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Abstract: Non-food lignocellulosic biomass is an attractive source owing to its abundance as a
renewable resource and cost-effectiveness. Hibiscus cannabinus L., commonly known as kenaf, is a
fiber-producing plant with high cellulose yield and non-food biomass. This study aimed to enhance
the glucose recovery (GR) of kenaf biomass (KB). The bark and core fibers of KB are rich in glucan
content and low in lignin content. Based on its glucan and lignin contents, KB has considerable
potential as a feedstock for synthesizing monomer sugars, which can produce biofuel and high-
value compounds. Therefore, the bark and core fibers were treated at a moderate temperature with
various concentrations of phosphoric acid, followed by enzymatic hydrolysis. After pretreatment,
the chemical composition of both feedstocks was changed. Phosphoric acid substantially affected
the elimination of partial lignin and hemicellulose, which led to enhanced enzymatic hydrolysis.
The maximum hydrolysis efficiency (HE) and GR of bark and core fibers were achieved when
both feedstocks were treated with 75% phosphoric acid. Compared with untreated feedstocks, HE
increased by approximately 5.6 times for bark and 4.7 times for core fibers. However, GR was
enhanced approximately 4.9-fold for bark and 4.3-fold for core fibers.

Keywords: kenaf; phosphoric acid; pretreatment; glucose recovery; hydrolysis efficiency

1. Introduction

The depletion of fossil fuels and global warming are major concerns worldwide owing
to the rising energy demand, motivating the exploration of alternative energy sources [1,2].
Consequently, lignocellulosic biomass (LB), a renewable resource, is an attractive feedstock
for manufacturing biofuels and biochemical products. These products have emerged as
cleaner alternatives to fossil fuels and minimize environmental implications [1,2]. Further-
more, LB can be obtained from various resources, including food and non-food portions of
food crops, herbaceous plants, and organic waste generated through farming [3]. LB, partic-
ularly non-food feedstock, is highly valuable as it is abundant, globally available, feedstock
sustainable, renewable, low in cost, bio-degradable, and environmental-friendly [4–6].
Therefore, several lignocellulosic feedstocks (LFs), including rice husks, corn stover, poplar
wood chips, sugarcane bagasse, wheat straw, Eucalyptus urograndis chips, and various types
of feedstocks, have been characterized and utilized in a sugar platform-based biorefinery
to produce bioethanol and other value-added chemicals [7].

Hibiscus cannabinus L., often known as kenaf, is an annual, herbaceous, short-day
plant belonging to the Malvaceae family [8] that generates productivity using the C3
photosynthetic pathway [9]. China, India, and Thailand are leading producers of kenaf.
Due to its geographical pest resistance and adaptability to various climatic conditions,
approximately 0.5 million tons per year of kenaf is produced globally [10]. Kenaf fiber
is widely used in manufacturing paper, fabrics, clothing, biomaterials, insulating carpets,
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absorbent polymers, animal bedding, pharmaceutical preparations, percussion equipment,
and plant-based foods with added value [11]. According to previous reports, kenaf has
markedly higher photosynthetic activity than other traditional trees and could aid the
worldwide drive to attain environmental sustainability [12]. Moreover, kenaf biomass (KB)
is an inexpensive, non-food product with a high yield [9]. As mentioned above, KB is
recognized as a sustainable lignocellulosic feedstock for sugar platform-based biorefineries
that synthesize bioethanol and other chemicals with added value [8,9,12–19].

LB is primarily composed of cellulose, hemicellulose, and lignin, creating a complex
polymer architecture that is typically resistant to biological degradation. The recalcitrant
structure and rigid persistence features of LB are the most critical barriers to its conversion
through biochemical processes [20]. Pretreatment of LB is necessary because it affects the
microstructure of most biomass feedstocks, resulting in enhanced enzyme hydrolysis [21].
Various pretreatment strategies have been developed to destroy the complex structures
of different types of feedstocks, including physical, chemical, physicochemical, biological,
and emerging pretreatments [22]. Chemical pretreatment techniques, including acid and
alkali, are widely employed with various types of LFs because they are rapid, efficient,
and cost-effective compared with other pretreatments [23]. Acid pretreatment increases
the available surface area of cellulose, solubilizes hemicellulose, and alters the structure
of lignin, thereby enhancing enzymatic hydrolysis efficiency (HE). However, inhibitor
compounds, such as acetic acid, hydroxymethyl furfural, and furfural, are formed during
the pretreatment process as a result of the decomposition of sugar when lignocellulosic
materials are treated with acid at high pressures and temperatures [23,24]. Phosphoric acid
(PA) has been used to pretreat a variety of LBs, including Sesbania grandiflora, Achyranthes
aspera, Sida acuta, Alamo switchgrass, Moso bamboo, Miscanthus, poplar, corn stover,
switchgrass, hybrid poplar, Douglas fir, hemp stalks, Bermudagrass, reed, rapeseed, and
eastern gama [25]. PA is effective at disrupting the resistant structure of lignocellulose
feedstocks, which is greatly affected by the reduction of partial lignin and hemicellulose
as well as the de-crystallization of cellulose fibers. This results in an improvement in the
efficiency of enzymatic hydrolysis of the pretreated biomass. [25,26].

Overall, the purpose of this study was to investigate the effects of the pretreatment of
KB with various concentrations of PA. Additionally, the impact of pretreatment on chemical
composition, biomass structure, and enzyme hydrolysis were examined.

2. Materials and Methods
2.1. Raw Material

The lignocellulosic material of Hibiscus cannabinus L. (Kenaf KKU 60) employed in
this investigation was a non-photosensitive strain purchased from a farmer in the Khon
Kaen province of Thailand. The dry bark and core fibers were chopped into approximately
4 × 10 cm sections and pulverized in a rotating mill. The bark and core fibers were then
powdered using a 50–100-mesh laboratory test sieve. The two samples were then separated,
stored in glass containers with plastic lids, and placed in desiccators for further examination.

2.2. PA Pretreatment

Pretreatment of KB biomass was performed following the protocol of Siripong et al. [27].
In brief, “300 mg of dry sample and 24 mL of 70%, 75%, 80%, or 85% (w/v) PA were com-
bined in a 50 mL centrifuge tube and mixed well with a stirring rod. The tube was
subsequently covered and heated in a water bath to 60 ◦C for 60 min”. “Approximately
20 mL of acetone was added to the treated sample in the tube and vigorously stirred using
a stirring rod to complete the process. The liquid mixture in the tube was separated using
swing-bucket centrifugation at 2055× g for 10 min, and the supernatant was removed.
This step was performed at least three times. In a tube, the solid fraction was rinsed with
deionized water until a pH of approximately 7 was achieved”.

The recovery yield (%) and lignin removal (%) were calculated using Equations (1) and (2):
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Recovery yields of each content (% DW)* =
[Solid recovery of each content (%) × Treated component of each content (% DW)]

Untreated component of each content (% DW)
(1)

Lignin removal (%) = 100 − lignin recovery (2)

% DW is the percent dry weight.

2.3. Chemical Composition

The specifics of the chemical composition analysis have been described by Siripong et al. [27].
Both treated and untreated samples were analyzed for carbohydrates, lignin, ash, and ex-
tractives. Therefore, typical NREL procedures were applied for this analysis [28–30].

2.4. Analytical Procedures

In this study, we followed the procedure by Obang et al. [31]. Briefly, “high-performance
liquid chromatography (Agilent 1100, Agilent Technologies, Waldbronn, Germany) equipped
with Bio-Rad Aminex HPX-87H columns (300 mm × 7.8 mm; Hercules, CA, USA) and a
refractive index detector (G1362A; Agilent Technologies, Waldbronn, Germany) were used
to analyze all sugars in treated and untreated KB biomasses. The column was maintained
at 60 ◦C, with an injection volume of 20 µL per sample. Filtered 5 mM H2SO4 was used for
elution at a flow rate of 0.6 mL/min”.

2.5. Enzymatic Hydrolysis

The treated and untreated KB biomasses were enzymatically hydrolyzed using the
method described in a previous study with minor modifications [31,32]. Briefly, “the
mixture reaction of enzymatic hydrolysis was performed in a 50 mL Erlenmeyer flask,
which was composed of 0.05 M sodium citrate buffer (pH = 4.8), 0.1 mL of 2% sodium
azide (w/v), and 0.1 g of biomass (dry basis), with a total volume of 10 mL. Thirty filter
paper units (FPU)/g dry biomass of cellulase (Celluclast 1.5 L, Sigma-Aldrich, St. Louis,
MO, USA) and 60 U/g dry biomass of β-glucosidase (Oriental Yeast Co. Ltd., Tokyo, Japan)
were added to the hydrolysis system. The reaction solution was maintained for 72 h at
50 ◦C and 150 rpm on a rotary shaker (Innova 4340, New Brunswick Scientific Company,
Edison, NJ, USA). Samples of hydrolysates (200 µL) were taken periodically (12, 24, 48, and
72 h) for HPLC measurement of monomer sugars”.

The hydrolysis efficiency (HE) and glucose recovery (GR) were calculated using
Equations (3) and (4):

HE (%) = ((Glucose released, g) × 0.9)/(Glucan in initial biomass, g) × 100 (3)

GR (%) = (Solid recovery (%DW) × Glucan content (%DW) × 1.11 × HE (%)) × 100 (4)

2.6. X-ray Diffraction Analysis

This analysis has been described in a previous report by Obeng et al. 2018 [31]. Briefly,
“the X-ray diffraction with a PANalytical X’pert Pro PW 3040/60 diffractometer (Almelo,
The Netherlands) was employed to assess the crystallinity of treated and untreated KB
biomass”. “The specimen was cleaned three times with acetone and allowed to air-dry
at room temperature. The dried sample was pulverized, passed through a sieve with a
150-µm, and scanned between 10◦and 30◦ at a rate of 0.2◦ per minute”.

The crystallinity index (CrI) was calculated using Equation (5) [33]:

CrI = (I002 − Iam)/I002 × 100% (5)

where I002 and Iam represent the estimated intensities at 2θ = 22.5◦and 2θ = 15.5◦, respectively.
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2.7. Determination of Microstructures of Biomass

“The microstructure of KB was evaluated using scanning electron microscopy (Field
Emission Scanning Electron Microscope, FESEM; Thermo Fisher, Apero S), as described in
a report by Siripong et al. [27]. Both the treatment and control samples were freeze-dried.
The dry sample was then affixed to aluminum stubs and coated with gold”.

2.8. Analytical Statistics

The outcomes were statistically examined using variance and Student’s t-test. All data
are shown as mean ± SD (n = 3 and p < 0.5).

3. Results
3.1. Characterization of KB

In this experiment, bark and core fibers from KB were used as raw materials. The
chemical compositions of the untreated bark and core fibers were analyzed, as presented
in Table 1. The total carbohydrate content (glucan and xylan) was approximately 70% for
bark and 65% for core fibers. The ethanol extracts of bark (8.3 ± 0.4%) and core fibers
(8.2 ± 0.4%) were equivalent. The contents of xylan (18.4 ± 0.2%) and acid-insoluble lignin
(14.2 ± 0.0%) in core fiber were substantially higher than those in bark fiber (13.1 ± 0.1%
and 9.5 ± 0.2%, respectively). However, the glucan (56.3 ± 0.2%), acid-soluble lignin
(4.3 ± 0.0%), and ash (3.7 ± 0.0%) contents in bark fiber were markedly greater than those
in the core fiber (46.3 ± 0.1%, 3.1 ± 0.0%, and 2.7 ± 0.0%, respectively).

Table 1. Composition of kenaf raw materials.

Component Bark Fiber
% (DW)

Core Fiber
% (DW)

Glucan 56.3 ± 0.2 a 46.3 ± 0.1 b

Xylan 13.1 ± 0.1 b 18.4 ± 0.2 a

Acid-insoluble lignin (AIL) 9.5 ± 0.2 b 14.2 ± 0.0 a

Acid-soluble lignin (ASL) 4.3 ± 0.0 a 3.1 ± 0.0 b

Total lignin 13.8 ± 0.2 b 17.3 ± 0.1 a

Ash 3.7 ± 0.0 a 2.7 ± 0.0 b

Extractive 8.3 ± 0.4 a 8.2 ± 0.4 a

% (DW) represents the percentage of total dry weight. All values are mean ± standard deviation (n = 3). Different
letter superscripts within the same row represent statistically significant differences (p < 0.05).

3.2. Influence of the PA Concentration on the Chemical Composition of Bark and Core

In this study, various concentrations of PA (70%, 75%, 80%, and 85%) were used to treat
the bark and core fibers of KB. The effects of PA pretreatment were manifested by changes in
the proportions of the three major components (cellulose, hemicellulose, and lignin) in both
feedstocks. All the data for bark and core fibers are summarized in Tables 2 and 3, respec-
tively. In addition, the chemical composition of both samples was remarkably altered when
they were pretreated with various concentrations of PA. The amounts of acid-insoluble
lignin (AIL), acid-soluble lignin (ASL), and xylan in both feedstocks decreased significantly
(p < 0.05) as the PA concentration increased. The xylan content in both feedstocks was
significantly reduced (p < 0.05) and ultimately removed because of the PA treatment effect.
The solubilization of xylan became more pronounced as the concentration of PA increased.
The total xylan content in bark and core fibers was removed entirely by treatment with
80% and 85% PA, respectively (Tables 2 and 3). A considerable decrease in total lignin
was also observed, ranging from 13.8 ± 0.2% (untreated) to 4.4 ± 0.1% for bark fiber and
from 17.3 ± 0.0% (untreated) to 4.1 ± 0.2% for core fiber (Tables 2 and 3). This quantity of
total lignin corresponds to roughly 86.8 ± 0.4% and 89.8 ± 0.4% lignin removal for bark
and core fibers, respectively (Figure 1). At PA concentrations of 70%, 75%, and 80%, the
relative glucose content of bark fiber increased to 78.5 ± 0.2%, 86.6 ± 0.5%, and 89.9 ± 0.4%,
whereas that of core fiber improved to 64.0 ± 0.7%, 75.9 ± 0.5%, and 77.4 ± 0.4%, respec-
tively. In contrast, the relative glucose contents of bark fiber (79.4 ± 0.5%) and core fiber
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(68.9 ± 0.1%) declined upon treatment with 85% PA. Nevertheless, the glucan recovery of
bark fiber (59.0 ± 0.3%) and core fiber (64.3 ± 0.1%) was greater than 50%.

Table 2. Chemical composition of bark fiber in kenaf biomass after pretreatment.

Composition (%DW) * Untreated * 70% * 75% * 80% * 85% *

Glucan 56.3 ± 0.2 d 78.5 ± 0.2 c 86.6 ± 0.5 b 89.9 ± 0.4 a 79.4 ± 0.5 c

Xylan 13.1 ± 0.1 a 6.9 ± 0.3 b 4.3 ± 0.2 c n.d. n.d.
AIL 9.5 ± 0.2 a 9.4 ± 0.0 a 6.9 ± 0.0 b 6.3 ± 0.2 b 3.3 ± 0.1 c

ASL 4.3 ± 0.0 a 2.1 ± 0.0 b 1.7 ± 0.0 c 1.3 ± 0.0 d 1.1 ± 0.0 e

Total lignin 13.8 ± 0.2 a 11.5 ± 0.1 b 8.6 ± 0.0 c 7.6 ± 0.2 d 4.4 ± 0.1 e

Solid recovery 100 a 68.4 ± 0.5 b 61.2 ± 0.7 c 53.4 ± 0.1 d 41.8± 0.7 e

Glucan recovery 100 a 95.3 ± 0.3 b 94.1 ± 0.6 b 85.4 ± 0.4 c 59.0 ± 0.3 d

Xylan recovery 100 a 36.0 ± 1.5 b 20.0 ± 0.8 c n.d. n.d.
AIL recovery 100 a 67.3 ± 0.3 b 44.0 ± 0.1 c 35.6 ± 1.1 d 14.5 ± 0.6 e

ASL recovery 100 a 34.1 ± 0.1 b 24.1 ± 0.0 c 15.8 ± 0.0 d 10.4 ± 0.0 e

Total lignin recovery 100 a 57.0 ± 0.3 b 37.9 ± 0.1 c 29.5 ± 0.8 d 13.2 ± 0.4 e

* = % DW represents the percentage of total dry weight. All values are mean ± standard deviation (n = 3).
Different letter superscripts within the same row represent statistically significant differences (p < 0.05).

Table 3. Chemical composition of core fiber in kenaf biomass after pretreatment.

Composition (%DW) * Untreated * 70% * 75% * 80% * 85% *

Glucan 46.3 ± 0.1 d 64.0 ± 0.7 c 75.9 ± 0.5 a 77.4 ± 0.4 a 68.9 ± 0.1 b

Xylan 18.4 ± 0.2 a 9.7 ± 0.4 b 6.6 ± 0.2 c 3.9 ± 0.1 d n.d.
AIL 14.2 ± 0.0 a 11.4 ± 0.1 b 10.8 ± 0.2 b 8.4 ± 0.3 c 3.1 ± 0.2 d

ASL 3.1 ± 0.0 a 1.8 ± 0.0 b 1.4 ± 0.0 c 1.2 ± 0.0 d 1.0 ± 0.0 e

Total lignin 17.3 ± 0.1 a 13.2± 0.1 b 12.2 ± 0.2 c 9.6 ± 0.3 d 4.1 ± 0.2 e

Solid recovery 100 a 68.4 ± 0.5 b 58.8 ± 0.4 c 49.1 ± 0.7 d 43.1 ± 0.3 e

Glucan recovery 100 a 94.6 ± 1.1 b 96.5 ± 0.7 b 82.1 ± 0.4 c 64.3 ± 0.1 d

Xylan recovery 100 a 35.9 ± 1.5 b 21.1 ± 0.6 c 10.5 ± 0.2 d n.d.
AIL recovery 100 a 55.0 ± 0.4 b 44.8 ± 0.7 c 28.9 ± 1.0 d 9.4 ± 0.5 e

ASL recovery 100 a 38.8 ± 0.2 b 26.2 ± 0.1 c 19.1 ± 0.0 d 13.8 ± 0.1 e

Total lignin recovery 100 a 52.0 ± 0.3 b 41.5 ± 0.6 c 27.1 ± 0.8 d 10.2 ± 0.4 e

* = %DW represents the percentage of total dry weight. All values are mean ± standard deviation (n = 3). Different
letter superscripts within the same row represent statistically significant differences (p < 0.05).
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Figure 1. Lignin removal of both treated bark and core fibers.
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3.3. Effect of PA Pretreatment on Enzymatic Hydrolysis

To utilize KB in sugar platform-based biorefineries, a pretreatment process is required
to enhance the efficiency of enzymatic hydrolysis to produce monomeric sugars. The
impact of PA concentration on HE and GR yields of both feedstocks is presented in Figure 2
for bark fiber and Figure 3 for core fiber. According to the data, the HE and GR yields
of untreated samples were 16.3 ± 0.4% and 11.3 ± 0.3, respectively, for bark fiber, and
18.2 ± 0.4% and 10.4 ± 0.2%, respectively, for core fiber (Figures 2 and 3). Incomparable
with untreated samples, the HE and GR yields were significantly (p < 0.05) increased after
these feedstocks were treated with PA. During enzymatic hydrolysis, the HE and GR yields
increased dramatically at 12 h and then progressively at 24, 48, and 72 h. Consequently,
the maximum HE and GR yields of both treated and untreated materials were obtained
after 72 h incubation. On one hand, at PA concentrations of 70%, 75%, 80%, and 85%, the
HE yields were revealed to be 76.9 ± 0.5%, 84.7 ± 0.3%, 80.1 ± 0.3%, and 76.7 ± 0.1%,
respectively, for bark fiber, and 80.5 ± 0.9%, 84.6 ± 0.7%, 77.1 ± 0.8%, and 70.8 ± 0.6%,
respectively, for core fiber. On the other hand, at PA concentrations of 70%, 75%, 80%,
and 85%, the GR yields were determined to be 50.9 ± 0.3%, 55.3 ± 0.2%, 47.4 ± 0.1%,
and 31.4 ± 0.0%, respectively, for bark fiber, and 43.4 ± 0.5%, 46.6 ± 0.4%, 36.1 ± 0.4%,
and 26.0 ± 0.2%, respectively, for core fiber (Figures 2 and 3). When both feedstocks were
processed with 75% PA, the maximum HE and GR yields were observed for bark fiber at
84.7 ± 0.3% and 55.3 ± 0.2% and for core fiber at 84.6 ± 0.7% and 46.6 ± 0.4%, respectively.
Nonetheless, as PA increased to 80% and 85%, HE and GR yield decreased, as shown
in Figures 2 and 3. Compared with untreated feedstocks, HE yields were increased by
approximately 5.6 times for bark and 4.7 times for core fibers. However, GR yields were
improved approximately 4.9-fold for bark fiber and 4.3-fold for core fiber.
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Figure 2. (a) Hydrolysis efficiency (HE) and (b) Glucose recovery (GR) of bark fiber.
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Figure 3. (a) Hydrolysis efficiency (HE) and (b) Glucose recovery (GR) of core fiber.

3.4. Changes in Surface Morphology

Screening electron microscopy (SEM) was used to assess how pretreatment with PA
affected the surface morphology of these materials. The surface morphology of both treated
and untreated samples could be observed in the SEM micrographs, as shown in Figure 4a–e
for bark fiber and Figure 5a–e for core fiber. Untreated biomass revealed a typical uniform,
compacted surface, organized, and stiff fibril structure formed in bundles of intact on the
surface of bark and core fibers (Figures 4a and 5a, respectively). After both types of raw
biomass were treated with different amounts of PA, the surface structure of each untreated
biomass was remarkably altered and subsequently cracked, displaying long rod-shaped
vessels. In addition, the fibers inside the intact structures of both samples eventually split,
causing them to become highly disordered. (Figures 4b–e and 5b–e).
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Figure 5. Scanning electron micrographs of core fiber pretreatment with various concentrations of PA;
(a) Untreated core fiber, and that treated with (b) 70% PA, (c) 75% PA, (d) 80% PA, and (e) 85% PA.

3.5. Effect of PA on Cellulose Crystal

The crystallinity index (CrI) values of each sample are listed in Table 4. The X-ray
diffractograms of both treated and untreated samples are illustrated in Figure 6 for bark
fiber and Figure 7 for core fiber. The X-ray diffractograms of untreated bark and core fibers
displayed two significant peaks, characterized as crystalline cellulose I, corresponding to
the 101 and 002 lattice planes at 15.5◦ and 22.5◦, respectively. The CrI of untreated bark



Energies 2022, 15, 7573 9 of 15

fibers (70.1%) was higher than that of core fibers (52.0%). When both samples were treated
with 70% and 75% PA, the CrI rose to around 74% for bark fiber and approximately 58%
for core fiber (Table 4). In addition, the crystallinity of cellulose I was preserved in both
feedstocks. When both feedstocks were treated with 80% PA, the two-peak intensity of bark
was substantially destroyed (Figure 4d). However, the peak intensity of the core fiber was
broad at (2θ)15.5◦, and the CrI value increased (61.2%), as shown in Table 4. The crystallite
structure of both feedstocks was disrupted and changed from cellulose I to amorphous after
treatment with PA 85%. Consequently, the CrI value decreased. Under these conditions,
hemicellulose was entirely removed from both samples.

Table 4. Crystallinity index of the treated and untreated bark and core fibers.

H3PO4 Concentration Bark
Fiber (%)

Core
Fiber (%)

Untreated 70.1 52.0
70% PA 74.3 58.7
75% PA 74.7 58.7
80% PA 57.6 61.2
85% PA 50.7 44.5
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4. Discussion
4.1. Characterization of KB

The varying amounts of cellulose, hemicellulose and lignin in lignocellulose depend
on the type of lignocellulosic material, plant type, soil quality, harvesting season, and
environment [34]. Cellulose is the most important component in synthesizing biofuels
derived from biomass and sugar-based biorefineries. The glucan content of bark fiber
was greater than that of Japanese cedar (52.7%) [35], reed (49.4%) [36], poplar (49.7%) [37],
and aspen (49.0%) [38]. In the case of core fibers, the amount of glucan content was
slightly higher than in several lignocellulosic materials such as pine wood (42.0%) [39], oak
(41.3) [40], Douglas fir (40.9%) [41], and wheat straw (42.8%) [42]. These results demonstrate
the exciting potential of KB for utilization in sugar platform-based biorefineries to produce
bioethanol and other value-added compounds.

4.2. Effect of PA Concentration on the Chemical Composition of Bark and Core

The mechanism underlying the main effect of PA on lignocellulosic materials during
the pretreatment process involves PA reacting with the biomass to destroy the linkages
between cellulose, hemicellulose, and lignin. Consequently, sugars and lignin become
partially soluble. Hemicellulose is the component most susceptible to solubilization com-
pared with cellulose and lignin during the pretreatment of feedstock with concentrated
PA [43]. Additionally, the crystalline structure of cellulose fiber was transformed into
an amorphous structure by this procedure [25,26]. The PA concentration affected both
the complete and partial removal of hemicellulose from both samples. Nevertheless, a
higher PA concentration could not completely remove lignin from the bark and core fibers,
resulting in only a partial decrease. Several authors have observed comparable impacts
of PA pretreatment [26,27,31,44,45]. In this study, concentrations of PA at 80% and 85%
were found to completely remove xylan from bark and core fibers, respectively. Accord-
ing to reports, hemicellulose is most effectively removed from lignocellulose pretreated
with PA concentrations between approximately 75% and 83%. In contrast, cellulose and
lignin are only substantially reduced, leading to an increase in relative glucan content [46].
At a higher PA concentration (85%), all linkages between lignin and carbohydrates are
destroyed. In addition, the hydrogen bonds connecting the glucan chains are degraded,
resulting in a substantial decline in the relative glucan content, glucan recovery, and solid
recovery. [25,26,47]. These effects have been reported for several lignocellulosic materials,
including weed biomass [45], Thai kenaf [27], and durian peel [31].

4.3. Effect of PA Pretreatment on Enzymatic Hydrolysis

In general, pretreatment of LB is a necessary step for cellulosic biochemical processes,
which aim to make cellulose accessible by removing hemicelluloses and lignin from the
biomass [48]. The results showed that the lowest HE and GR yields were obtained from
untreated feedstocks. This revealed that the recalcitrant structure of both raw materials
served as a barrier to restrict cellulase accessibility [20,49,50]. The yields of HE and GR were
improved after the pretreatment of each biomass with various PA concentrations. These
results suggest that PA pretreatment has a greater impact on the digestibility of cellulose.

Hemicelluloses, a natural barrier surrounding cellulose, can limit enzymatic hydrolysis
by blocking enzyme accessibility to cellulose and decreasing the activities of endoglucanase
and cellobiohydrolase [25]. According to our findings, approximately 80% of the xylan was
removed from both feedstocks when treated with 75% PA. This is the ideal circumstance
for maximizing HE and GR yields. However, the levels of HE and GR yields decreased
at higher PA concentrations (80% and 85%), owing to the decomposition of glucose dur-
ing pretreatment.

As a structural barrier, lignin prevents enzymes from penetrating cellulose, restricting
carbohydrate availability [20]. Therefore, the removal of lignin is required to enhance
enzymatic accessibility to cellulose. In this study, the reduction in total lignin from both
materials improved dramatically as the PA concentration increased (Figure 1). Nevertheless,
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pretreatment with 75% PA generated the maximum HE and GR yields for each treated
feedstock. Under these conditions, more than 50% of the total lignin was removed from
treated bark fiber (62.1 ± 0.1%) and treated core fiber (58.6 ± 0.5%). These results indicate
that the elimination of lignin had an impact on the enhancement of enzyme digestibility.
Delignification typically results in disruption of the polymeric network, improvement
in porosity, and a decrease in enzyme inhibitory activity [51,52]. The HE yields of both
feedstocks were higher than those observed in spruce chips (36.3%), bamboo (39.3%); corn
stalks (43.5%); oak chips (50.2%); Jerusalem artichoke stalks (59.6%); wheat straw (68.7%),
as reported by Wang et al. 2014 [6]; and common wireweed (82.2%) [45]. Nevertheless,
the GR of these feedstocks was larger than that of two varieties of durian peel: 41.7% for
monthong peel and 38.5% for chanee peel, which were treated with 75% PA [31].

Thus, the elimination of hemicelluloses and/or lignin by PA pretreatment in this
study was associated with an increase in the accessible surface area of cellulose, which is
necessary for promoting enzyme digestibility [49].

4.4. Changes in Surface Morphology

In the native structure of lignocellulosic materials, hemicellulose and lignin cover the
surface area of cellulose, effectively limiting the accessibility of cellulolytic enzymes [53].
The results indicate that after pretreatment, cellulose had a more accessible surface area
when each feedstock was treated with 75% PA; enzymatic hydrolysis generated the highest
HE and GR yields. However, as the PA concentration increased, the degradation of the
cell wall structure became more severe. At pretreatment degrees of 80% and 85% PA
for bark fiber and 85% PA for core fiber, complete disintegration of the structure and
generation of more fragments were observed (Figure 4d,e, respectively, and Figure 5e).
These results correspond to the decreased HE and GR yields of both the treated feedstocks.
In addition, PA pretreatment substantially eliminated hemicellulose and a portion of lignin,
consequently enhancing the accessibility of the surface layer of both treated materials. Our
results demonstrated that the deletion of barrier coatings on the surface structure was the
principal cause of the improvement in HE and GR yields. This confirmed the observations
of enzymatic hydrolysis.

4.5. Effect of PA on Cellulose Crystal Structure

The crystallinity of LB is one significant contributor to the susceptibility of cellulose to
enzymatic hydrolysis [49,50]. This result is consistent with what other researchers have
observed on how pretreatment with approximately 85% concentrated PA makes cellulose
less crystalline [47,54–57]. PA concentrations below 80% were reported to cause cellulose
swelling. In contrast, PA concentrations greater than 80% were capable of degrading cellulose
and disrupting its crystalline structure [25,55]. These results revealed that the increase in CrI
values in both treated samples was unaffected by the improvement in enzymatic hydrolysis.
The CrI values of both pretreated samples might improve if the amorphous part of the native
cellulose is partially broken down by the acid. Several authors found that increasing the CrI
value of LB does not always affect hydrolysis yield [26,31,45]. Even though the percentage of
CrIs increased, our research revealed that depleting hemicellulose altered the structure of
the cell wall in a strategy that facilitated enzymatic hydrolysis.

The material balance of KB bark and core fibers was transformed into glucose, as
illustrated in Figure 8. Both untreated and treated fractions of these feedstocks were
exposed to an enzymatic hydrolysis process to convert KB to glucose. Raw material bark
and core fibers contained approximately 56.3% and 46.3% glucan, respectively. After
loading 1000 g of bark and core fibers into the pretreatment process (75% PA, 60 ◦C, 60 min),
612 g of solid fraction consisting of 530 g glucan and 36 g xylan for bark fiber, and 588 g
of solid fraction composed of 446 g glucan and 39 g xylan for bark fiber were collected.
After 72 h of enzymatic hydrolysis, the HE and GR yields for both untreated samples were
approximately 16.3% and 113 g, respectively, for bark fiber and 18.2% and 104 g, respectively,
for core fiber. The pretreatment of both feedstocks with PA 75% achieved the maximum
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HE and GR yields, which were approximately 84.7% and 552 g, respectively, for bark fiber
and 84.6% and 466 g, respectively, for core fiber. Compared with untreated feedstocks, HE
increased by approximately 5.6 times for bark and 4.7 times for core fibers. However, GR
was enhanced approximately 4.9-fold for bark fibers and 4.3-fold for core fibers.
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5. Conclusions

This research indicates that PA could be utilized for the pretreatment of bark and core
fibers inside KB to generate higher enzymatic hydrolysis. Achieving the highest HE and
GR yield, 75% PA had the greatest influence on the pretreatment of both feedstocks. The
maximum HE and GR yields were observed for bark fiber at 84.7 ± 0.3% and 55.3 ± 0.2%
and for core fiber at 84.6 ± 0.7% and 46.6 ± 0.4%, respectively. This condition corresponds
to roughly 86.8 ± 0.4% and 89.8 ± 0.4% lignin removal for bark and core fibers, respectively.
The pretreatment of these feedstocks with higher concentrations (80% and 85%) led to
the degradation of cellulose, resulting in a decrease in HE and GR yield. In addition, the
elimination of hemicellulose and partial removal of lignin caused the pretreatment of these
feedstocks with PA to dramatically change the surface properties of both bark and core
fibers. Thus, PA treatment has a substantial impact on the improvement of HE and GR
yield of KB.
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