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Abstract: The crystalline structure is a biomass recalcitrance factor that hinders chemical or biological
access to degrade the plant cell-wall structure. However, controversy persists over whether a ratio of
the crystalline region, the crystallinity index, is a critical biomass recalcitrance factor. In this study, an
alkaline treatment modified from mercerization was adopted to alleviate the crystalline structure
in the xylem of eucalyptus, along with hemicellulose and lignin removal via autohydrolysis and
acid–chlorite treatment, respectively. Then, the glucose yield of the treated solid residues was used as
a parameter of biomass recalcitrance. The alkaline treatment successfully reduced the crystallinity
index, and the maximal reduction ratio was 84.9% when using an 8% sodium hydroxide solution.
However, the reduction ratio of the crystallinity index was dependent on the remaining lignin content
in the treated solid residues. Additionally, the lignin removal ratio showed critical influence to
improve the glucose yield that was even observed in the treated solid residue having a low reduction
ratio of the crystallinity index. Consequently, the cellulose crystalline structure is minimally involved
with biomass recalcitrance, especially cellulase activity, at least in eucalyptus.

Keywords: crystallinity index; biomass recalcitrance; alkaline treatment; autohydrolysis; acid-chlorite
treatment; enzymatic hydrolysis; glucose yield

1. Introduction

Crystallinity is a unique characteristic of cellulose that has an approximately a 5 µm
long chain without substitution in the side groups [1]. Crystalline regions have substantial
inter- and intramolecular hydrogen bonds [2]. This structure does not allow for facile
decomposition into monomer glucose due to strong hydrophobic and low-reactivity prop-
erties [3]. For these reasons, cellulase cannot easily hydrolyze the crystalline region in
cellulose fibril compared to the amorphous region [4]. Therefore, the cellulose crystallinity
of lignocellulosic biomass is a recalcitrant factor and an inhibitor of glucose production
via enzymatic hydrolysis [5]. The glucose from lignocellulosic biomass is a representative
source of renewable and sustainable fuels and chemicals using biological pathways [6].
Furthermore, these ecofriendly products can contribute to establishing a feasible biorefin-
ery process that replaces the fossil-fuel-based industry through a circular economy with a
carbon-neutral society [7].

In previous studies, various types of feedstock, such as Avicel, filter paper, cotton, and
bacterial cellulose, were employed to evaluate the effect of cellulose crystallinity on cellulase
activity [8]. As a result, the efficiency of enzymatic hydrolysis increased and the crystallinity
index decreased. Previous articles reported that cellulose crystallinity significantly affects
the efficiency of enzymatic hydrolysis, especially in the initial step for cellulase adhesion
onto cellulose fibrils [9]. The adsorption capacity of endoglucanase towards cellulose
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was enlarged when the substrate had a low crystallinity index [10]. Cellulases typically
prefer the amorphous region to the crystalline region when they hydrolyzes the cellulose
fibril; thus, the crystallinity index increases due to increasing the ratio of the remaining
crystallinity region [11]. Nevertheless, the correlation between cellulose crystallinity and
the recalcitrance of lignocellulosic biomass against enzyme activity is still debated, unlike
the cases of hemicellulose and lignin [12]. There are inconclusive findings on the effect of
the crystallinity index, and an obvious relationship was not found in some studies [13].

Chemical methods for decomposing the cell wall structure of lignocellulosic biomass
typically increase the crystallinity index because the amorphous regions of cellulose are
more suitably decomposed than the crystalline region is [14]. The chemically pretreated
solid fraction tends to contain a significant amount of the crystalline region that might
reduce the cellulose accessibility of cellulase. Therefore, the rigid and strict properties of
crystalline structure should be modified to facilitate the enzymatic hydrolytic process.

Mercerization is a typical fiber treatment that was developed to modify the hydropho-
bicity of natural fibers such as the interfacial linkage between the fiber and matrix, surface
wettability and roughness, and a reduction in moisture absorption [15]. Through the bene-
fits of mercerization, it is widely used in the textile industry [16]. Mercerization is one of
the alkaline treatment processes with a concentrated aqueous solution using a strong base
catalyst, leading to a significant level of fiber swelling that relaxes the cellulose crystalline
structure [17]. Cellulose I is a native form of cellulose that has a monoclinic crystalline lat-
tice and can be transformed into different structures, such as cellulose II or alkali cellulose,
via mercerization [18]. Sodium hydroxide shows a good level of cellulose swelling because
the Na+ ion has a suitable diameter to expand pores in the lattice planes, even the smallest
one, by penetrating the microfibril structure during the mercerization reaction [19]. For the
reaction, the typical range of sodium hydroxide concentration is from 1% to 25% based on
the weight of the solution with approximately 60 min of reaction time [20]. In addition,
other types of alkali reagents were subjected to evaluate the cellulose swelling efficiency
depending on the concentration [2].

The measurement methods of the crystallinity index have been researched for several
decades because cellulose crystallinity is recognized as an important property to determine
the reactivity of a sample [21]. To date, four types of methods for evaluation of crystallinity
index have been developed: (1) the X-ray diffraction (XRD) peak height (Segal) method,
(2) XRD deconvolution method, (3) XRD amorphous subtraction (Ruland–Vonk) method,
and (4) C4 peak separation method using nuclear magnetic resonance [22]. Among them,
the Segal method is a simple and fast analysis, and provides an intuitive comparison
between cellulosic feedstocks [23].

In this study, we conducted autohydrolysis and acid–chlorite treatment to control the
amount of hemicellulose and lignin content in Eucalyptus pellita. Then, the treated solid
residues were immersed in the concentrated sodium hydroxide solution to mitigate the
crystalline structure of solid residues (alkaline treatment). These processes were subse-
quently performed, and the scheme is illustrated in Figure 1. The crystallinity index of
the solid residue was determined with the Segal method, and evaluated before and after
the results of enzymatic hydrolysis. Lastly, the glucose yield was used to investigate the
relationships of the crystallinity index. A scheme of the subsequent treatment to modify
the crystalline structure and to produce glucose from E. pellita is illustrated in Figure 1.

Sustainability 2023, 15, x FOR PEER REVIEW 3 of 13 
 

 

Figure 1. Scheme of the subsequent treatment of milled Eucalyptus pellita. 

2. Materials and Methods 

2.1. Feedstock Preparation 

The feedstock of this study, Eucalyptus pellita, was grown with artificial forestation in 

Indonesia. The stem of four-year-old E. pellita was harvested and milled to a 0.5 mm 

particle size with a twin extruder. The prepared feedstock had 59.3% moisture content 

and was kept at 4 °C until for using subsequent processes. 

2.2. Autohydrolysis and Acid–Chlorite Treatment 

The methods of autohydrolysis and acid–chlorite treatment were from a previous 

study that described the reaction conditions in detail [24]. 

First, 50.0 g (oven-dried weight) of the milled E. pellita was used for the 

autohydrolytic process, and the solid-to-liquid ratio was 1:10 (w/v). The slurry was reacted 

at the targeted temperature (160 or 170 °C) with a retention time of 10 or 50 min using a 

stainless steel batch-type reactor. The autohydrolyzed solid residue (AS) and liquid 

hydrolysate were separated with filter paper after the reaction and quenching steps. 

Then, 15.0 g (oven-dried weight) of AS was employed for the acid–chlorite treatment 

by mixing it with 150 mL of distilled water in a 1 L volume Erlenmeyer flask. The dosage 

of the acid–chlorite reagents, sodium chlorite (g), and acetic acid (mL) was paired at four 

input levels (1.5 g–0.3 mL, 2.5 g–0.5 mL, 4.0 g–0.8 mL, and 4.0 g–0.8 mL with 2 times), 

while the reaction temperature and time were constant in all conditions. After the reaction, 

the autohydrolyzed and acid–chlorite-treated solid residues (ACSs) were separated with 

a filter paper with a washing step using distilled water. 

2.3. Alkaline Treatment 

The milled E. pellita, AS, and ACS were used as samples for the alkaline treatment. 

First, 4 g (oven-dried weight) of the samples was mixed with 8% or 12% (w/w) of a sodium 

hydroxide solution in a conical tube. The alkaline treatment was conducted at 0 °C for 60 

or 180 min by using an ice chamber. The slurries were thoroughly stirred using a glass 

stick during the reaction. After the reaction, the conical tubes were centrifuged at 12,000× 

g rpm for 10 min to separate the solid and liquid fractions (mega 17R, HANIL SME Co., 

LTD, Anyang-si, Republic of Korea). Then, the solid fractions (autohydrolyzed and 

alkaline-treated solid residue (AHS) and the autohydrolyzed and acid–chlorite/alkaline 

treated solid residue (ACHS)) were washed with plenty of distilled water. Lastly, they 

were lyophilized for 72 h (FD8508, Ilshinbiobase, Seoul, Republic of Korea) and 

pulverized (RT-02SF, Rong Tsong, Taiwan) before enzymatic hydrolysis. 

2.4. Enzymatic Hydrolysis 

Samples with a total of 1.0 g (oven-dried weight) of milled E. pellita, AHS, and ACHS 

were used as substrates and enzymatically hydrolyzed by using a commercial cellulase 

complex, Cellic CTec2 (Novozyme Korea, Seoul, Republic of Korea). The cellulase 

complex comprised 10 filter paper units per g of glucan in the substrate and mixed with 

50 mM of sodium acetate buffer (pH 5.0). The enzymatic hydrolytic conditions were 50 °C 

for 72 h in a hybridization incubator (combi-D24, FINEPCR, Gunpo-si, Republic of Korea). 

Glucose

Autohydrolyzed and 

acid-chlorite/alkaline 

treated solid residue 

(ACHS)

Autohydrolyzed

solid residue (AS)

Milled 

Eucalyptus 

pellita

Autohydrolyzed and 

acid-chlorite treated 

solid residue (ACS)

Autohydrolysis

Acid-chlorite 

treatment

Autohydrolyzed and 

alkaline treated solid 

residue (AHS)

Enzymatic 

hydrolysisAlkaline treatment

Alkaline treatment

Figure 1. Scheme of the subsequent treatment of milled Eucalyptus pellita.



Sustainability 2023, 15, 5869 3 of 12

2. Materials and Methods
2.1. Feedstock Preparation

The feedstock of this study, Eucalyptus pellita, was grown with artificial forestation
in Indonesia. The stem of four-year-old E. pellita was harvested and milled to a 0.5 mm
particle size with a twin extruder. The prepared feedstock had 59.3% moisture content and
was kept at 4 ◦C until for using subsequent processes.

2.2. Autohydrolysis and Acid–Chlorite Treatment

The methods of autohydrolysis and acid–chlorite treatment were from a previous
study that described the reaction conditions in detail [24].

First, 50.0 g (oven-dried weight) of the milled E. pellita was used for the autohydrolytic
process, and the solid-to-liquid ratio was 1:10 (w/v). The slurry was reacted at the targeted
temperature (160 or 170 ◦C) with a retention time of 10 or 50 min using a stainless steel
batch-type reactor. The autohydrolyzed solid residue (AS) and liquid hydrolysate were
separated with filter paper after the reaction and quenching steps.

Then, 15.0 g (oven-dried weight) of AS was employed for the acid–chlorite treatment
by mixing it with 150 mL of distilled water in a 1 L volume Erlenmeyer flask. The dosage
of the acid–chlorite reagents, sodium chlorite (g), and acetic acid (mL) was paired at four
input levels (1.5 g–0.3 mL, 2.5 g–0.5 mL, 4.0 g–0.8 mL, and 4.0 g–0.8 mL with 2 times), while
the reaction temperature and time were constant in all conditions. After the reaction, the
autohydrolyzed and acid–chlorite-treated solid residues (ACSs) were separated with a filter
paper with a washing step using distilled water.

2.3. Alkaline Treatment

The milled E. pellita, AS, and ACS were used as samples for the alkaline treatment.
First, 4 g (oven-dried weight) of the samples was mixed with 8% or 12% (w/w) of a sodium
hydroxide solution in a conical tube. The alkaline treatment was conducted at 0 ◦C for
60 or 180 min by using an ice chamber. The slurries were thoroughly stirred using a
glass stick during the reaction. After the reaction, the conical tubes were centrifuged at
12,000× g rpm for 10 min to separate the solid and liquid fractions (mega 17R, HANIL SME
Co., LTD, Anyang-si, Republic of Korea). Then, the solid fractions (autohydrolyzed and
alkaline-treated solid residue (AHS) and the autohydrolyzed and acid–chlorite/alkaline
treated solid residue (ACHS)) were washed with plenty of distilled water. Lastly, they
were lyophilized for 72 h (FD8508, Ilshinbiobase, Seoul, Republic of Korea) and pulverized
(RT-02SF, Rong Tsong, Taiwan) before enzymatic hydrolysis.

2.4. Enzymatic Hydrolysis

Samples with a total of 1.0 g (oven-dried weight) of milled E. pellita, AHS, and ACHS
were used as substrates and enzymatically hydrolyzed by using a commercial cellulase
complex, Cellic CTec2 (Novozyme Korea, Seoul, Republic of Korea). The cellulase complex
comprised 10 filter paper units per g of glucan in the substrate and mixed with 50 mM of
sodium acetate buffer (pH 5.0). The enzymatic hydrolytic conditions were 50 ◦C for 72 h
in a hybridization incubator (combi-D24, FINEPCR, Gunpo-si, Republic of Korea). After
the hydrolysis, the glucose content in the mixture was determined to calculate the glucose
yield as follows:

Glucose yield (%) =
Glucose content in the filtrate (g)

Glucose content in the feedstock (g)
× 100 (1)

2.5. Chemical Composition Analysis

The methods of chemical composition analysis were described in a previous study in
detail [25].

Lignin contents in the milled E. pellita and solid residues were determined with the
laboratory analytical procedure of the National Renewable Energy Laboratory (NREL). A
toal of 0.3 g (oven-dried weight) of the samples was mixed with 3.0 mL of 72% sulfuric acid
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solution at 30 ◦C for 1 h. Then, 84.0 mL of distilled water was used to dilute the mixture
until a 4% sulfuric acid solution had been produced. Next, the mixture was reacted by using
an autoclave at 121 ◦C for 1 h, and the solid fraction was separated with a glass filter and
weighed to determine the amount of acid-insoluble lignin. Meanwhile, the filtrate was used
to determine the amount of acid-soluble lignin by using a UV–visible spectrophotometer
(UV-1601 PC, Shimadzu, Japan). Monomeric sugars (glucose, xylose, mannose, galactose,
and arabinose) in the filtrate and liquid fraction of enzymatic hydrolysis were determined
by using ion exchange chromatography (ICS2500, Thermo Dionex, Sunnyvale, CA, USA)
equipped with a CarboPac PA-1 column (250 × 4 mm) and a pulsed amperometric detector
(HP 1100, Hewlett Packard, Palo Alto, CA, USA). A potassium hydroxide solution was
used as an eluent with a 1.0 mL/min of flow rate, and the analysis temperature was 40 ◦C.

Hemicellulose and lignin removal ratio were calculated as follows:

Hemicellulose removal ratio (%) =
Sum of xylan, mannan, galactan, arabinan content in the solid residues (g)

Sum of xylan, mannan, galactan, arabinan content in the feedstock (g)
× 100 (2)

Lignin removal ratio (%) =
Sum of acid − insoluble and acid soluble lignin content in the solid residues (g)
Sum of acid − insoluble and acid − soluble lignin content in the feedstock (g)

× 100 (3)

2.6. Crystallinity Index Determination

The crystallinity index of the milled E. pellta, AS, ACS, ACHS, and AHS was deter-
mined by using an X-ray diffractometer (D8 ADVANCE with DAVINCI, Bruker, Germany)
equipped with an LYNXEYE XE detector. A sealed-tube Cu Ka source was used with a
wavelength of 1.5418 A (40 kV voltage and 40 mA current via a generator). Scans were set
from 2θ = 3◦ to 50◦ with 0.02 of step size, at 0.5 s per step.

The crystallinity index was determined with the Segal method and calculated with the
peak height ratio of the 002 peaks (I002) and minimal peak (IAM) intensity as follows:

Crystallinity index (%) = ((I002 − IAM) ÷ I002)× 100 (4)

I002 = maximal intensity in 002 plane peak;
IAM = minimal intensity between the 002 and 110 plane peaks;
The reduction ratio of the crystallinity index (RCI) was calculated with the follow-

ing formula:

Reduction ratio of the crystallinity index (%) =
The crystallinity index after the alkaline treatment (%)

The crystallinity index before the alkaline treatment (%)
(5)

2.7. Statistical Analysis

All statistical verification, modeling, and plotting for the empirical data in this study
were processed with open-source-based computing software R Studio (Build 382) with the
stats and plot3D packages.

3. Results and Discussion
3.1. Changes in Crystallinity Index Depending on Autohydrolytic Conditions before
Alkaline Treatment

Autohydrolysis, which uses heat energy without catalysts, was conducted to control
the hemicellulose content in the milled E. pellita. It showed selective hemicellulose isolation
from lignocellulosic biomass in a previous study [25]. The hemicellulose fraction in a
sample can affect the crystallinity index and glucose production using cellulase [26]. Thus,
three autohydrolytic conditions were selected that showed approximately 30% intervals of
the hemicellulose removal ratio (HRR) of the autohydrolyzed solid residue (AS) (Table 1).
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Table 1. Hemicellulose removal ratio (HRR) and crystallinity index of the milled E. pellita, autohy-
drolyzed solid residue (AS), and autohydrolyzed and alkaline treated solid residue (AHS).

Autohydrolysis Conditions
HRR (%) 1

Crystallinity Index (%)

Temp. (◦C) Time (min) Without Alkaline 1 2 2 3

E. pellita 0 59.7 ± 0.2 - -
160 10 30.0 65.6 ± 0.1 12.9 ± 1.3 13.5 ± 1.3
160 50 57.7 69.6 ± 0.5 18.9 ± 4.3 15.6 ± 1.2
170 50 86.4 68.9 ± 0.3 23.8 ± 0.9 22.8 ± 0.1

Values are the mean ± standard deviation. 1 HRR: hemicellulose removal ratio. 2 1: 8% (w/w) sodium hydroxide
solution at 0 ◦C for 60 min; 3 2: 12% (w/w) sodium hydroxide solution at 0 ◦C for 180 min.

The crystallinity index of the milled E. pellita (59.7%) slightly increased through auto-
hydrolysis (up to 69.6%). The breakaway of the hemicellulose fraction from biomass leads
to an increase in the crystallinity index due to a decrease in the amorphous region [27].
However, the increase in the crystallinity index was not significant compared to the changes
in HRR. For instance, the difference in HRR between the conditions of 160 ◦C for 50 min and
170 ◦C for 50 min was approximately 30%, and that of the crystallinity index was similar.
Therefore, the crystallinity index could not be reduced through autohydrolysis alone.

3.2. Changes in Crystallinity Index Depending on Autohydrolytic Conditions after
Alkaline Treatment

The alkaline treatment was conducted to alleviate the crystalline structure in AS. Two
conditions of the alkaline treatment were designed by changing the sodium hydroxide
concentration (8% or 12%) corresponding to the stirring time (1 or 3 h); the latter condition
(12% of sodium hydroxide solution for 3 h stirring) aimed at the entire collapse of the
crystalline structure.

Through both alkaline treatment conditions, the crystallinity index of autohydrolyzed
and alkaline-treated solid residue (AHS) was significantly less than that of AS (Table 1).
The crystallinity index of AHS ranged from 12.9% to 23.8%, and it was similar in the two
alkaline treatment conditions when the autohydrolytic condition was the same. This means
that the 8% of sodium hydroxide solution could suitably alleviate the crystalline structure
of AS.

The X-ray diffractograms showed changes in the crystalline structures of AS and AHS
(Figure 2). In the case of AS, the maximal intensity of the crystalline region at 22.7◦ (I002)
and the (101) lattice plane at around 15◦ was obvious (Figure 2a,d). This means that the
crystalline and amorphous regions were distinguished in the cellulose fibril [2]. These
diffractograms were very similar to the feedstock’s diffractogram (not presented in this
paper), which corresponded to the results of the crystallinity index in Table 1. However,
AHS had no distinct peaks, including the I002 or (101) plane in the X-ray diffractograms
(Figure 2b,c,e,f). Thus, the crystalline region in AS seemed to be collapsed through the
alkaline treatment. An intensive swelling in cellulose fibril was reported in previous studies
that had conducted the alkaline treatment using sodium hydroxide [28]. The sodium ion
(Na+) had a small diameter with which to penetrate the cellulose lattice planes [29]. When
the cellulosic material dissolves in sodium hydroxide solution, the sodium ion can settle
between the lattice structures connected by hydrogen bonds [30]. A new cellulose lattice
structure, Na–cellulose I lattice, can be formed via the substitution of the hydroxyl moiety
in cellulose to the O–Na group, leading to the expansion of the molecular dimension [19].
Therefore, the alkaline treatment completely collapsed the crystalline structure in E. pellita,
and the boundary between the crystalline and amorphous regions was ambiguous.
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Figure 2. X-ray diffractograms of autohydrolyzed solid residue (AS) and autohydrolyzed and
alkaline-treated solid residue (AHS). (a) AS: 160 ◦C for 10 min; (b) AHS: 160 ◦C for 10 min/8%
sodium hydroxide; (c) AHS: 160 ◦C for 10 min/12% sodium hydroxide; (d) AS: 170 ◦C for 50 min;
(e) AHS: 170 ◦C for 50 min/8% sodium hydroxide; (f) AHS: 170 ◦C for 50 min/12% sodium hydroxide.

3.3. Changes in Crystallinity Index Depending on the Conditions of Autohydrolysis and Sodium
Chlorite Treatment before Alkaline Treatment

The AS were subjected to the acid–chlorite treatment to control the lignin content. The
acid–chlorite treatment is a modified method from holocellulose determination in biomass
by Wise [31]. The Wise method was fundamentally designed to eliminate the lignin fraction
in biomass and to measure the amount of pristine holocellulose, the sum of cellulose and
hemicellulose. In this study, we modified the Wise method by controlling the dosages of the
reagents, sodium chlorite, and acetic acid, namely, the acid–chlorite treatment. Thus, the
autohydrolyzed and acid–chlorite treated solid residue (ACS), which had various ranges of
HRR and lignin removal ratio (LRR), was produced via the combination of autohydrolysis
and acid–chlorite treatment (Table 2).

Table 2. Hemicellulose (HRR) and lignin removal ratio (LRR) and crystallinity index of au-
tohydrolyzed and acid–chlorite treated solid residue (ACS), and autohydrolyzed and acid-
chlorite/alkaline treated solid residue (ACHS).

Autohydrolytic
Conditions

Acid–Chlorite Conditions
HRR (%) 1 LRR (%) 2

Crystallinity Index (%)

RCI (%) 5Sodium
Chlorite (g)

Acetic
Acid (mL)

Without
Alkaline #1 3 #2 4

160 ◦C/10 min

1.5 0.3 30.0 30.5 66.0 ± 1.6 7.7 ± 0.8 12.3 ± 1.1 84.9
2.5 0.5 32.2 47.1 71.6 ± 1.4 12.1 ± 2.6 15.6 ± 1.5 81.8
4.0 0.8 32.2 67.8 72.7 ± 1.7 19.9 ± 0.5 18.7 ± 2.7 75.5

4.0 × 2 0.8 × 2 37.5 79.9 75.1 ± 2.9 27.1 ± 2.9 21.9 ± 0.4 65.7

160 ◦C/50 min

1.5 0.3 67.6 36.2 72.0 ± 2.7 8.0 ± 1.3 13.9 ± 1.3 84.8
2.5 0.5 66.1 60.1 75.1 ± 0.9 13.1 ± 1.0 18.3 ± 2.7 79.1
4.0 0.8 72.2 83.9 77.2 ± 2.0 23.3 ± 0.8 20.1 ± 1.2 71.9

4.0 × 2 0.8 × 2 78.2 95.4 79.2 ± 3.0 27.0 ± 3.5 24.5 ± 1.2 67.5

170 ◦C/50 min

1.5 0.3 89.4 37.6 71.6 ± 1.9 9.1 ± 0.8 14.9 ± 0.2 83.3
2.5 0.5 89.4 57.8 74.3 ± 0.8 14.1 ± 2.3 17.7 ± 1.1 78.6
4.0 0.8 88.7 88.8 79.7 ± 1.1 22.8 ± 0.7 29.9 ± 3.0 66.9

4.0 × 2 0.8 × 2 91.7 99.1 81.5 ± 0.7 29.5 ± 1.1 30.8 ± 0.8 63.0

Values are the mean ± standard deviation.1 HRR: hemicellulose removal ratio; 2 LRR: lignin removal ratio.
3 #1: 8% (w/w) sodium hydroxide solution at 0 ◦C for 60 min; 4 #2: 12% (w/w) sodium hydroxide solution at 0 ◦C
for 180 min. 5 RCI: reduction ratio of the crystallinity index.
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The acid–chlorite treatment increased the crystallinity index of all ASs. The crystallinity
index of ACS proportionally increased as the reagent dosage of the acid–chlorite treatment
increased when the AS was treated on the same autohydrolytic condition. Similar to
the removal result of hemicellulose, the lignin removal led to an increase in the relative
proportion of the crystalline region in the biomass [32]. Therefore, the highest crystallinity
index (81.5%) was observed when the conditions of the autohydrolysis and acid–chlorite
treatment were the harshest (170 C for 50 min/4.0 g of sodium chlorite and 0.8 mL of acetic
acid with twice input).

3.4. Changes in Crystallinity Index Depending on the Conditions of Autohydrolysis and Sodium
Chlorite Treatment after Alkaline Treatment

The 12 types of ACS were produced by combining the 3 conditions of autohydrol-
ysis and 4 conditions of acid–chlorite treatment. Then, they were employed in the two
conditions of alkaline treatment. The crystallinity index of the autohydrolyzed and acid–
chlorite/alkaline treated solid residue (ACHS) was more reduced than that of ACS (Table 2).
The X-ray diffractogram of ACS showed a clear peak in the I002 plane regardless of reagent
dosage for the acid–chlorite treatment (Figure 3a,d). The severity of autohydrolysis also in-
creased (Figure 4a,d). However, the distinct peaks of ACS diminished through the alkaline
treatment, which was similar to the cases of AS and AHS in Figure 2. Thus, the crystalline
structure of ACS was quite damaged by the alkaline treatment regardless of the preceding
treatments. The damaged crystalline structure was reported by previous studies using
the alkaline treatment [2,28]. One of the studies, which used cotton linter pulp, presented
similarly shaped diffractograms after sodium hydroxide/glycerin treatment [2]. Another
study used tea-leaf waste fiber to produce cellulose nanocrystals that also showed a similar
diffractogram after alkaline treatment with a 4% sodium hydroxide solution [28].
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Figure 3. X-ray diffractograms of autohydrolyzed and acid–chlorite treated solid residue (ACS)
and autohydrolyzed and acid–chlorite/alkaline treated solid residue (ACHS); (a) ACS: 160 ◦C for
10 min/1.5 g of sodium chlorite with 0.3 mL of acetic acid; (b) ACHS: 160 ◦C for 10 min/1.5 g
with 0.3 mL/8% sodium hydroxide; (c) ACHS: 160 ◦C for 10 min/1.5 g with 0.3 mL/12% sodium
hydroxide; (d) ACS: 160 ◦C for 10 min/4.0 g with 0.8 mL (twice input); (e) ACHS: 160 ◦C for
10 min/4.0 g with 0.8 mL (twice input)/8% sodium hydroxide; (f) ACHS: 160 ◦C for 10 min/4.0 g
with 0.8 mL (twice input)/12% sodium hydroxide.
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Figure 4. X-ray diffractograms of autohydrolyzed and acid–chlorite treated solid residue (ACS)
and autohydrolyzed and acid–chlorite/alkaline treated solid residue (ACHS); (a) ACS: 170 ◦C for
50 min/1.5 g of sodium chlorite with 0.3 mL of acetic acid; (b) ACHS: 170 ◦C for 50 min/1.5 g
with 0.3 mL/8% sodium hydroxide; (c) ACHS: 170 ◦C for 50 min/1.5 g with 0.3 mL/12% sodium
hydroxide; (d) ACS: 170 ◦C for 50 min/4.0 g with 0.8 mL (twice input); (e) ACHS: 170 ◦C for
50 min/4.0 g with 0.8 mL (twice input)/8% sodium hydroxide; (f) ACHS: 170 ◦C for 50 min/4.0 g
with 0.8 mL (twice input)/12% sodium hydroxide.

To find the changes in the crystallinity index after the alkaline treatment, the reduction
ratio of the crystallinity index (RCI) was calculated with Equation (5). The RCI ranged
from 62.2% to 88.4% and seemed similar to the results of the two alkaline treatment
conditions. A paired t-test was conducted to check the significance of both RCIs, and
the p-value was approximately 0.1, which represents no statistical difference. So, the
mean value of RCI to estimate the correlation of HRR and LRR is shown in Table 2. The
multivariate linear regression model showed that the RCI values were more strongly
subordinated to LRR changes (Table 3). This linear regression model showed statistical
validation via the p- (<0.0001) and R-squared (0.9361) values. This demonstrates the evident
correlation between LRR and RCI (p-value < 0.0001), while HRR had no significance to
RCI (Figure 5). This means that lignin affected the relative proportion over the crystalline
region in cellulose microfibrils more than hemicellulose did. Lignin is typically considered
one of the major factors contributing the biomass recalcitrance by acting as a physical
barrier for cellulose [33]. Meanwhile, lignin removal is a critical factor to increase the
crystallinity index, which is also one of the biomass recalcitrance factors. Therefore, the
effect of lignin removal with changes in the crystallinity index on the recalcitrance of
E. pellita was evaluated via enzymatic hydrolysis using ACHS in the next section.

Table 3. Parameter estimates of the multiple linear regression model for the reduction ratio of the
crystallinity index (RCI) to hemicellulose removal ratio (HRR) and lignin removal ratio (LRR).

Variable Estimate Standard Error t Value Pr (>|t|)

(Intercept) 95.318 2.255 42.270 1.16 × 10−11 ***

HRR 0.020 0.029 0.689 0.508

LRR −0.327 0.030 −10.945 1.68 × 10−6 ***

Multiple R-squared value = 0.9361; adjusted R-squared value = 0.9220; p-value of the model = 4.202 × 10−6

(significant codes: ***, 0.0001).
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(red dots: empirical data of this study).

3.5. Glucose Yield Depending on Treatment Conditions

A high glucose yield was observed via the large reagent dosages in the acid–chlorite
treatment (Tables 4 and 5). This means that the LRR led to an improvement in glucose yield
due to the several negative effects of lignin on the enzyme activities, such as blocking the
cellulose access and irreversible absorption [9]. The glucose yield did not increase in the
highest reagent dosage (4.0 g of sodium chlorite and 0.8 mL of acetic acid with twice input)
of the acid–chlorite treatment even though the LRR steadily increased. An extreme level of
LRR may not need to achieve a high glucose yield from lignocellulosic biomass [34].

The change in glucose yield strongly relied on the LRR regardless of controlling the
crystallinity index because the glucose yield increased as an increase in the crystallinity
index that did not correspond to one of the recalcitrance factors (Tables 4 and 5). It
corresponded to the two-way analysis of variance (ANOVA) results for glucose yield to
LRR and RCI as independent factors (Tables 6 and 7). LRR showed a strong significance
for improving glucose yields in both alkaline treatment conditions. Meanwhile, RCI had
no statistical significance in the glucose yield in the two conditions. At least in this study,
biomass recalcitrance was not alleviated by controlling the crystallinity index and it seemed
to not be correlated with glucose yield.

Table 4. Glucose yield of the alkaline-treated E. pellita and autohydrolyzed and autohydrolyzed and
alkaline treated solid residue (AHS).

Autohydrolytic Conditions Glucose Yield (%)

Temp. (◦C) Time (min) #1 1 #2 2

E. pellita 30.5 ± 2.2 36.0 ± 1.3
160 10 34.7 ± 1.5 39.1 ± 0.7
160 50 34.1 ± 0.2 38.9 ± 2.1
170 50 35.8 ± 1.1 39.9 ± 1.3

Values are the mean ± standard deviation. 1 #1: 8% (w/w) sodium hydroxide solution at 0 ◦C for 60 min; 2 #2: 12%
(w/w) sodium hydroxide solution at 0 ◦C for 180 min.
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Table 5. Glucose yield of the autohydrolyzed and sodium chlorite/alkaline-treated solid residue (ACHS).

Autohydrolytic
Conditions

Acid–Chlorite Conditions Glucose Yield (%)

Sodium Chlorite (g) Acetic Acid (mL) #1 1 #2 2

160 ◦C/10 min

1.5 0.3 31.3 ± 0.9 36.8 ± 0.2
2.5 0.5 57.2 ± 3.2 59.3 ± 0.6
4.0 0.8 73.4 ± 0.1 74.1 ± 1.7

4.0 × 2 0.8 × 2 74.6 ± 1.8 75.7 ± 0.3

160 ◦C/50 min

1.5 0.3 30.9 ± 1.6 33.5 ± 1.3
2.5 0.5 55.6 ± 0.2 60.0 ± 1.2
4.0 0.8 71.1 ± 0.8 73.8 ± 0.9

4.0 × 2 0.8 × 2 70.6 ± 0.4 71.3 ± 2.4

170 ◦C/50 min

1.5 0.3 33.2 ± 0.4 35.6 ± 1.4
2.5 0.5 56.5 ± 0.5 57.5 ± 2.5
4.0 0.8 73.4 ± 2.5 76.2 ± 0.7

4.0 × 2 0.8 × 2 73.1 ± 0.5 77.1 ± 1.6

Values are the mean ± standard deviation. 1 #1: 8% (w/w) sodium hydroxide solution at 0 ◦C for 60 min; 2 #2:
12% (w/w) sodium hydroxide solution at 0 ◦C for 180 min.

Table 6. Two-way analysis of variance for glucose yield to lignin removal ratio (LRR) and reduction
ratio of the crystallinity index (RCI) (alkaline treatment condition: 8% sodium hydroxide for 1 h).

Source of
Variation

Degrees of
Freedom

Sum of
Squares

Mean
Squares F Value Pr (>F)

LRR 1 2778.5 2778.5 109.037 6.41 × 10−6 ***

RCI 1 0.1 0.1 0.003 0.957

LRR × RCI 1 394.8 394.8 15.491 0.004 **

Residuals 8 203.9 25.5
(Significant codes: ***, 0.0001; **, 0.001).

Table 7. Two-way analysis of variance for glucose yield to lignin removal ratio (LRR) and reduction
ratio of the crystallinity index (RCI) (alkaline treatment condition: 12% sodium hydroxide for 3 h).

Source of
Variation

Degrees of
Freedom

Sum of
Squares

Mean
Squares F Value Pr (>F)

LRR 1 2631.0 2631.0 96.43 9.72 × 10−6 ***

RCI 1 0.0 0.0 0.00 0.995

LRR × RCI 1 301.7 301.7 11.06 0.011 *

Residuals 8 218.3 27.3
(Significant codes: ***, 0.0001; *, 0.01).

Consequently, the cellulose crystalline structure was not a significant hindrance factor
to the cellulase activity by controlling the crystallinity index using sodium hydroxide. The
glucose production from lignocellulosic biomass could be improved through the control of
its chemical composition, especially lignin, with statistical analysis regardless of changes in
the crystallinity index.

4. Conclusions

The effect of the crystallinity index on biomass recalcitrance was evaluated via alkaline
treatment and enzymatic hydrolysis. For this purpose, various solid residues were prepared
through autohydrolysis and acid–chlorite treatment to control the hemicellulose and lignin
content in E. pellita. The removal of hemicellulose and lignin led to a significant increase in
the crystallinity index. Then, the alkaline treatment successfully reduced the crystallinity
index by attenuating the crystalline region. However, a decrease in the crystallinity index
could not drive the improvement in glucose yield via enzymatic hydrolysis. Meanwhile,
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the crystallinity index and glucose yield relied on the lignin removal ratio. Overall, the
crystallinity index showed a relatively low influence on biomass recalcitrance and was
negligible to improve glucose production.
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