glucose, cellulase enzyme (Trichoderma
reesei, with the specific enzyme activity of 700 units g1 were pur-
chased from Sigma-Aldrich (Chemie GmbH).
2. Biomass Pretreatment

The raw biomass was subjected to initial pretreatment to disrupt
the lignocellulosic complex held together by lignin and be exposed
to a better enzymatic attack. Samples were subjected to thermal heat-
ing in an oven. Pretreatment operating variables were as follows:
12.5 g corn cob biomass loading to the liquid volume of 250 mL
distilled water, 1%(v/v) H2O2, and 0.05 gNaOH g1 biomass addi-
tion to taking the mixture to pH of 11.5 [28]. The raw biomass
was initially soaked for 24 h under ambient temperature (23 oC) in
the sodium hydroxide-hydrogen peroxide mixture before the heat-
ing process. Reactions occurred at a specified pretreatment tem-
perature of 80 oC and a time of 2 h. At the end of the pretreatment,
slurries were separated into solid and liquid fractions through vac-
uum filtration. Solid fractions were washed to a pH of 7. A portion
of the wet solid was used to estimate the conversion of the treated
material by cellulase enzymes and to measure the reducing sugar
production as the equivalent of glucose concentration. The com-
position (cellulose, hemicellulose, lignin, extractives, and ash con-
tent) of the raw biomass was estimated by the method as reported
elsewhere [29]. Dissolved oxygen content in the mixture was meas-
ured before and after pretreatment with YSI Professional Plus (Pro
Plus) multiparameter testing instrument.
3. Enzyme Hydrolysis

Commercial preparation of Trichoderma reesei, ATCC 2692 (with
subunits of 68 kiloDalton) cellulases, was added at a loading of 25
FPU·g biomass1. Kinetic parameters were determined at varying
substrate concentration of 5, 20, 30, 40, and 50 g·L1 and initial
enzyme concentration of 7, 14, 21, 28, and 35 g·L1. In a shaking

incubator (at 300 rpm), pretreated mixtures were hydrolyzed at
50 oC, varying periods of 6, 12, 24, 48, 72, and 96h. In all the enzyme
hydrolysis reactions, constant values of pH (4.8), 0.1 M sodium
citrate buffer, and total hydrolysis volume of 10 mL were main-
tained. 0.5 mL aliquot was withdrawn for each sampling period for
product formation and characterized through the dinitrosalycilic
assay [30].

The enzymatic conversion yield (%), or %digestibility, was esti-
mated by using Eq. (1), expressed in terms of total polysaccharide
in the treated substrate [31,32].

Conversion yield (%)

(1)

Also, in understanding the progression of product (reducing
sugar) formation, an empirical second-order exponential decay, Eq.
(2), was used to fit formation of product as a function of reaction
time [10,33], using the experimental data.

(2)

where P is product released (g·L1), t is reaction time (h), Po (g·L1),
A1 (g·L1), A2 (g·L1), t1 (h), and t2 (h) are empirical parameters.
4. Enzyme Mechanism and Kinetics
4-1. c-MM and m-MM Semi-mechanistic Models

For enzymatic reactions, an enzyme-substrate complex in equi-
librium with the free enzyme and substrate can be described by the
Michaelis-Menten mechanism, Eq. (3). The enzyme, E, reacts with
a substrate, S, to form an E-S complex, which is a reversible pro-
cess. The complex E-S converts to form product P. Also, the acti-
vation or inactivation of adsorbed enzymes can be described to
follow the mechanism as given in Eq. (3).

E
(3)

k1 is the forward reaction rate constant, k
1 is the backward reaction

rate constant (decomposition of E-S to E and S), k3=inactivation
rate constant, and k4=reactivation rate constant

From Eq. (3),

k2=kcat is the unimolecular rate constant (the turnover number)
for the enzyme conversion process of the E-S complex into prod-
uct P; releasing the enzyme, E. km, and k2 indicates how suitably
an enzyme will react with a particular substrate. The quantity, k2/
km, is referred to as the catalytic efficiency (which is the rate of effi-
ciency of how the substrate unbinds from the enzyme to form a
product). It is a useful measure of the overall efficiency of the cata-
lyst and determines whether the rate is limited by product forma-
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tion or the substrate in the reaction environment [34,35]. A low
value of km or high value of k2/km [35], and the value of the coeffi-
cient of determination (R2) close to unity indicate that the rate effi-
ciency of the process is high.

The pseudo-homogeneous nonlinear Michaelis-Menten (c-MM)
model, given as Eq. (4), is the most common semi-mechanistic
approach [12,15]:

(4)

where Vo=initial hydrolysis rate, [P]=product concentration, [S]=
substrate concentration, Vmax=maximum initial hydrolysis rate of
product formation. km=MM constant and is the mixture of the
rate constants (Eq. (3)) that describes the formation and dissocia-
tion of the enzyme-substrate complex [36]. It is also the half-maxi-
mum initial velocity rate (i.e., km=1/2Vmax). km gives a sense of the
affinity of the enzyme for the substrate. The c-MM model assesses
the substrate (despite being a solid) as a soluble reactant by meas-
uring the concentration with the reaction taking place on a hydrated
solid [12,15]. When the enzymatic reaction is not diffusion lim-
ited, the c-MM model is not applicable for the analysis of hetero-
geneous structures [26,27]. In resolving the limitation of the c-MM
model, a modified semi-mechanistic rate equation of Michaelis-
Menten, m-MM, Eq. (5), was proposed [25] by considering the sub-
strate to be in solid form and the enzyme as soluble, which either
adsorbs on the substrate or desorbs from it [12,15].

(5)

where Eo=initial enzyme concentration. Vemax=maximum reaction
rate. ke=half-maximum initial velocity rate. Vmax is as defined in
Eqs. (4) and (5). It is related to the first-order rate constant, k2, and
the total enzyme concentration, [E]total, (Eq. (6)):

Vmax=k2[E]total (6)

4-2. Deactivation and Reactivation Reaction Rate Mechanism
The decline in enzyme activity can be represented by the inacti-

vation or deactivation of the adsorbed enzyme on the substrates.
Deactivation of adsorbed enzymes may be assumed to be due to
the formation of a complex with the product.

From Eq. (3),

(7)

Defining the real hydrolysis rate [10] by considering the cellulase
activity loss:

(8)

Relating (7) and (8),

(9)

(10)

Defining,

(11)

(12)

where B0=inactivation extent, Z0=residual activity of enzyme, t1/2=
half-life. They are related to the inactivation rate constant, k3, and
reactivation rate constant, k4.

(13)

(14)

(15)

Defining the apparent Vmax:

(16)

From Eq. (16), the apparent Vmax decreases with a first-order expo-
nential decay function of time due to inactivation of the adsorbed
enzyme [10],

(17)

Eq. (17) is the reduction of the real hydrolysis rate due to the inac-
tivation of adsorbed enzyme.
4-3. Diffusion Coefficient for Enzyme Adsorption

The rate constant (k), which is proportional to the diffusion co-
efficient for adsorption, and the structural diffusion resistant con-
stant (n) were obtained from the Chrastil model, Eq. (18). This equa-
tion allows the enzymatic reactions to be considered diffusion-limited
[12,27], which makes the enzymatic periods depend on the het-
erogeneous rate-limiting structures of the substrate-enzyme sys-
tem [12,27]. Chrastil [27] proposed the diffusion-limited kinetic
model as:

P=P

 [1EXP (kEot)]n (18)

where P and P

 are the products that diffused at every considered

time t and equilibrium, respectively. k is the rate constant propor-
tional to the diffusion coefficient defined by Fick’s law [37]. Eo is
the initial enzyme concentration and n structural diffusion resis-
tance constant dependent on the sterical structure of the system as
given by Chrastil and Wilson [26] and Chrastil [27].

The kinetic parameter values for the nonlinear models were
optimized through regression by finding the minimum objective
function, the sum of the square errors.
5. Physico-chemical Assessment of Raw and Treated Biomass

The physical appearance of the raw and treated samples was mon-
itored by subjecting the dried samples to stereomicroscope imag-
ing. Untreated and treated samples were captured on a black back-
ground using a Nikon SMZ745T stereomicroscope [38] attached
with NIS-Element D Z-Series 7 software. A Nikon Digital Sight
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System operated the Nikon DS-Fi2 CCD camera fixed to the ste-
reomicroscope. To examine the surface morphological changes
brought about by APO pretreatment and enzyme hydrolysis on
the raw sample, corn cob biomass samples were fixed on alumi-
num stubs with conductive carbon tape. Biomass particles were
sputter-coated with gold-palladium and carbon at a 5 nm scale to
minimize charging. The samples were examined with the FEI
Quanta 200 scanning electron microscope (SEM). The operating
vacuum in the SEM was between 3.9×104 to 2.2×103 Pascals with
a voltage of 30 kV.

Fourier transform infrared spectroscopy (FTIR) was used to
determine the presence of functional groups and obtain related infor-
mation about the structural changes. Parameters like HBI (hydro-
gen bonding index which is related to O-H stretching vibrations
from alcohols and carboxylic acids present in the structure), LOI
(lateral order index which measures the crystallinity and corre-
sponds to a CH2 bending vibration), and TCI (total crystallinity
index which corresponds to the C-H stretching) were used to deter-
mine the effectiveness of the pretreatment and enzyme-treated pro-
cesses [35]. Dried samples were mixed with KBr and pressed under
vacuum to form pellets. Spectra analysis was performed at the wave-
length range of 4,000-350 cm1 and 64 scans with baseline correc-
tions [39].

All experiments were replicated twice; reported data show mean
values of the replicated experiments.

RESULTS AND DISCUSSION

1. Effect of APO Pretreatment on Product Yields
The pretreatment process often leads to loss of carbohydrates as

the average length of the cellulose chain is decreased. The APO pro-
cess improves the delignification process. Various conjugate oxy-
gen species are involved during delignification [40], brought about
by the series of reduction to water by oxygen. The presence of oxy-
gen serves to reduce the cellulosic chain scission, thereby exposing
the monomeric and dimeric cellulose chains to more enzymatic
attack. The chemical compositions of raw and treated biomass is
presented in Table 1. Pretreatment of raw biomass showed that
about 34% of initial lignin content was removed. Cellulosic content
enhancement was about 39% from an initial cellulose raw value of
33.69%w/w (Table 1).

The maximum reaction rate is attained once the substrate mol-
ecules completely saturate the available enzymes’ active sites. Many
factors may hinder the maximum production of sugars during
enzymatic hydrolysis [13]. Therefore, a single optimum is not pos-

Table 1. Chemical composition (%w/w) of raw and alkaline perox-
ide oxidation pretreated corn cob biomass

Component Raw Pretreated
Cellulose 33.69 54.92
Hemicellulose 28.24 12.92
Lignin 30.53 20.21
Ash 04.49 02.41
Extractives 03.05 08.54

Fig. 1. Product formation as a function of reaction time. Markers
represent the experimental data.

Table 2. The second-order exponential decay fitting parameters for the product formation with hydrolysis time
Substrate

concentration (g/L) Po (g·L1) A1 (g·L1) t1 (h) A2 (g·L1) t2 (h) R2

05 30.21 28.71 011.28 58.92 19.27 1.0000
20 44.81 01.43 014.20 47.76 17.48 0.9912
30 53.24 15.45 89.30 71.18 18.84 0.9842
40 51.23 23.50 218.41 77.08 16.72 0.9880
50 31.97 30.94 206.56 63.01 14.03 0.9683

sible to define [29]. The optimum may shift depending on factors
such as mass transfer and product inhibition [10], dry solid con-
tent, pH, temperature, enzyme activity, and desired residence time
[29]. The product formation using Eq. (2) [10,33], evaluated based
on enzymatic conversion of 5-50 g·L1 substrate loadings with vary-
ing hydrolysis periods (6-96 h), showed that reducing sugars pro-
duction increased with increasing substrate loading up to a maximum
(Fig. 1). The parameters which represent the regression coefficients
in Eq. (2) are provided in Table 2. Product formation attained the
maximum at 48 h hydrolysis time (Fig. 1), for all substrate load-
ings. An optimized substrate loading is necessary for maximum
efficiency of the biocatalyst for maximum product yields. Increas-
ing substrate concentration beyond a point can cause product inhibi-
tion or inefficient mixing.

The second-order exponential decay equation fitted well to the
experimental data within the 5-40 g·L1 substrate loading (Fig. 1)
and R2 of 0.9880 to 1 (Table 2), which agrees with other fitting curves
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for product formation previously reported in the literature [10,33,41].
Using Eq. (1), the conversion yield (%) was highest at 48 h for

20 g·L1 (51.8%), 30 g·L1 (68.5%), 40 g·L1 (79.3%), and 50 g·L1

(88.9%). Optimum %conversion yield for 5g·L1 was 35.7% after 72h.
The conversion yield (%) remained constant after the optimum
hydrolysis period (48 h) for all the substrate concentrations. The
obtained results after the enzymatic conversion process indicated
that the maximum conversion of the pretreated corn cob to sugars
occurred at 48 h. Therefore, considering the economy of the enzy-
matic conversion, hydrolysis beyond 48 h would not be favorable.
2. Estimation of Kinetic Parameters
2-1. c-MM, m-MM, and the Linearized Models

The feasibility of the c-MM and m-MM nonlinear models and
the linearized forms of LB, Langmuir, and EH was evaluated using
the experimental data for the cellulase enzyme conversion process
(considering the initial velocity rate of product formation for sub-

strate loadings (5-50 g·L1) and hydrolysis periods, 6-96 h). The
fitted curves for the variation of the initial velocity rate with initial
substrate concentration for the c-MM and m-MM models and the
linearized models of LB, Langmuir, and EH are given in Fig. 2.
The values for the km and Vmax obtained from the different mod-

Fig. 2. Substrate concentration on the initial hydrolysis rate for the APO pretreated corn cob. Pretreatment conditions: 2 h, Temp.=80 oC, 1%
(v·v1) H2O2, 0.05 gNaOH·g biomass1 loading. Enzymatic hydrolysis conditions: Temp.=50 oC. The line curves are the model fits for
(a) c-MM, (b) m-MM, (c) LB, (d) Langmuir, and (e) EH. Markers represent the experimental data.

Table 3. Semi-mechanistic kinetic model values from regression anal-
ysis of experimental results

Parameters Vmax

(mmole·L1min1)
km

(g·L1) R2

c-MM 0.51 38.84 0.9850
m-MM 0.15 43.81 0.9722
L-B 0.39 25.49 0.9875
Langmuir 0.48 36.92 0.9020
E-H 0.41 27.39 0.8079
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els are given in Table 3.
A low km value increases the catalytic efficiency by making the

substrate bind more firmly to the enzyme. On the other hand, if km

is high, the enzyme complex converts the lesser of the substrate
into the product [35]. The kinetic parameters in Table 3 indicate
that the models (nonlinear and linear) fitted well to the experi-
mental data. However, the linear transformation of the experimen-
tal data by the kinetic models of LB, Langmuir, and EF introduces
deficiencies that make the linear models prone to error [42]. Untrans-
formed data point estimation through nonlinear regression, allow-
ing direct determination of Eqs. (4) and (5), gives more accurate
values for the kinetic parameters [42,43]. Therefore, a reliable esti-
mate of the kinetic parameters (Vmax=0.15 mmole·L1min1, km=
43.81 g·L1) by the m-MM model can be considered the best val-
ues under the prevailing experimental conditions.

Carrillo et al. [12] with cellulase enzymes from Novozymes A/S
using the modified MM model obtained km of 38.2 g·L1 and Vmax

of 0.55 g·L1h1 for the alkaline pretreatment of wheat straw (6 h for
80 oC) at enzyme hydrolysis conditions of 8 h and 50 oC. The dif-
ferent operating conditions and type of biomass material used in
the two studies may have caused a slight difference in values.
2-2. Deactivation and Reactivation Constants

The adsorbed enzymes decrease the concentrations of available
adsorption sites with enzymatic reaction progression [44], or it may
be said that the deactivation rate is proportional to the concentra-
tion of adsorbed enzyme (or the concentration of enzyme in solu-
tion but not the product concentration) [10,17]. A rate retarding
factor is said to be responsible for the reversible inactivation of the
adsorbed enzyme by diffusing into the cellulose fibrils [45]. The
first-order decay exponential function of time was used to deter-
mine the inactivation and reactivation constants [10]. Applying
nonlinear regression analysis, Eq. (17) was used to fit the experi-
mental data to estimate Vmax, app and km values at a specific time for
the varying initial substrate concentrations, as shown in Fig. 3. The
regressed values for Vmax, app and km are provided in Table 4.

The Vmax, app values as determined from Eq. (17) were used in
Eq. (16) to evaluate the inactivation extent (B0), the residual activ-
ity of the enzyme (Z0), the half-life (t1/2 ), and Vmax. The inactivation
rate constant, k3, and reactivation rate constant, k4 were determined
from Eqs. (13) to (15). The progression of Vmax, app with time (Fig.
4) showed a reduction of about 96% during 72 h reaction time and
98% reduction for 96 h reduction time. The results follow similar
curves showing a considerable decrease in catalytic constants [10,23].

Fitting Fig. 4 to Eq. (16), the kinetic parameters Vmax=1.80mmole·
L1min1, Z0=0.12, B0=6.80, and t1/2=174.78 min. The apparent
hydrolysis rate, k2, was calculated by using Eq. (6). The concentra-
tion of enzyme added (0.34 mL enzyme to a total reaction volume
of 10mL) was estimated to be 4,166.67mg·L1. The average molecu-
lar weight of the cellulase enzyme was assumed to be 68,000 g·
mole1 (the subunit of the enzyme as provided by Sigma Aldrich is
68 kilo Daltons). Therefore, the total enzyme concentration, [E]total

of enzyme used was estimated to be 0.061 mmole·L1. Using the
Vmax value estimated (1.80 mmole·L1min1), k2 (apparent hydroly-
sis rate constant) value was 29.51 min1. Applying the values of Z0,
B0, and t1/2 obtained from Eq.(16) to Eqs. (13), (14), and (15), the
inactivation rate constant, k3'=0.269 min1 and the reactivation rate
constant, k4'=0.0048 min1. Since the order of the inactivation rate
constant (k3) is larger than the reactivation rate constant (k4), an
increasing amount of cellulase enzymes becomes inactivated as the
enzymatic conversion proceeds [10]. The larger order of k3 indicates
that optimum product formation could be attained at a relatively
short enzymatic hydrolysis period and reduced enzyme concen-
trations. The kinetic parameters obtained in this study are compa-
rable to values reported elsewhere [10,17].

Fig. 3. Real hydrolysis rate from Eq. (17) with varying substrate load-
ings as a function of reaction time. Markers represent the ex-
perimental data.

Table 4. Apparent maximum hydrolysis rate and half-saturation
rate constant from Eq. (17)

Time
(min)

Vmax, app

(mmole·L1min1)
km

(g·L1) R2

0,360 3.20 474.74 0.9756
1,440 0.53 056.48 0.9922
2,880 0.19 021.46 0.9440
4,320 0.12 017.56 0.9106
5,760 0.08 014.76 0.9191

Fig. 4. Apparent maximum hydrolysis reaction rate as a function of
time.
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2-3. Determination of the Diffusion Limit Characteristics
Kinetic parameters that involve diffusion limitation are essen-

tial to provide reliable estimates for process behavior [12]. When
enzymatic reactions have a diffusion limit, the rate-limiting step can
be that substrate diffuses into the active sites, or product diffuses
out [35]. This is referred to as kinetic perfection or catalytic per-
fection [35]. In this wise, the Chrastil model (Eq. (18) was applied
to evaluate the diffusion characteristics of the enzymatic process
by estimating the parameters k and n [12,17], considering constant
initial substrate concentration of 30g·L1 and varying initial enzyme
concentrations (7 to 35g·L1). The constants were evaluated through
nonlinear regression analysis. The values are presented in Table 5.

The n values decreased with increasing enzyme concentration
(0.65 to 0.37), which means that the diffusion resistance increased
with increasing enzyme concentrations. This increase in diffusion
resistance may be due to the molecular steric factor from the
enzymes’ molecules [12]. As more enzymes get adsorbed to the
substrate, a blockage may occur, thereby restricting the diffusion
process of the enzymes to the substrate structure [12]. Using this
trend, for n values closer to 1, a low-resistance film controls and
the reaction is said to be first order. For strongly limited diffusion
resistance, n is small (high resistance structure). When n is greater
than 1, we may expect a consecutive reaction order [12]. A lower

k indicates that the substrate is more resistant to enzymatic hydro-
lysis, reducing the attack by the enzymes. On the other hand, a
higher k value shows the susceptible enzymatic conversion. In this
study, the kinetic constant, k, generally decreased in importance
with increasing enzyme concentration. This is because, at much
higher enzyme concentration, product formation is altered at a
maximum, which may be due to enzyme saturation, making the
catalytic activity of the enzyme system get reduced. From Table 5,
the enzyme concentration of 7 g·L1 has the highest value of 3.26×
104 g·L1h1 followed by 21 g·L1 enzyme loading (6.01×104 g·L1

h1). The highest concentration of 35 g·L1 had the lowest value of
k (7.37×106 g·L1h1).
2-4. Physico-chemical Changes after Raw Biomass Treatments

Stereomicroscopy imaging was used to show size variability and
color change after the treatment of the raw corn cob biomass sam-
ples. Images showed that biomass particles were reduced in size
and more clumped together after the two-stage treatment (Fig.
5(a)-(c)). The enzyme-treated samples (Fig. 5(b)) showed thin and
dark small particles (Fig. 5(c)) with more reduced size than the
raw and pretreated samples. The APO pretreated samples showed
that the initial red color of the raw biomass (Fig. 5(a)) had been
bleached by the presence of H2O2 in the pretreatment slurry. Scan-
ning electron microscope (SEM) images displayed cell wall distor-

Table 5. Kinetic parameters, k and n, as functions of varying initial enzyme concentrations from Eq. (18)
Enzyme conc.,

Eo, g·L1 7 14 21 28 35

k (g·L1h1) 3.26×104 2.27×105 6.01×104 2.04×105 7.37×106

n 0.65 0.63 0.55 0.49 0.37
R2 0.9485 0.9488 0.9336 0.9960 0.8428

Fig. 5. Micrography images of untreated and treated corn cob. Stereomicrography: (a) Raw biomass, (d) APO pretreatment (c) Enzyme
hydrolyzed samples. SEM: (d) Raw biomass, (e) APO pretreated, (f) Enzyme hydrolyzed samples. Arrows show pore openings and
reduction in sizes caused by pretreatment and enzymatic hydrolysis of the raw biomass.
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tion and opening of pores (as indicated with arrows) (Fig. 5(d)-
(f)). The deformation of the cell walls showed that through the
pretreatment and enzyme hydrolysis steps, the microfiber regular
arrangements were ruptured and opened up for enzymatic attack
(Fig. 5(e)). FTIR spectra [see supplementary file] showed the pres-
ence of the functional groups in biomasses. The spectra also revealed
that the band intensities were reduced after the APO pretreatment
and enzymatic hydrolysis, indicating the reduction of lignin poly-
mer. The ratios of TCI (total crystallinity index), LOI (lateral order
index), and HBI (hydrogen bond index) (Table 6), were used to
determine crystallinity indices to evaluate the effectiveness of treat-
ments on the raw biomass [35,39]. The peak heights (%Transmit-
tance) were used to determine the ratios (Table 6). Highest TCI and
LOI values indicate the highest degree of crystallinity and more
ordered cellulose. On the other hand, lowest TCI and LOI values
suggest that the cellulose is composed of more amorphous struc-
tures, and the lignocellulosic complex has been ruptured, exposing
the biomass matrix to the enzyme hydrolysis [39].

CONCLUSION

Accurate prediction has been discussed of kinetic parameters
using the existing models and the obtained experimental data for
the activation and deactivation of adsorbed cellulase during the
enzymatic conversion of alkaline peroxide oxidation pretreated corn
cob to sugar. Product formation reached the peak (about 89% con-
version yield) at 48h and 50g·L1 substrate loading. Existing kinetic
models such as the classical Michaelis-Menten, Lineweaver-Burke,
Langmuir, Eadie-Hofstee, and modified Michaelis-Menten were
investigated. Decline in the enzyme activity could be explained by
considering the apparent hydrolysis rate, inactivation, and reactiva-
tion of the adsorbed enzyme using relevant kinetic models. Reli-
able estimate of the kinetic parameters (Vmax=0.15 mmole·L1min1,
km=43.81 g·L1) was correlated by the modified Michaelis-Menten
model. Regressed values of apparent maximum rate, Vmax, app, for
adsorbed enzymes reduced appreciably with time from 3.20 mmole·
L1min1 to 0.08 mmole·L1min1 (about 98%) at 96 h. Further-
more, findings of this study indicate that as the enzymatic reaction
progressed with increasing enzymes concentration, the activity of
the enzyme decreased.

NOMENCLATURE

Ao : inactivation extent

Eo : initial enzyme concentration [g·L1]
[E]total : total enzyme concentration [mmole·L1]
Vo : initial hydrolysis rate [mmole·L1min1]
yo : residual enzyme activity
Vmax : maximum initial hydrolysis rate [mmole·L1min1]
Vmax, app : apparent maximum initial hydrolysis rate [mmole·L1

min1]
Vr : real hydrolysis rate [mmole·L1min1]
t1/2 : half-life [min]
P : product concentration [g·L1]
P


: products that diffused at equilibrium [g·L1]
S : substrate concentration [g·L1]
k : diffusion coefficient for adsorption [g·L1·h1]
km : half-maximum initial hydrolysis rate [g·L1]
k2 : apparent hydrolysis rate constant [min1]
k3 : inactivation rate constant [min1]
k4 : reactivation rate constant [min1]
n : structural diffusion resistance constant

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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