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Abstract: Rice husks contain cellulose as a raw material for manufacturing second-generation
bioethanol. Cellulose from pre-treated rice husks was converted into reducing sugars through
enzymatic hydrolysis using enzymes derived from Aspergillus niger. This study aims to determine the
kinetics of enzymatic hydrolysis at enzyme concentrations of 10, 15, and 20% (v/w) and hydrolysis
times of 5, 10, 15, 20, and 25 h. The results showed that cellulose was hydrolyzed to form reducing
sugars. The CMCase activity and FPase activity reached 548.940 and 314.892 U mL−1, respectively,
much higher than most previous reports on this genus. From the calculation of the reaction rate
using the Michaelis–Menten kinetic model, the value of the Michaelis constant ranges from 0.001 to
0.0007, and the maximum rate is 1.3 × 10−7 to 2.7 × 10−7 Mol L−1 s−1. The highest reducing sugar
concentration was obtained (1.80 g L−1) at an enzyme concentration of 20% (v/w) and a hydrolysis
time of 25 h.

Keywords: enzymatic hydrolysis; kinetic model; Michaelis–Menten; pre-treated rice husks; reduc-
ing sugar

1. Introduction

Indonesia produces large amounts of rice husks, particularly in South Sumatra, which
produces 2.743 million tons of rice and about 549 tons of waste rice husks [1]. Rice husks are
a by-product of the rice industry [2]. Agricultural residues such as corn stover, rice straw,
and wheat and rice husks contain 30–40% cellulose, 20–30% hemicellulose, and 10–20%
lignin, depending on the plant species and type, climate, soil conditions, and fertilization
procedures [3–5].

Different polysaccharides consist of cellulose and hemicellulose, which can be decom-
posed into glucose and other reducing sugars with the help of enzymes [6]. Cellulose is the
most abundant organic compound on earth and accounts for about 30–60% of the total dry
mass of lignocellulose [4,7,8]. Therefore, the concentration of this glucose monomer has
great potential for bioethanol production. On the other hand, hemicellulose has a slightly
amorphous structure with a low molecular weight [9] and serves as a supporting material
in the cell wall and an adhesive between individual cells on the plant’s stem.

Meanwhile, lignin consists of tissues that strengthen the bonds between hemicellu-
lose fibers and cellulose, which are difficult to separate. Lignin can inhibit enzymatic
hydrolysis and must be eliminated before cellulose hydrolysis [10]. Lignin removal can
be achieved physically, chemically, or biologically through pre-treatment [5]. Previously,
Novia et al. reported that ammonia pre-treatment eliminated lignin [11]. They observed
the optimal glucose result with treatment at 100 ◦C under 20% NH3 for 5 h. Ammonia com-
pounds have high selectivity for lignin and retain carbohydrates in their original form [12].
H2O2 solutions can damage lignin in biomass [13] and improve the enzymatic digestion
of primary and secondary residues of agricultural products [14]. In a previous study,
Novia et al. investigated the kinetics of lignin removal from rice husks pre-treated with
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aqueous ammonia hydrogen peroxide [15]. However, they did not calculate the kinetics of
the enzymatic hydrolysis of cellulose obtained from pre-treated rice husks.

Aspergillus niger produces the cellulase enzyme, which reduces the glycosidic bonds
of cellulose at the reducing or non-reducing end [16]. β-glucosidase hydrolyzes cellulose
materials and produces glucose in the liquid phase, which is used as a substrate for indus-
trial fermentation [17]. In addition, β-1,4-glucosidase is induced in large quantities from
this fungus by inoculation and isolation at optimum temperature conditions of 27–35 ◦C [18].
Cutting bond chains using cellulase enzymes involves endoglucanase, exoglucanase, and
β–glucosidase [19]. To reduce the cost of enzyme production, the pre-treatment of ligno-
cellulose should allow for more efficient and cost-effective hydrolysis [20–22]. Efficient and
comprehensive use of enzymes is also crucial. Enzymatic kinetics must accurately measure
the conversion of raw materials and the hydrolytic rate and determine the reason for
the slowdown in the rate during hydrolysis [21]. To improve the conversion efficiency
and lower the costs, it is necessary to obtain experimental data as a basis for perfect
enzymatic hydrolysis.

The kinetic models predict substrate degradation, biomass growth, and product forma-
tion [23]. The objective of kinetic models is to simulate biomass growth, substrate utilization,
and product formation processes while considering their time dependence. Therefore, a
system of ordinary differential equations derived from a mass balance equation represents
the processes. Under suitable initial conditions and given kinetic and stoichiometric pa-
rameters, these equations can be solved by numerical integrations. Michaelis–Menten
kinetics is a widely recognized rate representation obtained from elementary reactions.
It describes enzyme kinetics when the substrate concentration is considerably more sig-
nificant than the enzyme concentration. Recently, Bisswanger provided a comprehensive
analysis of the Michaelis–Menten prediction and its correlation with the fundamental dy-
namic model of elementary reactions [24]. Simplicity kinetics is an extension of Michaelis–
Menten models [25], which relates to arbitrary reaction stoichiometries. It is derived from a
non-structured enzyme mechanism assuming rapid equilibrium among the enzyme, its
substrates, and its products [26]. The simplicity of its kinetics differs from previous rate
laws since it is saturable and can accommodate concentrations close to zero, a condition
that creates problems for kinetics comprising logarithmic functions [27].

According to the classical Michaelis–Menten theory of enzymatic catalysis, the sub-
strate (cellulose) generates the end-product (reducing sugars) by forming an enzyme–
substrate complex. The formation rate constant k1, breakdown rate constant k−1, and
formation rate constant k2 of end-product P characterize the formation reaction of the
enzyme–substrate complex. The following chemical reaction equation describes such
a mechanism:

S + E
k1→
←

k−1

ES
k2→ E + P

The Michaelis–Menten model approach calculates the kinetics of the enzymatic hy-
drolysis rate using the following equations [24]:

d[S]
dt

= −k1[S][E] + k−1[ES] (1)

d[E]
dt

= −k1[S][E] + k−1[ES] + k2[ES] (2)

d[ES]
dt

= k1[S][E]− (k−1 + k2)[ES] (3)

d[P]
dt

= k2[ES] = v (4)
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where v is the formation rate of straight-sided products with the number of enzyme–
substrate complex being ES. The ES depends on the concentration of reactants.

d[ES]
dt

=
d[E]
dt

= 0 (5)

k1[S][E] = (k−1 + k2)[ES] (6)

while [E]0 = [E] + [ES],

v =
d[P]
dt

= k2[ES] =
k2[S][E]0

[S] + k−1+k2
k1

(7)

In this equation, v is the reaction rate and VM is the maximum rate. The Michaelis–
Menten relationship and the double inverse coordinates method are used to calculate the
initial rate of reducing sugar formation:

KM =
k−1 + k2

k1
(8)

VM = k2[E]0 (9)

v = −d[S]
dt

=
VM[S]

KM + [S]
(10)

The integration of Equations (8)–(10) results in:

KM ln
[S]0
[S]

+ [S]0 − [S] = VM·t (11)

[S]0 – [S]

ln [S]0
[S]

= −KM + k2·E0
t

ln [S]0
[S]

(12)

where
[P] = [S]0 − [S] (13)

[P] is equal to the concentration of the product at time t, and [P]∞ is the con-centration
of the final product of the reaction at t = ∞. At the end of the reaction, [S]0 is assumed to
equal [P]∞.

[P]

ln [P]∞
[P]∞−[P]

= −KM + k2·E0
t

ln [P]∞
[P]∞−[P]

(14)

The Michaelis–Menten kinetic model uses hydrolysis and incorporates the reaction
conditions and the product inhibition effect. Experimental data under established condi-
tions have validated the Michaelis–Menten model. A semi-mechanistic approach used
this model with pseudo-homogeneous parameters. Although the reaction occurs in het-
erogeneous systems, the substrate is a soluble reactant. Many publications [25,26] have
proven this classical model’s validity for determining the initial reaction speed and how
the reaction rate increases. Miao et al. [25] used Avicel hydrolysis data from T. reesei Cel7A
on 24 other substrate–enzyme ratios to validate eight Michaelis–Menten models. Models
involving competitive inhibition by cellobiose were the most suitable for their data. Their
results also showed that the rate of decrease was insignificant compared to substrate deple-
tion and competitive inhibition. These include nonproductive cellulase binding, parabolic
inhibition, and enzyme deactivation.

Several researchers have studied the enzymatic hydrolysis kinetics of biomass, in
particular with coffee silver [27], bagasse [28,29], sugarcane straw [30], shredded seed shells
of Colocynthis Vulgaris [31], mixed shells [32], wheat straw [33], wild ryegrass creeping [34],
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Miscanthus and wheat clots [35], and corn stover [36]. Another study investigated the
enzymatic hydrolysis kinetics of NaOH pre-treated rice [37]. However, there are no docu-
mented studies on the Michaelis–Menten model to investigate the enzymatic hydrolysis
of pre-treated rice husks with H2O2-NH4OH. Therefore, this study aims to determine the
enzymatic hydrolysis kinetics of cellulose from rice husks using a semi-mechanistic model.
We used the integrated Michaelis–Menten equation to examine the kinetics of the enzymatic
hydrolysis of cellulose from rice husks. The statistical, theoretical, and experimental data
manipulation confirmed the mathematical model’s adequacy.

2. Materials and Methods

Rice husk samples were collected from Sakatiga Indralaya, Ogan Ilir, South Sumatra,
then dried in the sun for 1 day and reduced to 40 mesh. The chemicals used for pre-
treatment and hydrolysis were from Merck (Indonesia). Aspergillus niger was obtained from
the Microbial March Gallery, Indonesia. The culture was routinely maintained for 4–6 days
at 30 ◦C on a potato dextrose agar plate. The harvested spores were suspended in distilled
water to achieve a final concentration of 1 × 106 spores mL−1.

2.1. H2O2–Aqueous Ammonia Pretreatment (Previous Author Modification)

In total, 200 g of rice hull was put into a glass beaker (covered with aluminum foil),
and then a 3% solution of H2O2 (1:10) was added and heated to a temperature of 85 ◦C
for 6 h at a rate of 150 RPM. The slurry, which had a pH of 11.5, was separated using a
vacuum filter and washed with distilled water. Next, the sample was treated with aqueous
ammonia with a concentration of 20% for 5 h at 100 ◦C. The solution was washed with
distilled water and filtered through a vacuum filter. Each experiment was repeated three
times under the same conditions [15].

2.2. Cellulase Enzyme Preparation from Aspergillus niger (Modification of Previous Studies)

A 100 mL liquid medium consisting of 12.5% sucrose, 0.25% (NH4)2SO4, and 0.2%
KH2PO4 was arranged by adjusting the liquid pH to 3. An autoclave was used to sterilize
both liquids and instruments. Aspergillus niger spores were collected on PDA media with
the help of a cork borer and were then transferred to a liquid medium and incubated at
30 ◦C for 24 h. Then, 80 mL of deionized water with a pH of 5 was added to 20 g of
pre-treated rice hull, 0.03 g of urea, 0.005 g of MgSO4·7H2O, and 0.0023 g of KH2PO4. The
medium was inoculated with 10 mL of the prepared inoculum. The flask was incubated at
30 ◦C for 96 h. The fermented product was extracted with 100 mL of deionized water and
shaken at 150 RPM for 1 h. The sample was centrifuged at 4000 RPM for 30 min at 4 ◦C.
The crude enzyme solution was used for hydrolysis and evaluated for endo glucanase and
exoglucanase activity [11].

2.3. Enzymatic Hydrolysis

The enzymatic hydrolysis of pre-treated rice husk was performed as previously de-
scribed with modifications [15]. A total of 20 g of pre-treated rice husks was introduced
into a 250mL Erlenmeyer flask, and a crude cellulase enzyme from Aspergillus niger was
added at a ratio of 1:10 at pH 5. The mixture consisted of crude enzymes at concentrations
of 10%, 15%, and 20% (total enzyme fraction in mL per gram of biomass). The Erlenmeyer
flasks were equipped with a lid laid out on a hot plate stirrer at 50 ◦C at a speed of 200 RPM.
The hydrolysis time was 5, 10, 15, 20, or 25 h. The sample was cooled and filtered. Each
experiment was repeated three times under the same conditions. The enzymatic kinetics
were studied using Equation (14).

2.4. Analytical Methods

The composition of the rice hull (cellulose, hemicellulose lignin) before and after
treatment was analyzed using the Chesson method [38]. The element composition of un-
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treated and pre-treated samples was examined using a JEOL scanning electron microscope
(SEM-EDS) of the JED-2200 SERIES model.

Each cellulase enzyme has a different activity ability; therefore, cellulase activity
(U mL−1) means the amount of enzyme required to break down one µmol of cellulose into
a reduction in sugars per minute under test conditions [6,39,40]. The activity of the cellulase
enzyme was determined quantitatively using a UV–vis spectrophotometer. Enzyme activity
has optimal conditions ranging from pH 4.5 to 6.5 [41]. The glucose group reacts with DNS,
dinitro salicylic acid, as an oxidizing agent to form 3-amino-5-nitro salicylic acids, resulting
in a red color [36]. The activity of this enzyme was measured by colorimetric readings
using a spectrophotometer. A UV–vis spectrophotometer with the Bradford method tested
levels of cellulase-soluble proteins [10]. The total protein concentration in solution with
Coomassie brilliant blue dye was used for colorimetric measurements at 595 nm.

2.4.1. Evaluation of Endoglucanase Activity

About 0.1 mL of cellulase enzyme filtrate and 0.1 mL of 1% CMC solution were
combined to form a citrate buffer (pH 4.8) and incubated at 50 ◦C for 30 min. To complete
the reaction, 3 mL of DNS reagent was added, followed by 10 min warming in boiling
water (T = 100 ◦C). After cooling to ambient temperature, the absorbance at 540 nm was
recorded. Absorbance values were plotted on a glucose standard curve. Citrate buffer and
DNS reactions were employed to generate blanks and evaluate the absorbance zero value,
and the absorbance zero point was determined using the citrate buffer and DNS reaction.
One unit of CMCase enzyme activity equates to one mole of glucose created per minute
based on the glucose released by the cellulase enzyme. The production of 1 mg of glucose
per mL after 30 min of incubation was: 1/(30 × 0.180) = 0.185 units, where 0.180 represents
glucose (µmol). One CMCase unit (IU mL−1) is equivalent to one mg of glucose multiplied
by 0.185 per mL. The experiment was conducted three times for each condition [42].

2.4.2. Evaluation of Exoglucanase Activity

After placing approximately 0.1 mL of cellulase enzyme filtrate into a test tube that
contained 1 cm × 6 cm of Whatman No. 1 filter paper (50 mg) and 1 mL of citrate
buffer with a pH of 4.8, the mixture was allowed to incubate at a temperature of 50 ◦C for
30 min. Approximately 3 mL of DNS reagents were fed, and the mixture was then heated for
10 min in boiling water to end the reaction. Furthermore, the absorbance was measured
at a wavelength of 540 nm after it had been cooled. The amount of glucose produced per
minute was used to calculate the FPase enzyme activity. One unit of FPase activity was
equal to one µmole of glucose created per min. If the incubation was for 30 min, 1 mg of
glucose produced for every mL was: 1/(30 × 0.180) = 0.185 units, where 0.180 = glucose
µmole. This means that Fpase (IU mL−1) = mg glucose × 0.185/mL. The test was carried
out three times under each condition [42].

Using a spectrophotometer (Visible-A & ELAB, China) and 3,5-dinitrosalicylic acid
(DNS) reagent, the concentration of reducing sugars measured as glucose in the hydrolyzate
was calculated. This method reduces DNS by reducing sugar to 3-amino-5-nitrosalicylic
acid, which is then measured spectrophotometrically at 540 nm [43]. The absolute error in
evaluating the reducing sugar concentration was 0.02 g L−1 in 0.2 to 2.0 g L−1.

3. Results
3.1. Effect of Hydrogen Peroxide–Aqueous Ammonia Pretreatment on the Composition of Rice Husks

The composition of rice husks before and after pre-treatment is presented in Table 1.
The percentage composition of the parameters obtained in each pre-treatment shows a
significant relationship. For example, pre-treatment with hydrogen peroxide and aqueous
ammonia reduced the lignin content from 36.24% to 20.47%. Furthermore, the cellulose
content in the rice husk increased from 29.26% to 43.80%. The reduction in the lignin
content helps to avoid inhibiting enzymatic hydrolysis. Thus, it can allow enzymes to
more easily decompose cellulose into glucose. According to previous research [39], the
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low content of lignin in substrates can increase enzyme efficiency and microbial activity
to reduce enzyme needs. These results align with previous research [40], where the more
hemicellulose and cellulose there is, the higher the glucose produced. In addition, pre-
treatment hydrogen peroxide and aqueous ammonia increased lignin removal from 37.85%
to 55.76%. Furthermore, the cellulose recovery was about 37.55% to 47.68%. High cellulose
recovery and proper lignin removal are necessary to achieve effective enzymatic hydrolysis
and high glucose concentrations [39].

Table 1. The composition of rice husks before and after pre-treatment.

Components Untreated Rice Hull
(%)

H2O2 Pretreated
Rice Hull

(%)

Aqueous Ammonia
Pretreated Rice Hull

(%)

Cellulose 29.26 38.77 43.80
Hemicellulose 20.79 17.71 15.64

Lignin 36.24 27.22 20.47
Hot Water Solubility

(HWS) 4.49 4.08 9.03

Ash 9.22 12.22 11.06

Table 2 shows that the SEM-EDS analysis confirmed the presence of different compo-
nents (carbon, oxygen, and silicon). From Table 2, it can be seen that the number of C atoms
increased after pre-treatment with H2O2 and aqueous ammonia. This phenomenon indi-
cates an increase in cellulose content in the biomass. On the other hand, after pre-treatment
with H2O2 and aqueous ammonia, the number of O and Si atoms was reduced. The re-
duced silica content in biomass indicates that the delignification process has taken place
successfully. Before pretreatment, the lignocellulosic surface is protected from cellulose
degradation by silica frames resistant to breakdown [44]. Silica is a problem in industrial
processes because it forms insoluble precipitates as a physical barrier to cellulase action [45].
In order to obtain realistic hydrolysis yields from silica-rich biomasses such as rice husks, it
is essential to employ effective pretreatments to remove silica, which is solubilized in an
alkali medium (pH > 9) [46].

Table 2. EDS analysis of the element composition of untreated and pre-treated rice husk (ZAF method
standardless quantitative analysis).

Element Mass%
(Untreated)

Mass%
(H2O2 Pre-Treated

Rice Husk)

Mass%
(Aqueous Ammonia

Pre-Treated Rice Husk)

C 23.52 27.05 34.93
O 54.09 48.91 48.47
Si 22.40 24.05 16.60

3.2. Characterization of Cellulase Enzyme Extract

The enzyme used in the pretreated rice husk is a crude extract; therefore, the stated
measurements aimed to determine their level. The results of the natural enzyme ex-
tract showed 80% water and protein content of 4029 mg/mL. These results are reason-
ably similar to those of other studies [41], which found the highest protein content was
0.3148 mg/mL with 50% water, and the lowest was 0.1054 mg/mL with 20% water. The en-
zyme cocktail used for saccharification in the current investigation includes endoglucanase
(314.892 U mL−1) and exoglucanase activity (548.940 U mL−1). Table 3 compares the ac-
tivities of crude cellulase enzymes of Aspergillus niger. The cellulase enzyme hydrolyzes
cellulose into reducing sugar with a moisture content of 80%. This value is higher than
the reported value [47], where the activity of the exoglucanase enzyme is 10.9 U mL−1. In
addition, isolating Aspergillus niger on dry leaves produced 230.68 U L−1 exoglucanase
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and 413.49 U L−1 endoglucanase [48]. The different enzyme activity values are due to
the different types and concentrations of biomass used as a substrate source to produce
cellulase enzymes. Despite using a crude enzyme, the value of cellulase activity in this
study tends to be higher than in the work of Kaur et al. [47]. The concentration of cellular
biomass is directly proportional to the enzyme loading.

Table 3. Comparison of the activity of crude cellulase enzymes of Aspergillus species.

Microorganism Substrate FPase
(Exoglucanase)

CMCase
(Endoglucanase) β-Glucosidase Reference

Aspergillus niger
KK2

Rice Straw and
Wheat Bran 19.5 IU g−1 129 IU g−1 100 IU g−1 [49]

Aspergillus niger
NS-2

Agricultural and
Kitchen Waste

Residues
17 U g−1 310 U g−1 33 U g−1 [50]

Aspergillus niger Sugarcane
Bagasse - 57 IU L−1 h−1 - [51]

Aspergillus nidulans
and Aspergillus

tubingensis
Sorghum Straw 10.9 U mL−1 243.2 U mL−1 1114.3 U mL−1 [47]

Aspergillus niger Dry Leaves 230.68 U L−1 413.49 U L−1 - [48]

Aspergillus niger Rice Husk 548.940 U mL−1 314.892 U mL−1 - This study

3.3. Effect of Hydrolysis Time and Enzyme Concentration on the Reducing Sugar Concentration

Figure 1 presents the test results of the effect of hydrolysis time on the reducing sugar
levels at various enzyme concentrations. Figure 2 depicts the predicted results of the
enzymatic hydrolysis of pre-treated rice husks under typical conditions. Based on Figure 1,
the reducing sugar levels rose sharply from 1 to 10 h. The increase slows down from 10 to
25 h, with the highest reducing sugar concentration being 1.78 g/L. Due to the cellulase
enzyme’s activity entering the moderate phase and depletion, there is a decline in the levels
of reducing sugar. At an intermediate stage, cellulose is degraded into reducing sugar on a
large scale. The concentration of enzymes increases proportionally to the concentration of
reducing sugar as enzyme activity increases. Previous researchers [35] have demonstrated
comparable findings.
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Figure 2. The relationship between [P]/ln{[P]∞/([P]∞ − [P]} and [E]0.t/ln{[P]∞/([P]∞ − [P]} at an
enzyme concentration of 10%.

Overall, the proposed model accurately predicted the enzymatic hydrolysis behav-
ior. We attempted to compare our kinetic parameters to those reported in prior publica-
tions [33,52,53]. Sakimoto et al. implemented the Langmuir adsorption, Michaelis–Menten,
and Shuler models into the kinetic model of the hydrolysis reactions [53]. Their kinetic
parameters were comparable to ours, despite our distinct experimental conditions and
model schemes. They developed the simultaneous saccharification and fermentation (SSF)
model for cellulose degradation. Other researchers [33] investigated the hydrolysis kinetics
of wheat straw treated with cellulase NS 50013 enzyme complex and β-glucosidase NS
50010. They used models of heterogeneous catalytic reactions to describe the kinetics of
enzymatic hydrolysis. In addition, their findings on the time dependence of the amount
of reducing sugars followed by varying the amount of enzyme introduced were similar.
Wojtusik et al. investigated a two-step approach to estimating kinetic parameters using a
low-BG activity enzymatic cocktail (Celluclast 1.5 L) [52]. Our result is consistent with that
of their model, which corresponds to the experimental evolution of cellulose, cellobiose,
and glucose.

3.4. Cellulase Enzyme Reaction Kinetics

According to [24], the enzymatic hydrolysis substrates’ kinetics were determined by a
modified version of the Michaelis–Menten equation, and then the results were validated
with experimental data. The enzymatic hydrolysis reaction was carried under transient
conditions because the excess substrate inhibited hydrolysis. Under such conditions, it is
unacceptable to neglect the change in the concentration of the enzyme–substrate complex.
Several factors, including the chemical components of the reactant molecule, the product,
the concentration of the reacting substance or substrate, the temperature, and the catalyst,
influence the kinetics of the reaction. The kinetics of the reaction was determined based on
Equation (14). Figures 2–4 show the relationship between [P]/ln{[P]∞/([P]∞ − [P]} and
[E]0.t/[P]/In{[P]∞/[P]∞ − [P]} at various enzyme concentrations.
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Figure 4. The relationship between [P]/ln{[P]∞/([P]∞ − [P]} and [E]0.t/ln{[P]∞/([P]∞ − [P]} at an
enzyme concentration of 20%.

The kinetic model of enzymatic hydrolysis determined the amount of reducing sugar
released from pre-treated rice husks throughout the hydrolysis period. Linear regression
produced the reaction kinetics, in which the slope value represents the reaction rate constant
(k2) and the interception represents the Michaelis–Menten constant (KM) [24]. The reaction
rate constant (k2) was about 0.0011 to 0.1262. The value of VM indicates the reactant’s
degree of saturation of the enzyme. In contrast, KM indicates the efficiency of the catalyst
or the size of the enzyme dissociation constant. The Michaelis–Menten constant was 0.001
to 0.0007, and VM was 1.3 × 10−7 to 2.7 × 10−7 Mol L−1 s−1. These values indicated that
cellulase catalyzes the cellulose of rice husks into sugar. The values of the constant reaction
rate, the Michaelis–Menten constant, and the formation rate of the product in this study are
similar to those found in previous research [53]. Table 4 presents the cellulose enzymatic
hydrolysis kinetic constants proposed by various authors.
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Table 4. Cellulose enzymatic hydrolysis kinetic constants proposed by various authors.

Ref. Enzyme
Source Substrate pH T (◦C) KM k2 VM

This work Aspergillus
niger Rice Husk 5 50 ◦C 1 × 10−3 Mol L−1 1.1 × 10−3 s−1 1.3 × 10−7 Mol L−1 s−1

[53] Trichoderma
reesei Cellulose - 40 ◦C 4.70 × 10−3 Mol

L−1 3.90 × 10−3 s−1 4.83 × 10−5 Mol L−1 s−1

[32] Aspergillus
niger Mixed Peels 4.55 36 ◦C 60.5 g dm3 - 28.2 g dm−3 d−1

[54] Trichoderma
reesei Sweco 270 4.80 50 ◦C 36.2 mg mL−1 - 22.4 mg mL−1 hr−1

[25] Trichoderma
reesei Avicel 4.80 50 ◦C 3.8 mM 5.6 × 10−4 s−1 -

[28] Trichoderma
reesei

Sugarcane
Bagasse 4.80 50 ◦C 8.78 g L−1 - 0.105 g L−1 min−1

[55] Trichoderma
reesei Cellulose 4.80 50 ◦C 45.66 g L−1 - 0.26 g L−1 h−1

Figure 5 presents the effect of enzyme concentration on the reducing sugar levels
for 5 h of hydrolysis time. According to Figure 5, during the 5 h enzymatic hydrolysis
reaction, the optimal reducing sugar concentration was about 2.21 g/L, obtained at enzyme
concentrations of 30%. For enzyme concentrations of less than 30% (v/w), the enzyme
concentration was directly proportional to the resulting reducing sugar. The optimal
enzyme loading for the cellulase-mediated enzymatic hydrolysis of pre-treated rice husk
was 30% (v/w), which enhances the sugar concentration. As the enzyme loading was
increased to between 35 and 50% (v/w), the reducing sugar concentration decreased
dramatically. This two-phase response of sugar concentration to different enzyme loading
is observed because hydrolysis is an enzyme-limited activity at low enzyme to substrate
loading (i.e., 25% (v/w) enzyme loading). In comparison, excess enzymes at enzyme
loading > 30% (v/w) sped up the hydrolysis rate and made products (glucose and other
reducing sugars) that inhibited the free enzymes in the liquid phase by binding to them.
The substrate–enzyme complexes hindered the cellulase’s catalytic activity and reduced
the concentration of reducing sugars [56]. For enzyme concentrations of more than 30%
(v/w), the lowest reducing sugar concentration (0.89 g L−1) was obtained.
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Table 5 compares the reducing sugar levels reported for various pre-treatments and
microorganisms with those of the present study. Based on Table 5, the reducing sugar level
was 1.80 g L−1. This value is lower than in previous studies [15] due to this study’s lower
pre-treatment time for hydrogen peroxide. Differences in the types of biomass as a source
of cellulose, enzyme concentration, and pre-treatment processes also change factors that



Fermentation 2022, 8, 417 11 of 14

affect the yield. Jeoh et al. concluded that pre-treatment significantly affects the reduction
in lignin, inhibiting the activity of enzymes [16].

Table 5. Comparison of total reducing sugar concentrations reported for various substrates, pre-
treatments, and microorganisms (including the present study).

Substrate Pre-Treatment Type Microorganism Total Reducing
SUGARS (g L−1) Ref.

Rice Straw NaOH Aspergillus fumigatus 27.89 [57]

Vetiver Grass NaOH-H2SO4
Aspergillus tubingensis

HS1–5 21.10 [58]

Potato Peel Waste Untreated B. amyloliquefaciens 12.06 [59]

Municipal Waste Untreated Bacillus subtilis 9.08 [60]

Rice Husk
3% H2O2 solution (1:10) at 85 ◦C
for 48 h; 20% aqueous ammonia

at 100 ◦C for 5 h.
Aspergillus niger 6.58 [15]

Corn Stover Untreated Hymenobacter sp. CKS3 3.85 [61]

Wheat Straw Untreated Streptomyces sp. MS-S2 3.6 [62]

Rice Husk
3% H2O2 solution (1:10) at 85 ◦C
for 6 h; 20% aqueous ammonia at

100 ◦C for 5 h.
Aspergillus niger 1.80 This study

4. Conclusions

Aspergillus niger’s cellulase enzyme contains endoglucanase (314.892 U mL−1) and
exoglucanase activity (548.940 U mL−1). The kinetics of the cellulosic hydrolysis of rice
husk cellulose after hydrogen peroxide–aqueous ammonia pre-treatment were studied. The
kinetic equation provided a good interpretation of cellulase action. The time dependence
of the amount of reducing sugars was investigated by varying the amount of enzyme.
The findings of this study led to an improved method for the enzymatic hydrolysis of
pretreated rice husks, which was shown to follow the Michaelis–Menten kinetic model and
for which the kinetic parameters KM and VM were determined to be 0.001 to 0.0007 Mol L−1

and 1.3 × 10−7 to 2.7 × 10−7 Mol L−1 s−1, respectively. The results showed that enzyme
loading is directly proportional to the reducing sugar. The optimal reducing sugar level
was 1.80 g L−1, which was obtained at 20% (v/w) enzyme loading and a hydrolysis time of
25 h. Additional research is necessary to develop a comprehensive model of the enzymatic
hydrolysis of cellulose to provide a valuable tool for future engineering applications.
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