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Abstract: The rice husk has the potential to be used for converting agricultural wastes into renewable
energy. Therefore, this study aims to improve the hydrolysis of rice husk through Hydrogen Peroxide
(HP) and Combined Hydrogen Peroxide–Aqueous Ammonia (CHPA) pretreatments. The removal of
lignin from rice husks was determined using SEM–EDS examination of the samples. At a specific
concentration of H2O2, (CHPA) pretreatment eliminated a significantly larger amount of lignin from
biomass. The percentage of lignin removal of HP varied from 48.25 to 66.50, while CHPA ranged
from 72.22 to 85.73. Hence, the use of batch kinetics of lignin removal of both pretreatments is
recommended, where the kinetic parameters are determined by fitting the experimental data. Based
on the results, the activation energies for HP and CHPA pretreatments were 9.96 and 7.44 kJ/mol,
which showed that the24 model is appropriate for the experimental data. The increase in temperatures
also led to a higher pretreatment value, indicating their positive correlation. Meanwhile, CHPA
pretreatment was subjected to enzymatic hydrolysis of 6% enzyme loading for the production of
6.58 g glucose/L at 25 h.

Keywords: aqueous ammonia; hydrogen peroxide; lignin; rice husk; pretreatment; kinetics

1. Introduction

Recently, the need for alternative sources of energy has become important to effectively
reduce human reliance on fossil fuels. Previous studies showed that 23.7% of total energy
demand is obtained from renewable energies [1,2]. The desire to achieve a long-term
sustainable economy that emphasizes the “reuse” of biobased raw resources rather than
the traditional industrial method of “get, create, and waste” has also stimulated the use
of renewable energy sources [3]. Meanwhile, lignocellulose is one of the most abundant
renewable energy sources due to its wide variety of applications. Out of these materials,
agricultural commodities have great potential to be used for biofuel production, which has
been an essential new strategy in many countries. The conversion of lignocellulosic biomass
to bioethanol has stimulated the interest of several studies. The progress of bioethanol
production is beneficial because it is economical and protects the environment. It is also
profitable for human society’s long-term growth and compatible with the current low
green concept [4]. Compared to bioethanol generated from sugar and starch, cellulose-
based bioethanol is not produced at an economic cost. Therefore, the implementation
of a cost reduction approach is needed [5]. Pretreatment and hydrolysis are the two
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fundamental phases in fuel generation, based on the bioconversion into various sugars.
Several studies improved fermentable carbohydrate recapture from sugar breakdown
during the pretreatment phase.

The complicated and resistant nature of agricultural wastes is a critical issue in the
production of the second generation of bioethanol. This is because the complex composition
of lignocellulosic biomass prevents its effective application. Several studies involved
multiple pretreatment procedures to handle the immune nature of the lignocellulosic
biomass regularly. Therefore, there is a need for an environmentally friendly, effective,
and economic pretreatment strategy [6]. The synthesis of bioethanol has been carried
out using several lignocellulosic biomasses such as wheat straw [7,8], paddy straw [9],
sugarcane bagasse [10], corn stover [11,12], and palm empty fruit bunch [13]. However, the
by-product of the rice milling industry has received little attention such as rice husk.

The dissolution of lignocellulosic components and their biotechnological pathway to
bioethanol requires pretreatment. Energy usage and the cost of a pretreatment procedure
are also required to determine the commercial feasibility of the method [14]. Furthermore,
the pretreatment process must not alter the structural similarities of the lignocellulosic
elements. During this process, lignin’s natural design frequently changes, allowing access
to valorization. Compared to procedures, alkaline pretreatment has numerous benefits such
as low operating conditions and time, which significantly boost enzyme hydrolysis [15]. A
previous study on lignin showed that alkaline pretreatment or its combination with other
reagents was able to remove lignin [16].

Alkaline pretreatment positively affected wood products and eliminated the acetyl
group from hemicellulose [17] as well as gave fewer inhibitors at low operating conditions
than acid pretreatment [18]. It also promotes significant lignin reduction and more highly
porous creation. Furthermore, alkaline pretreatment enhances cellulose accessibility by
disturbing a fraction of the lignocellulosic. Yang et al. [19] investigated the influence of
alkali on bamboo pretreatment in a combination of hot water and NaOH at 0.5–2% (w/v).
A single-stage HP pretreatment of biomass was also carried out using a large load of H2O2,
approximately 10% w/v [20]. After the AHP treatment, significant structural changes occur
in the physiology of the substrates, which includes the removal of lignin and hemicellulose,
increasing the porosity area for easy attack by recombinant cellulases [21]. The combined
action of H2O2 and ammonia increased ammonolysis while decreasing oxidation [21]. The
micrographs of hydrogen peroxide–ammonia fiber expansion (H-AFEX)-treated giant reed
showed that the changed porosity structure enhanced the enzyme accessible surface area
and subsequent enzymatic hydrolysis [4].

Lignin removal is the most common chemical process that occurs during pretreatment.
Several studies investigated the kinetics of lignin removal from biomass such as corn
stover [22], wheat straw [23–25], rice husk [26], pine or deodar sawdust [27], oil palm
empty fruit bunch [28–30], oak wood [31], cedarwood [32], and sugarcane bagasse [33–36]
to improve pretreatment selectivity. However, the kinetics of lignin removal of hydrogen
peroxide (HP) and the combination of hydrogen peroxide–aqueous ammonia (CHPA)
pretreatments of rice husk have not been carried out. Therefore, this study examined the
composition of HP and CHPA pretreated rice husks using an approximation approach. The
SEM–EDS analysis established the morphological configuration and the content of samples,
namely C, O, and Si.

The kinetic of pretreatment stage is essential to determine the economics of a process of
reactor investment costs. In a pseudohomogeneous system with biomass, the H2O2 solution
produces a pseudohomogeneous system, and the pretreatment is a first-order reaction [27],
which use two separate kinetic models. One of the models considers biomass as several
kinds of polymers, with distinct phases of pretreatment assigned to various rate-controlling
mechanisms of the whole process [35]. Meanwhile, the consecutive model assumes that
biomass comprises several polymer components that can degrade sequentially. In this
model, there are three types of lignin, namely initial, bulk, and residual lignins that react in
sequential order. It also proposes that distinct kinds of lignin degrade consecutively at the
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start and respond as pretreatment progress [25,27,35]. The use of HP and CHPA pretreat-
ments of rice husk and the kinetics of two different techniques were examined and verified
in this study. The results help determine pretreatment parameters, efficiently manage the
process, and optimize the operating parameters using HP and aqueous ammonia.

2. Materials and Methods
2.1. Materials

The rice husks used were obtained from the Pemulutan Village of Ogan Ilir in South
Sumatra, Indonesia. The samples collected were dried in direct sunshine for one day,
screened through a sieve, and fed into a crusher (screen size: 35 mesh).

2.2. Experimental Methods

This study used two different kinds of procedures, namely standard HP and CHPA
pretreatment to evaluate kinetics and the influence of variables. The standard HP pretreat-
ment used 3% of H2O2 and its adjustment to a pH of 11.5 with NaOH [37]. Subsequently,
the rice husk was immersed in an HP solution with a solid-to-H2O2 solution ratio of 1:10
(w/v). A total of 5 experimental setups were created in 5 different Erlenmeyers with glass
stoppers and cooked for 48 h at various temperatures, namely 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C,
and 80 ◦C.

Meanwhile, another pretreatment process was carried out consecutively with 5 sepa-
rate procedures using CHPA. The rice husks were first immersed in a 3% H2O2 solution
(pH = 11.5) with a ratio of 1:10 (w/v) and autoclaved for 48 h at 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C,
and 80 ◦C, respectively. After cooling the pretreated sample, the solid phase was collected,
neutralized with distilled water, and dehydrated at 40 ◦C. Subsequently, a 20% (v/v) aque-
ous ammonia solution at 100 ◦C for 5 h pretreated the solid phase [38]. The pretreated
sample was cooled, while the solid fraction was filtered, rinsed with distilled water for
neutralization, and dried at 40 ◦C.

2.3. Sampling and Lignin Quantification

During the pretreatment procedure, a portion of the solid phase and the H2O2 solution
was taken after each of the predefined time intervals to determine the changes in the
properties over time. A ratio of 1:10 (w/v) was kept in the reactor during sampling of
the test length to maintain testing procedures consistently. After every withdrawal, the
samples were rinsed in deionized water and dehydrated at 40 ◦C.

2.4. Pretreatment Parameters and Kinetics

In this study, both HP and CHPA pretreatments of rice husks investigated kinetic
data at different temperatures, namely 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and 80 ◦C. Chesson’s
method [39] determined the lignin composition of pretreated rice husk at reaction times of
6, 24, and 48 h for each isothermal condition.

The quantity of lignin released from pretreated materials at various temperatures was
used to analyze pretreatment kinetics. Meanwhile, the percentage of lignin removed each
given time (t) was estimated using the Equation below [40]:

L(t) =

[
CL0 − CL(t)

CL0
· Solid Yield

]
· 100% (1)

where CL0 is the initial lignin in untreated rice husk, CL(t) is the lignin in pretreated rice
husk at any time t, L(t) is the percentage of lignin removal at any time.

Since the pretreatment is considered as a first-order reaction, the reaction rate can be
expressed as:

dL
dt

= K(1 − L) (2)
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where K is the constant of pretreatment rate. By solving Equation (2) with the initial
condition (L = 0 at t = 0), the following time-dependent formulation of lignin solubilization
ratio (L) is obtained:

L = 1 − exp(−K·t) (3)

Therefore, plotting–ln (1 − L) versus time t, where intercept (0) shows the K value of
the slope.

It has been discovered that the removal of the total lignin component from biomass is
very difficult. Therefore, a new measure, which is known as the degree of pretreatment
(Dd) is being investigated. This parameter is used to predict a given biomass’s maximal
lignin solubilization ratio when a specific pretreatment method is used [25,27]. The kinetic
model described in Equation (2) is expressed below:

dL
dt

= K(Dd − L) (4)

With the Dd limit set to 0 ≤ Dd ≤ 1. The integration of Equation (4) can be represented
as follows:

L = Dd [1 − exp(−K·t)] (5)

Therefore, the value of Dd is calculated for each of the operational pretreatment
parameters by plotting L versus [1 − exp (−K·t)].

The activation energy value can describe the relationship between the rate constant
and temperature through the Arrhenius law [27]:

K = A exp((−Ea)/RT) (6)

where A is the Arrhenius constant, Ea is the activation energy, R is the gas constant
(8.314 kJ/mole·K), and T is the absolute temperature (K).

The activation energy (Ea) of pretreatment is calculated from the logarithmic form of
the Arrhenius equation (ln K = ln A − Ea/RT) by plotting ln K against 1/T with the slope
equal to Ea/R. Meanwhile, ln A is the intercept where the Arrhenius constant is calculated.
The pretreatment kinetics are established by assuming the material contained only one
kind of lignin.

2.5. Characterization of Rice Husk

The micrographs of the cross-section of untreated and pretreated samples were ob-
served using an SEM–EDS microscope Phenom Pro X. The SEM images are taken using
an accelerating voltage of 15 kV. Subsequently, the quantities of cellulose, hemicellulose,
and lignin were evaluated by Chesson standard methods [39]. In this process, 1 g (a) of
rice husks were combined in 150 mL deionized water for 1 h at 100 ◦C. Vacuum filtration
was used to recover the solid, rinsed with 300 mL of deionized water, dehydrated at 80 ◦C,
and weighed (b). Rice husks were combined with 150 mL 1 N H2SO4 for one h at 100 ◦C,
which were carried out in the same order as the preceding stage (c). The dried rice husks
were combined with 10 mL of 72% H2SO4 for 4 h and 150 mL of 1 N H2SO4 was inserted.
The mixture was maintained for one h in an oil bath at 100 ◦C under reflux. The solid
was then separated, rinsed, and dehydrated similarly as described in the preceding phase
(d). In the last stage, the rice husks were heated at 600 ◦C for 6 h and weighed (e). The
equations below were used to calculate the quantities of hemicellulose, cellulose, and lignin
in the structure:

Hemicellulose =
b − c

a
·100% (7)

Cellulose =
c − d

a
· 100% (8)

Lignin =
d − e

a
· 100% (9)
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2.6. Preparation of Crude Enzyme from Aspergillus niger

There was 12.5% sucrose, 0.25% (NH4)2SO4, and 0.2% KH2PO4 in 100 mL of inoculum
culture, and 1 M HCl was used to alter the pH to 3. The wire loop’s end was also soaked in
96% ethanol and torched in a Bunsen burner flame until it became crimson. Aspergillus niger
culture and PDA media were collected with a wire loop submerged in a liquid medium
using an aseptic room for all aspects of the process. The liquid medium was wrapped with
cotton and incubated at 30 ◦C for 24 h. Subsequently, 20 g of rice husk (dry weight) was
placed in a 250 mL beaker glass and prepared with medium supplemented urea (0.03 g),
MgSO4·7H2O (0.005 g), and KH2PO4 (0.0023 g). A total of 80 mL of aquadet was prepared
in a medium with a pH of 5, autoclaved at 121 ◦C for 15 min, and chilled gradually. A total
of 10 mL suspended Aspergillus niger spores were added to the medium and incubated for
96 h at 37 ◦C. After incubation, the contents of these flasks were aseptically centrifuged and
used for enzymatic hydrolysis [38], while cellulase activity was determined [41].

2.7. Enzymatic Hydrolysis

A total of 20 g CHPA pretreated sample was placed in a 1000 mL Erlenmeyer flask.
Subsequently, a medium containing 5 g/L yeast, 7.5 g/L (NH4)2SO4, 3.5 g/L K2HPO4,
0.75 g/L MgSO4·7H2O, and 1 g/L CaCl2·2H2O was supplied with a mass to volume ratio
of 1:10 and a pH of 5. The mixture was sterilized by autoclaving for 60 min at 121 ◦C [42],
the liquid was chilled, and an enzyme at varying concentrations of 2, 4, and 6% (v/w) was
added. The hydrolysis reaction was carried out at 50 ◦C for 25 h, while agitated at 200 RPM,
and the temperature was also reduced to 30 ◦C. The DNS technique was used to determine
glucose concentration in hydrolysis assay [43]. A UV-VIS spectrophotometer SPEKOL 1500
at 540 nm was used to determine the reducing sugars.

3. Results
3.1. Effect of Pretreatment Temperature and Time

Lignin reduction is a thermo-sensitive procedure that varies widely with different tem-
perature pretreatment settings [27]. The reduction mechanism of lignin and other related
parts of biomass varies significantly based on the sample type. A specific pretreatment
setting is much less efficient for a model with higher lignocellulosic resistance. However,
the condition can be used for the pretreatment of samples with a more porous lignocel-
lulosic hetero-matrix. Since the degree of pretreatment is related to heating temperature,
rice husk is only treated with HP at 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and 80 ◦C). This showed
that pretreatment is more efficient at higher temperatures. It was discovered that enhanced
heat energy raises the kinetic energy of compounds, causing a more significant number
of combinations to move quicker, which leads to the breaking of a substantial number of
bonds [26].

Table 1 shows the rice husk composition after each HP pretreatment stage evaluated
by the Chesson method [39]. Each analysis was repeated twice to ensure that variances
were less than 3%. Raw rice husk data considerably correlated with softwood composition,
where the percentages of the three main polymers ranged from 25 to 40% and less cellulose
than hardwood [44]. The relative concentrations of three components, namely cellulose,
hemicellulose, and lignin were significantly raised during pretreatment, thereby reducing
the contaminants in rice husk [45]. Furthermore, the lignin percentage of biomass changes
with each phase of HP pretreatment. The cellulose content of rice husk after HP pretreat-
ment steadily rose from 22.34 to 33.69% as the temperature increased from 30 to 80 ◦C. The
relative contents of hemicellulose also increased by 4.5 to 8.04%. This indicated that the
pretreatment used in this study was light and did not affect the lignocellulose structural
composition [45].
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Table 1. Effect of various HP Pretreatment temperatures and times on the rice husks composition.

Pre-Treatment Time
(h)

Temperature
(◦C)

Solid Yield
(%)

Cellulose
(wt %)

Hemicellulose
(wt %)

Lignin
(wt %)

Untreated 22.34 2.25 39.99
6 30 80.11 23.11 5.16 39.07

40 80.65 23.55 13.85 38.14
50 81.68 23.72 3.96 36.69
60 81.91 24.35 22.50 36.23
80 82.75 24.27 13.42 36.10

24 30 83.18 24.10 11.78 28.22
40 83.81 24.51 0.12 25.75
50 84.85 25.85 13.42 24.31
60 85.72 26.12 14.91 22.26
80 85.94 26.42 17.00 22.31

48 30 86.19 26.52 8.61 24.01
40 86.18 27.25 10.85 20.66
50 87.26 28.78 9.13 18.61
60 88.22 30.44 14.27 18.31
80 88.72 33.69 14.82 15.10

HP pretreated the rice husk, break lignin and hemicellulose without changing the
cellulose crystallinity. It also dissociates into superoxide radicals and hydroxyl ions. Subse-
quently, the ether and ester linkages are exposed in the polymer structure, which dissolves
the lignin and hemicelluloses [46].

Table 2 shows the rice husk composition after each CHPA pretreatment stage evaluated
by the Chesson method [39]. The results showed that the lignin percentage of biomass
reduces significantly with each phase of CHPA pretreatment. The cellulose content of
CHPA pretreated rice husk steadily increased from 54.23 to 63.84% as the pretreatment
temperature increased from 30 to 80 ◦C for 48 h. The relative contents of hemicellulose
also increased 2.25% to 14.82% and the highest lignin reduction was 81.97% at 80 ◦C for
48 h. As expected, the percentages of cellulose and hemicellulose in rice husks processed
with CHPA were impressively higher than those in untreated husks. This occurred because
some of the lignin in the husks was removed during the processing. These results showed
that lignin reduction is directly related to the quantity of time spent during pretreatment.

Table 2. Effect of CHPA pretreatment temperature and time on the composition of the rice husk samples.

Pre-Treatment Time
(h)

Temperature
(◦C)

Solid Yield
(%)

Cellulose
(wt %)

Hemicellulose
(wt %)

Lignin
(wt %)

Untreated 22.34 2.25 39.99
6 30 78.23 36.97 5.32 35.50

40 78.25 41.28 5.15 34.82
50 78.28 44.00 3.02 34.79
60 78.30 45.11 3.67 33.87
80 78.32 48.45 2.92 32.31

24 30 78.34 48.45 9.65 19.82
40 78.40 49.21 9.47 17.97
50 78.48 50.93 6.24 17.67
60 78.58 51.16 6.10 16.92
80 78.64 52.98 9.23 13,81

48 30 78.79 54.23 4.50 14.10
40 78.97 56.40 7.68 11.85
50 78.99 56.40 8.59 11.01
60 79.11 58.43 8.38 10.36
80 79.15 63.84 8.04 7.21
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Meanwhile, the equilibrium time for maximal lignin removal varied with high tem-
peratures. From a macroscopic perspective, CHPA pretreatment is highly effective, as
the brown color of the rice husk hue fades away, leaving a white substance. Although
the change indicated the elimination of lignin, it is not completely visible in the case of
HP pretreatment.

Figure 1 shows that the pretreatment of rice husk with HP at 30 ◦C takes 48 h to
reduce 48.25% of lignin. Meanwhile, with CHPA pretreatment, rice husk reduces 72.22%
of its lignin at 30 ◦C for 48 h (Figure 2). This is because CHPA pretreated rice husk has a
more porous and distorted structure, as well as hydroxyl radicals and superoxide anions,
which break a huge amount of inter and intra-chain links in a shorter time. Moreover at 40,
50, 60, and 80 ◦C, HP removes lignin 55.48, 59.39, 59.61, and 66.50% in 48 h, respectively,
while CHPA removes lignin 76.60, 78.25, 79.51, and 85.73% in 48 h, respectively, at 40,
50, 60, and 80 ◦C. The substances and oxygen radicals’ ions (HP pretreatment) permeate
gradually through the cell wall during the early phases of the process, which leads to
chemical reactions. The lignin absorbs the solvent in the pretreatment and diffuses from the
cell membrane to the bulk solution. Moreover, soluble molecules mainly comprise acidic
by-products and monomeric sugars that were produced during the pretreatment. This
often causes diffusion-controlled rigidity in the outlet paths of lignin from the cellulose and
the entry point of the solvent, which is used for HP pretreatment into metabolic pathways
of punctured cell walls. Therefore, the concentration of reaction products in the system
inhibits subsequent diffusion over time. The increase in the percentage of lignin reduction
is comparable, which is in the following order: HP [48.25 (30 ◦C) 55.48 (40 ◦C): 59.39 (50 ◦C)
59.61 (60 ◦C): 66.50 (80 ◦C)], CHPA [72.22 (30 ◦C): 76.60 (40 ◦C): 78.25 (50 ◦C): 79.51 (60 ◦C):
85.73 (80 ◦C)].

The two critical CHPA stages are HP and aqueous ammonia. After HP pretreatment,
the time-dependent change of lignin was observed in CHPA. The subsequent materials are
pretreated at 100 ◦C for 5 h with a 20% aqueous ammonia, while lignin removal was moni-
tored in real-time and used to estimate pretreatment kinetics parameters. Figure 2 shows
the time-dependent change of pretreatment patterns of rice husk at various temperatures.
This was carried out to determine the best influence of pretreatment time and temperature
on the sample. After CHPA pretreatment, lignin reduction varied from 72.22 to 85.73% of
the baseline lignin in untreated rice husks.
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3.2. Calculation of Kinetic Parameters

Table 3 shows the predicted kinetic parameters for each pretreatment condition based
on linear regression of experimental data. Based on the results, all these HP and CHPA rate
constants rise as the temperature increases. Meanwhile, higher temperature causes more
reactant interactions, increasing the reaction rate with higher constant values. The table
also showed that less activation energy is needed to start the reaction for CHPA pretreated
samples. However, higher activation energy is required for samples pretreated with HP
pretreatment to start the reaction. The reaction rate (K) rises with increasing temperature
in HP and CHPA pretreatments. The reaction rate is rapid because the mixtures give
fast impregnation of the biomass as differences in surface tension control its transport,
which enables the heating agents to reach the surface area within the solid quickly. This
action removes the requirement for the separation of the impregnation stage, leading to a
significant reduction in overall heating time.

Table 3. Effect of varying pretreatment temperatures on kinetic parameters of lignin removal by
linear regression of experimental data.

Temperature
HP Pretreated CHPA Pretreated

K Dd (h−1) Ea
(KJ/Mol) A K Dd (h−1) Ea

(KJ/Mol) A

30 0.0157 0.8979 9.9643 0.6341 0.0296 0.9186 7.4439 0.5285
40 0.0189 0.9136 0.0333 0.9255
50 0.0209 0.9179 0.0364 0.9141
60 0.0216 0.9027 0.0389 0.9061
80 0.0247 0.9386 0.0455 0.9233

Furthermore, under alkali pretreatments, phenolic hydroxyl groups and a small frac-
tion of aliphatic hydroxyl groups together with certain C H links are charged [26]. Since
the basicity of molecules changes with temperature, reaction rates rise as the temperature
increases, which leads to extra vibrational energy transferred to the links. The kinetic con-
stant (K) increases with the temperature, and the results are identical to those discovered
in other studies [26,27], specifically for CHPA pretreatment. Meanwhile, the activation
energies of pretreatment modeled by several authors are compared in Table 4.
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Table 4. Several authors modeled activation energies of pretreatment at different raw materials.

Materials Pretreatment Activation Energy, Ea
(kJ/mol) Ref.

Corn stover Aqueous ammonia 61.05 [22]
Sugarcane bagasse Formic acid fractionation 43.50 [34]
Empty fruit bunch Low-transition-temperature mixtures (LTTMs) 34.49 [29]

Pinus roxburghii Autoclaving, followed by one h probe sonication
along with five h alkaline peroxide pretreatment 14.25 [27]

Cedrus deodara Autoclaving, followed by one h probe sonication
along with five h alkaline peroxide pretreatment 13.05 [27]

Rice Husk CHPA 7.44 This study

3.3. Scanning Electron Microscopy (SEM)–Energy Dispersive Spectroscopy (EDS)

In this study, SEM–EDS was used to examine the pretreated rice husk. Table 5 shows
that the carbon content of rice husk increased from 47.60% to 57.27% and 73.27% for HP
and CHPA pretreatments, respectively. The increase of carbon content showed that the pre-
treatment also improved cellulose, while processing lowered the silica concentration. The
lignocellulosic surface includes phytoliths and silica frames unaffected by decomposition
that protect the structures from cellulose degradation before pretreatment [47].

Table 5. Effect of untreated and pretreated (HP and CHPA) rice husk on element composition.

Sample Name
Carbon (C) Oxygen (O) Silicon (Si)

Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%)

Unpretreated 56.00 47.60 40.97 46.39 3.03 6.02
HP Pretreated 64.29 57.27 35.29 41.87 - -

CHPA Pretreated 78.50 73.27 21.50 26.73 - -

The concentrations and distribution of carbohydrates, as well as lignin in raw and
processed biomass solid particles, need to be characterized [48]. These results are beneficial
for optimizing pretreatment conditions, which influence enzymatic hydrolysis that is not
only linked to the degree of pretreatment [49]. Figure 3 shows the SEM pictures of untreated
and pretreated rice husks. For the SEM examination, the materials used include the control
biomass, HP and CPHA which both pretreated with H2O2 3% at temperature 80 ◦C for
48 h, and 20% (v/v) aqueous ammonia solution at 100 ◦C for 5 h. Figure 3A shows a
Scanning Electron Microscope of untreated rice husk. Due to the degradation of lignin
bonds during the pretreatments, the surfaces of pretreated rice husk had several holes, and
cellulose crystalline structure was reduced, which increased the total surface area for the
enzyme-substrate complex arrangement [50,51]. The SEM images show that the treated
biomass is distorted (Figure 3B,C) due to the high temperature of HP preparation. The
primary goal of the pretreatment is to remove lignin and silica, which provide mechanical
and chemical robustness to the biomass structures. However, the rheological behavior of
the rice husks alters after pretreatment and the lignocellulosic shape of rice husks prepared
with H2O2 was changed. The lignin layer was partially removed from the rice husk fiber in
numerous locations after CHPA treatments to show the cellulose structures. According to
SEM–EDS analysis, the amount of silica in the samples prepared with HP was 6.02%.

Meanwhile, Si was not discovered in the samples prepared with CHPA. This indi-
cated that lignin and silica were removed in large quantities from the rice husk during
processing. Many superoxide radicals and hydroxide ions can degrade the cell walls by
adding hydrophilic carboxyl groups and cleaving specific inter-unit linkages as the material
is exposed for a prolonged time [27] to dissolve the lignin and hemicellulose. After the
pretreatment stages, lignin and hemicelluloses are steadily reduced from the matrix, which
makes the structure more porous, deformed, brittle, and ideal for enzymatic hydrolysis.
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Furthermore, in each phase of CHPA, the continuous decrease of cellulose chains plays a
critical role in pore spaces.
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3.4. Validation of Pretreatment Kinetics Model

The two equations were applied to match the experimental results and the effective-
ness of pretreatment kinetics models was assessed in terms of determination coefficient
(R2). Figure 4 compares experimental data with theoretical data, which was estimated using
Equations (2) and (4). In this model, the maximal potential of lignin solubility at a certain
pretreatment degree was assumed. This is because all lignin from biomass under a given
pretreatment condition cannot be easily extracted, therefore, the degree of pretreatment
was proposed. It can also be affected by various variables such as the solvent, the treat-
ment conditions, and the biomass structure [52]. The element was not considered in the
traditional pretreatment kinetics model of Equation (2). Compared to the model described
by Equation (4), the quality of fit, as measured by the numeric value of R2 (Table 6), is
substantially better for the model as shown by Equation (4).
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(a) depicts experimental data suited to Equation (2), while theoretical (b) shows the same adapted
to Equation (4) including the degree of pretreatment (Dd). (HP30, HP40, HP50, HP60, and HP80
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CHPA40, CHPA50, CHPA60, and CHPA80 Combination Hydrogen Peroxide–Aqueous Ammonia
Pretreatments at 30 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and 80 ◦C, respectively).
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Table 6. The values of prediction coefficients (R2) were acquired after estimating the parameters of
two alternative pretreatment kinetics models, Equations (2) and (4).

Equations dL
dt = K(1−L) dL

dt = K(Dd−L)

Temperature HP CHPA HP CHPA

30 ◦C 92.79 95.87 93.91 97.00
40 ◦C 94.71 96.57 95.62 97.61
50 ◦C 95.30 94.11 95.99 97.42
60 ◦C 95.34 92.06 95.22 97.10
80 ◦C 98.17 95.60 97.63 98.24

3.5. Effects of Hydrolysis Time on Glucose Concentration of CHPA Pretreated Sample

The glucose produced from CHPA pretreated rice husk was evaluated using the
DNS technique and the transient behavior is shown in Figure 5. The increased glucose
production is due to a rise in enzyme concentration from 2% to 6% for a given substrate con-
centration. After 25 h, hydrolysis experiments with 2%, 4%, and 6% enzyme concentration
yielded glucose concentrations of 4.20, 5.53, and 6.58 g/L, respectively. Meanwhile, further
increases in enzyme concentration frequently led to higher glucose recovery. The enhanced
glucose production is related to a higher enzyme concentration per substrate unit. This is
the usual tendency of chemical reactions, where a rise in the reacting molecules pushes
the process ahead to generate the products. The product was formed quicker than the
dilution effect caused by the added water flow at the start of the reaction, which enabled the
product to accumulate and rise in concentration [53]. Greater attention required more vig-
orous agitation to prevent severe pressures on the enzyme that can produce denaturation.
However, a higher substrate loading with improved yield can be required for industrial
applications. A previous study showed that the enzymatic hydrolysis of lignocellulose
that binds polysaccharide chains and catalyzes the process is facilitated by enzymes [54].
However, most studies did not provide recommendations for enzyme loading and hy-
drolytic duration, which are the two crucial parameters for optimal enzyme use in actual
applications [55].
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The impact of cellulose hydrolysis highly correlated with the effect of pretreatment,
where the less lignin in the biomass, the simpler it is to enzymatically hydrolyze. A previous
study [40] discovered that the combined impact of HP and ammonia breaks lignin and
also reduces its polydispersity index (PI), leading to homogeneous lignin fragments. This
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showed that ammonia damaged the ester link preferentially, while HP destroyed the resinol
structure selectively. Both ammonia and HP have the potential to act on the lignin side
chain’s alkyl ether and aryl ether linkages, however, they had a negligible effect on the
p-coumaran structure. Furthermore, their synergy on lignin indicated the fundamental
mechanism of the pretreatment and provided insight into lignin structure and biomass
resistance to increase enzymatic hydrolysis. The existence of lignin has a detrimental impact
on the yield of enzymatic hydrolysis. This is because unproductive lignin adsorption on the
enzyme leads to the creation of a lignin–enzyme complex, which is ineffective for the pro-
cess [56]. Since the lignin concentration was reduced in this study using CHPA pretreatment,
the hydrolysis impact was enhanced, producing a higher glucose concentration.

4. Conclusions

The rice husks were processed with HP and CHPA pretreatment to remove lignin
and silica, which contribute mechanical characteristics to the biomass structure and impair
enzymatic hydrolysis. This study investigated the influence of pretreatment temperature
and duration on lignin. The results showed that temperature and length of pretreatment
were the significant factors affecting lignin from rice husk. At elevated temperatures,
hydrogen bonds between molecules break, which allows HP and aqueous ammonia to
permeate readily into the rice husk structure, facilitating lignin removal. The maximum
lignin reduction was 81.97% after 48 h pretreatment at 80 ◦C and the silica in the paddy
husks was also eliminated. Based on the images acquired by scanning electron microscopy,
it was discovered that the rice husk structure becomes pretreated and distorted as the degree
of pretreatment increases. At relatively moderate temperatures, the exact mechanism is
responsible for depolymerization and thermal breakdown of cellulose.

Furthermore, it was discovered that the first-order pseudo-kinetic model can be used
globally to explain the kinetics of pretreatment for a range of chemical pretreatment pro-
cedures and feedstocks. The kinetic parameters are determined by fitting experimental
data and the results indicated that the model is appropriate. The activation energies for HP
and CHPA pretreatments were 13.68 and 8.18 kJ/mol, respectively. The higher tempera-
tures lead to a higher degree of pretreatment value, indicating their positive correlation.
The optimum glucose production (6.58 g/L) was attained with CHPA pretreated at 25 h
hydrolysis time and 6% enzyme loading.
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