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ABSTRACT
Durian (Durio zibethinusMurr.) peel, as agricultural waste, is a potential under-utilized
lignocellulosic biomass that is sufficiently available in Thailand. In this study, durian
peel from monthong (D. zibethinus Murr. cv. Monthong) and chanee (D.zibethinus
Murr. cv. Chanee) were subjected to pretreatment with sodium hydroxide (NaOH)
under autoclaving conditions to improve glucose recovery. The effect of NaOH
concentration (1%, 2%, 3%, and 4%) and autoclave temperature (110 ◦C, 120 ◦C,
and 130 ◦C) was investigated based on the amount of glucose recovered. The optimal
NaOH concentration and autoclave temperature were determined to be 2% and 110
◦C, respectively, under which maximum glucose (36% and 35% in monthong and
chanee peels, respectively) was recovered. Glucose recovery was improved by about 6-
fold at the optimal pretreatment condition for both pretreated monthong and chanee
when compared to the untreated durian peels. Scanning electron microscopy (SEM)
showed great changes to the surface morphology of pretreated durian peel from the two
cultivars. X-ray diffraction (XRD) analysis also revealed a rise in cellulose crystallinity
index (CrIs) after pretreatment. A combination of mild NaOH concentration and
autoclaving is a very effective pretreatment technique for maximum glucose recovery
from durian peel.

Subjects Agricultural Science, Biochemistry, Biotechnology, Plant Science
Keywords Autoclave, Agricultural waste, Durian peel, Enzyme hydrolysis, Glucose recovery,
Sodium hydroxide

INTRODUCTION
Durian (Durio zibethinusMurr.) is a very popular economic fruit grown in Southeast Asia.
It is a very important fruit in Thailand, yielding around 635, 031 tons in 2017 (Siwina
& Leesing, 2021). Among the various durian cultivars in Thailand, only a few, including
MonThong (D. zibethinus Murr. cv. MonThong) and Chanee (D. zibethinus Murr. cv.
Chanee) (refer to Fig. 1), are grown commercially (Pinsorn et al., 2018). The fruit is large
in size with ovoid, obovoid, or oblong shape, strong aroma, green to brownish pericarp
color, and thorn-covered peel (refer to Fig. 1) (Aziz & Mhd Jalil, 2019). The fruit pulp,
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Figure 1 Photograph of (A) monthong tree (B) monthong fruit (C) monthong peel (D) chanee tree (E)
chanee fruit (F) chanee peel. Bar= 2 cm. Source: Siripong Premjet (2020).

Full-size DOI: 10.7717/peerj.12026/fig-1

which is the edible portion, is fleshy, thick, juicy, and tasty. The pulp is highly nutritious
and can be used as supplement for nutritional and health purposes. It is rich in vitamins,
minerals, fats, dietary fiber, and essential amino acids (Wanwimolruk et al., 2015). The
fleshy pulp represents 20–35% of the fruit weight while 65% is the peel (refer to Fig. 1).
Fresh consumption of the fruit and minimal processing, therefore, produce a large amount
of raw agricultural waste.

Durian peel is a lignocellulosic biomass resource that can be converted to bioethanol in
Thailand. The conversion of lignocellulosic biomass to biofuel has attracted global attention
especially in tropical countries like Thailand (Siwina & Leesing, 2021). Using durian peel
to produce bioethanol could provide an alternative use of this raw agricultural waste.
However, durian peel, as lignocellulosic biomass, has low biodegradability because of its
complex fibrous structure. The cellulose component is highly crystalline and embedded in
hemicellulose and lignin, severely restricting enzymatic and microbial accessibility, thereby
resulting in low sugar production (Kumar et al., 2020). Thus, to enhance enzymatic
hydrolysis and increase glucose production, an efficient pretreatment process to open up
the complex fibrous structure of the durian peel is very crucial. An important criterion in
determining the optimum pretreatment condition(s) is the amount of glucose recovered
after enzymatic hydrolysis. The optimum pretreatment condition(s) for enhancing the
efficiency of enzymatic hydrolysis may be severe enough to reduce glucose recovery and
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subsequently lead to low bioethanol yield. Maximum glucose should therefore be recovered
at the optimum pretreatment condition(s) for fermentation into bioethanol (Yoo et al.,
2017).

Pretreatment is the most critical step during the process of cellulosic ethanol
production. Various pretreatment methods classified into biological, physical, chemical,
and physicochemical have been developed to improve biodegradability of lignocellulosic
biomass (Wang et al., 2020). Of the reported pretreatment methods, chemical pretreatment
with alkaline reagents is considered a viable technique for industrial applications (Haldar &
Purkait, 2020). Compared to acid pretreatment, alkaline pretreatment is eco-friendly, non-
corrosive, and produces less inhibitory products. Alkali-based pretreatment techniques are
currently being extensively used in bioconversion processes because they are very effective
in removing acetyl groups in xylan, degrading lignin, decreasing cellulose crystallinity,
and increasing the porosity of lignocellulosic biomass (Chong et al., 2017). Among the
various alkali reagents, sodium hydroxide (NaOH) is reported to be the most selective for
lignin removal. Pretreatment with NaOH has received particular attention as a technology
closest to commercialization (Sarbishei, Goshadrou & Hatamipour, 2020). However, the
effectiveness of NaOH pretreatment can be further improved by the addition of an
appropriate heating method.

Autoclave heating technology is advantageous because the heating process is
homogeneous in the chamber and the temperature is stable throughout the process. It is
carried out under pressure in a closed chamber devoid of air (Scherzinger & Kaltschmitt,
2019). Steam is introduced into the autoclave chamber under pressure, forcing out air
and rapidly increasing the temperature in the chamber to compliment the effect of
NaOH (Ahmad Khan, Booker, & Yu, 2015). Autoclave-assisted alkaline pretreatment is
considered very efficient in destroying the recalcitrant structure of lignocellulosic biomass
and improving access to cellulose. It has been successfully used for the pretreatment of
wheat bran and oat hulls (Debiagi et al., 2020), bamboo shoot shell (Chong et al., 2017),
switchgrass (Xu et al., 2010), and corn straw (Huang et al., 2017). In all these studies, a
general increase in the glucose content of the biomass was reported after autoclave-assisted
alkaline pretreatment. However, the effect of the studied pretreatment conditions on
glucose recovery was not analyzed in these researches. To take full advantage of the effect
of autoclave-assisted alkaline pretreatment, crucial process conditions such as alkaline
concentration and autoclave temperature must be optimized and their effect on glucose
recovery analyzed.

In this study, the effect of NaOH along with autoclaving on glucose production from
durian peel is reported. The influence of NaOH concentration and autoclave temperature is
investigated. Morphological changes are also studied using a scanning electron microscope
(SEM) and X-ray diffraction (XRD).

MATERIALS & METHODS
Schematic overview of experimental program
A general flow diagram of the alkaline-catalyzed steam pretreatment process to recover
glucose from durian peel is depicted in Fig. 2. The processmainly includes sample collection
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Figure 2 Schematic overview of glucose recovery from durian peel.
Full-size DOI: 10.7717/peerj.12026/fig-2

and processing, pretreatment, compositional analysis of raw and pretreated durian peel,
and enzymatic hydrolysis. Morphological changes after pretreatment were also studied
using X-ray diffraction and scanning electron microscopy.

Collection and processing of durian peel
Collection and processing of durian peel were carried out as previously described inObeng,
Premjet & Premjet (2019). Monthong and chanee peels (refer to Fig. 1) were sampled from
Phitsanulok Province, Thailand. The durian peel was cut into smaller fragments, open
dried for 10 days, and powdered using a wood miller (SM 100; Rtsch, Rheinis-che StraBe
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36-D-42781, Haan, North Rhine-Westphalia, Germany). The powder was subjected to
sieving through a mesh with a pore size of 150–300 µm and subsequently put into airtight
plastic bags at room temperature prior to further study.

Alkaline-catalyzed steam pretreatment of durian peel
A pretreatment experiment was conducted by varying only one factor at a time while
keeping the other fixed. Firstly, the effect of NaOH concentration (1%, 2%, 3%, and 4%
w/v) was investigated at an autoclave (TOMY SX-500; Tomy Digital Biology Co., Ltd.,
Tagara, Nerima-ku, Tokyo, Japan) temperature of 120 ◦C and 1.0 g/8.0 mL for solid/liquid
ratio. Further, durian peel was pretreated by autoclaving at 110 ◦C, 120 ◦C, and 130 ◦Cwith
the best NaOH concentration and 1.0 g/8.0 mL for solid/liquid ratio. The pretreatment
process was carried out in a 125 mL Erlenmeyer flask for 60 min. The contents of each flask
were thoroughly mixed and tightly covered with aluminum foil before autoclaving. After
pretreatment, the pretreated material was quickly placed on ice to cool and subsequently
filtered. The solid phase was thoroughly washed with distilled water till a pH of 7.0 was
attained and used for further analysis.

Compositional analysis of durian peel
The structural carbohydrates and lignin (Sluiter et al., 2012) contents of durian peel were
analyzed according to the National Renewable Energy Laboratory (NREL, Golden, CO,
USA) analytical procedures. The contents ofmonosaccharideswere determined as described
in Obeng, Premjet & Premjet (2019) using the high-performance liquid chromatography
(HPLC) system (Agilent 1100, Agilent Technologies, Waldbronn, Germany). The HPLC
system consisted of a G1362A (Agilent Technologies, Waldbronn, Germany) refractive
index detector (RID) and Bio-Rad Aminex HPX-87P column (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). The HPLC system was run at a temperature of 80 ◦C and the injection
of 20 µL of each sample. Filtered HPLC-grade water was used as an eluent at a flow rate of
0.6 mL/min.

Enzymatic hydrolysis
Enzymatic hydrolysis was carried out following the method described in Obeng, Premjet &
Premjet (2018). The untreated and pretreated durian peel was hydrolyzed by suspending
0.1 g of peel (dry weight) in 10 mL of digestion solution. The solution was made up of 0.05
M sodium citrate buffer (pH 4.8, w/v), 2% (w/v) sodium azide, and an enzyme cocktail
of 30 filter paper units (FPU) of cellulase (celluclast 1.5 L, Sigma-Aldrich, St. Louis, MO,
USA) together with 60 U β-glucosidase (Oriental Yeast Co., Ltd., Tokyo, Japan) per gram of
dry biomass. The reaction was conducted in a 50 mL Erlenmeyer flask at a temperature of
50 ◦C and fixed rotation of 150 rpm (revolution per minute) with a rotary shaker (Innova
4340; New Brunswick Scientific Company, Edison, NJ, USA) for 72 h. Hydrolysates were
collected periodically (12 h, 24 h, 48 h, and 72 h) and assayed for glucose concentration
using the HPLC. The enzymatic hydrolysis efficiency and glucose recovery were calculated
as follows:

HE (%)=
Glucose released (g)

1.11×Glucan in initial biomass (g)
×100
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GR (%)= [SR (%)×Glucan (%)×1.11×HE (%)]×100

where HE is hydrolysis efficiency, GR is glucose recovery, and SR is solid recovery. The
glucan to glucose conversion factor is 1.11.

Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) analysis was performed with an LEO 1455VP
microscope (Zeiss, Gottingen, Germany). The untreated and pretreated durian peel was
freeze-dried and mounted on aluminum stubs using double-sided tape for visualization.
The surface of the biomass was then sputter-coated with a thin gold layer and visualize
under the microscope at a magnification of 500× and beam accelerating voltage of 20 kV.

X-ray diffraction (XRD)
The untreated and pretreated durian peel were washed with acetone three times, dried
at 32 ◦C, and powdered to the size of 150 µm. The crystallinity of the biomass was
then investigated with PANalytical X’pert Pro, PW 3040/60 diffractometer (Almelo, The
Netherlands) by scanning from 2 θ = 10◦ to 40◦ at the rate of 0.02◦ s−1. The crystallinity
index (CrI) was calculated as follows:

CrI (%)=
I002− Iam

I002
×100

where I002 is the peak intensity of the crystalline peak and Iam is the peak for the amorphous
cellulose.

Statistical analysis
All experiments in this studywere conducted on a dryweight basis and included aminimum
of three replicates. Data reported are the mean values with their standard deviations. The
data were statistically analyzed using one-way analysis of variance (ANOVA) at a 5%
significance level. Tukey’s test was used for multiply comparisons. Microsoft Excel 2010
was used for drawing graphs.

RESULTS
Compositional analysis
Compositional analysis (dry weight) of the untreated durian peel in the current study
revealed the presence of mainly glucan, xylan, and lignin (refer to Tables 1 and 2). These
components represent approximately 70% and 69% of the total content of monthong and
chanee peels, respectively.

Impact of sodium hydroxide concentration
Pretreatment by different concentrations of NaOH had a significant effect on the chemical
composition of both monthong and chanee peels (refer to Table 1). The glucan content
of both cultivars significantly (p = 0.0001) increased with a concomitant decrease (p =
0.0001) in both xylan and lignin as NaOH concentration increased at the set temperature
of 120 ◦C. When compared to untreated durian peel, a maximum of 1.5-fold increase in
glucan content was observed after pretreatment with 4% (w/v) NaOH for both cultivars. A
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Table 1 Composition of durian peel pretreated with various NaOH concentrations at 120 ◦C.

Cultivar (dw) NaOHConc.
% (w/v)

Glucan
% (w/w)

Xylan
% (w/w)

Lignin
% (w/w)

Delignification
% (w/w)

CrIs
(%)

Monthong Untreated 43.43± 0.37e 12.05± 0.15a 14.86± 0.17a – 28.01
1 56.29± 0.17d 10.39± 0.12b 8.80± 0.12b 62.29± 0.46d 38.43
2 59.12± 0.57c 8.28± 0.09c 4.78± 0.12c 80.83± 0.26c 40.61
3 62.28± 0.66b 7.77± 0.11d 4.35± 0.13d 85.70± 0.30b 41.33
4 64.43± 0.29a 7.15± 0.06e 3.93± 0.09e 88.75± 0.37a 44.62

Chanee Untreated 41.63± 0.45e 11.92± 0.19a 15.39± 0.21a – 20.72
1 53.53± 0.28d 10.48± 0.17b 9.33± 0.16b 60.28± 0.38d 25.63
2 56.46± 0.35c 9.05± 0.09c 5.67± 0.15c 77.80± 0.26c 28.53
3 60.24± 0.27b 8.42± 0.13d 4.92± 0.13d 84.12± 0.21b 30.20
4 62.31± 0.33a 7.36± 0.09e 4.33± 0.10e 87.87± 0.17a 37.71

Notes.
Data are expressed as means± standard deviation (n= 3). Means in the same column with different superscript letters (a,b,c,d,e) differ statistically at p< 0.05; dw represents dry
weight.

Table 2 Composition of durian peel pretreated with 2%NaOH at various temperatures.

Cultivar (dw) Temp. (◦C) Glucan
% (w/w)

Xylan
% (w/w)

Lignin
% (w/w)

Delignification
% (w/w)

CrIs
(%)

Monthong Untreated 43.43± 0.37d 12.05± 0.15a 14.86± 0.17a – 28.01
110 55.27± 0.24c 9.71± 0.13b 5.07± 0.08b 76.91± 0.35c 35.40
120 59.12± 0.57b 8.28± 0.09c 4.78± 0.12bc 80.83± 0.26b 40.61
130 62.11± 0.89a 6.35± 0.22d 4.53± 0.16c 85.85± 0.33a 43.03

Chanee Untreated 41.63± 0.45d 11.92± 0.19a 15.39± 0.21a – 20.72
110 54.31± 0.22c 9.65± 0.08b 5.87± 0.12b 74.11± 0.32c 27.22
120 56.46± 0.35b 9.05± 0.09c 5.67± 0.15b 77.80± 0.26b 28.53
130 60.30± 0.39a 6.02± 0.10d 5.17± 0.14c 85.16± 0.41a 35.63

Notes.
Data are expressed as means± standard deviation (n = 3). Means in the same column with different superscript letters (a,b,c,d) differ statistically at p < 0.05; dw represents dry
weight.

decrease in lignin content was more obvious in peels from both cultivars. Delignification
in the range of approximately 62% to 89% for pretreated monthong peel and 60% to 88%
for pretreated chanee peel were observed.

Hydrolysis efficiency of pretreated monthong and chanee was significantly (p= 0.0001)
improved when NaOH concentration was increased (refer to Figs. 3 and 4). Maximum
hydrolysis efficiency (90.89%) was observed by pretreating monthong peel with 4%
(w/v) NaOH concentration, which was similar (p = 1.000) to that (90.85%) observed by
pretreatment with 3% (w/v) NaOH concentration (refer to Fig. 3). However, maximum
(p = 0.027) hydrolysis efficiency (90.09%) was observed by pretreating chanee peel
with 4% (w/v) NaOH concentration (refer to Fig. 4). Glucose recovery in pretreated
peels from both cultivars was significantly (p = 0.0001) improved following enzymatic
hydrolysis. Maximum glucose from pretreated monthong (34.92%) and chanee (32.92%)
were significantly (p = 0.0001) recovered when peels were exposed to 2% (w/v) NaOH
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Figure 3 Enzymatic hydrolysis of untreated and pretreated monthong peel at different NaOH con-
centrations.Note: GR Untreated represents glucose recovery for raw peels, GR 1-120 represents glucose
recovery for peels pretreated with 1% NaOH at 120 ◦C, GR 2-120 represents glucose recovery for peels
pretreated with 2% NaOH at 120 ◦C, GR 3-120 represents glucose recovery for peels pretreated with 3%
NaOH at 120 ◦C, GR 4-120 represents glucose recovery for peels pretreated with 4% NaOH at 120 ◦C, HE
Untreated represents hydrolysis efficiency for raw peels, HE 1-120 represents hydrolysis efficiency for peels
pretreated with 1% NaOH at 120 ◦C, HE 2-120 represents hydrolysis efficiency for peels pretreated with
2% NaOH at 120 ◦C, HE 3-120 represents hydrolysis efficiency for peels pretreated with 3% NaOH at 120
◦C, and HE 4-120 represents hydrolysis efficiency for peels pretreated with 4% NaOH at 120 ◦C.

Full-size DOI: 10.7717/peerj.12026/fig-3

concentration. However, reduction in the glucose recovered from both cultivars was
observed when pretreatment of peels was conducted at higher (3% and 4% w/v) NaOH
concentrations. Considering substantial recovery of glucose and maximum delignification,
2% NaOH (w/v) is observed as an optimum dosage with 60 min of reaction time for
pretreatment of durian peel from both cultivars.

Impact of autoclave temperature
Autoclave heating in this study contributed to durian peel with significantly (p = 0.0001)
lower lignin, xylan, and higher glucan contents than those of their respective untreated
peel biomass (refer to Table 2). Increasing autoclave temperature resulted in decreasing
lignin and xylan contents in monthong and chanee peels. In contrast, the relative amount
of glucan in durian peel increased when autoclave temperature was increased. Durian peel
subjected to 130 ◦C presented the lowest lignin content of approximately 86% and 85%
delignification for monthong and chanee peels, respectively.

Increasing autoclave temperature resulted in a significant (p = 0.0001) increase in
enzymatic hydrolysis efficiency in both pretreated monthong (refer to Fig. 5) and chanee
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Figure 4 Enzymatic hydrolysis of untreated and pretreated chanee peel at different NaOH concentra-
tions.Note: GR Untreated represents glucose recovery for raw peels, GR 1-120 represents glucose recovery
for peels pretreated with 1% NaOH at 120 ◦C, GR 2-120 represents glucose recovery for peels pretreated
with 2% NaOH at 120 ◦C, GR 3-120 represents glucose recovery for peels pretreated with 3% NaOH at
120 ◦C, GR 4-120 represents glucose recovery for peels pretreated with 4% NaOH at 120 ◦ C, HE Un-
treated represents hydrolysis efficiency for raw peels, HE 1-120 represents hydrolysis efficiency for peels
pretreated with 1% NaOH at 120 ◦C, HE 2-120 represents hydrolysis efficiency for peels pretreated with
2% NaOH at 120 ◦C, HE 3-120 represents hydrolysis efficiency for peels pretreated with 3% NaOH at 120
◦C, and HE 4-120 represents hydrolysis efficiency for peels pretreated with 4% NaOH at 120 ◦C.

Full-size DOI: 10.7717/peerj.12026/fig-4

(refer to Fig. 6) peels. The highest enzymatic hydrolysis efficiency of approximately 91% and
90%were achieved inmonthong and chanee peels pretreated at an autoclave temperature of
130 ◦C, respectively. In contrast, increasing autoclave temperature resulted in a significant
decrease (p = 0.0001) in glucose recovery of both pretreated monthong and chanee peels.
Maximum glucose of about 36% and 35% in monthong (refer to Fig. 5) and chanee (refer
to Fig. 6) peels pretreated at 110 ◦C, respectively, were recovered.

Ultrastructural morphology
The impact of alkaline-catalyzed steam pretreatment on structural changes in monthong
and chanee peel was analyzed. The ultrastructural morphology of the untreated peel from
monthong and chanee revealed structural uniformity with less surface destruction (refer
to Figs. 7–10). However, pretreated monthong and chanee peels showed more destructive
surface morphology (refer to Figs. 7B–7E, 8B–8E, 9B–9D, and 10B–10D). Generally, after
pretreatment by different NaOH concentrations, the fibers of both monthong and chanee
peels were disconnected. This resulted in the creation of long cracks on the surface of the
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Figure 5 Enzymatic hydrolysis of untreated and pretreated monthong peel at different autoclave tem-
peratures.Note: GR Untreated represents glucose recovery for raw peels, GR 2-120 represents glucose
recovery for peels pretreated with 2% NaOH at 120 ◦C, GR 2-110 represents glucose recovery for peels
pretreated with 2% NaOH at 110 ◦C, GR 2-130 represents glucose recovery for peels pretreated with 2%
NaOH at 130 ◦C, HE Untreated represents hydrolysis efficiency for raw peels, HE 2-120 represents hydrol-
ysis efficiency for peels pretreated with 2% NaOH at 120 ◦C, HE 2-110 represents hydrolysis efficiency for
peels pretreated with 2% NaOH at 110 ◦C, and HE 2-130 represents hydrolysis efficiency for peels pre-
treated with 2% NaOH at 130 ◦C.

Full-size DOI: 10.7717/peerj.12026/fig-5

peel biomass. The cracks became more extensive and deep as NaOH concentration was
increased.

The surface of monthong and chanee peels pretreated at the various autoclave
temperatures was also rougher and more disordered. There was a fragmentation of
the surface structure of peel biomass by increasing autoclave temperature. At 130 ◦C, the
complete collapse of the peel biomass surface structure was observed.

Crystalline structure
Modifications to cellulose crystallinity (refer to Figs. S1–S4) during alkaline-catalyzed
steam pretreatment of durian peel were also investigated. The crystallinity index (CrI) for
both cultivars (refer to Tables 1 and 2) increased after the pretreatment process. Increasing
NaOH concentration during pretreatment led to an increase in CrI for monthong and
chanee (refer to Table 1). The CrI of untreated monthong peel increased from 28.01% to
44.62% after pretreatment with 4% NaOH concentration. For untreated chanee peel, CrI
increased from 20.72% to 37.71% following pretreatment with a 4% NaOH. Similarly,
CrI for monthong and chanee increased as autoclave temperature was increased. High CrI
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Figure 6 Enzymatic hydrolysis of untreated and pretreated chanee peel at different autoclave tempera-
tures.Note: GR Untreated represents glucose recovery for raw peels, GR 2-120 represents glucose recovery
for peels pretreated with 2% NaOH at 120 ◦C, GR 2-110 represents glucose recovery for peels pretreated
with 2% NaOH at 110 ◦C, GR 2-130 represents glucose recovery for peels pretreated with 2% NaOH at
130 ◦C, HE Untreated represents hydrolysis efficiency for raw peels, HE 2-120 represents hydrolysis effi-
ciency for peels pretreated with 2% NaOH at 120 ◦C, HE 2-110 represents hydrolysis efficiency for peels
pretreated with 2% NaOH at 110 ◦C, and HE 2-130 represents hydrolysis efficiency for peels pretreated
with 2% NaOH at 130 ◦C.

Full-size DOI: 10.7717/peerj.12026/fig-6

values of 43.03% and 35.63% for monthong and chanee, respectively, were attained at the
highest autoclave temperature of 130 ◦C (refer to Table 2).

DISCUSSION
Cellulose, hemicellulose, and lignin are the main components of lignocellulosic biomass.
These three main compositions, which were observed in the two cultivars of durian
peel under-study, form a complex three-dimensional structure (Kumar et al., 2020).
This results in low biodegradability of durian peel which can be overcome through an
effective pretreatment technique (Chong et al., 2017). The presence of minor structural and
non-structural components in monthong and chanee peels including galactan, arabinan,
ash, and extractive has been reported in an earlier study (Obeng, Premjet & Premjet, 2018).
Obvious changes in the three main compositions were observed after alkaline-catalyzed
steam pretreatment in the current study (refer to Tables 1 and 2).

The significant increase in glucan content coupled with a decrease in both xylan and
lignin contents in durian peel, as NaOH concentration was increased has been reported
by several researchers (Coimbra et al., 2016; Li et al., 2016; Lv et al., 2017). A decrease in
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Figure 7 SEM images of the (A) untreated and pretreated monthong peel at (B) 1%, (C) 2%, (D) 3%,
and (E) 4%NaOH concentrations.

Full-size DOI: 10.7717/peerj.12026/fig-7

lignin content of durian peel from both cultivars due to various NaOH concentrations
was higher than that reported by other researchers. Coimbra et al. (2016) observed 22%
lignin removal after extrusion of wheat straw with 10% NaOH at 70 ◦C. Nieves et al.
(2016) reported approximately 20% delignification following pretreatment of mango
stem bark with 3% NaOH at 120 ◦C for 15 min. Wilkinson, Smart & Cook (2014) also
reported about 32% lignin removal in 25% NaOH-pretreated brewers spent grains at 50
◦C for 12 h. Solubilization of lignin and dissolution of xylan contributed to the increase
in glucan content in the current study, which is in accordance with several types of
researches (Lv et al., 2017;Wu et al., 2017; Yoo et al., 2017). These observations indicate the
effectiveness of NaOH in the removal of lignin and dissolution of xylan during pretreatment
of durian peel. Alkaline pretreatment has high delignification efficiency and is normally
used in lignocellulosic biomass with high lignin content (Rezania et al., 2020). It destroys
lignin structure and disrupts the ester, aryl-ether, and C–C bonds linking lignin and
carbohydrate polymers to improve the biodegradability of cellulose (Kumar et al., 2020).
Sodium hydroxide pretreatment has been effectively used to enhance the biodegradability
of cellulose in various lignocellulosic biomass including Pennisetum purpureum, wheat
straw, corn straw, sugarcane bagasse, Cypress, and Pterocarpus soyauxii (Haldar & Purkait,
2020;Wang et al., 2020).

As fractions of lignin and xylan are solubilized as a result of pretreatment with various
NaOH concentrations, enzymatic hydrolysis is significantly enhanced due to exposure of
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Figure 8 SEM images of the (A) untreated and pretreated chanee peel at (B) 1%, (C) 2%, (D) 3%, and
(E) 4%NaOH concentrations.

Full-size DOI: 10.7717/peerj.12026/fig-8

cellulose to cellulase enzymes (Wu et al., 2017). Although maximum hydrolysis efficiency
in both cultivars was achieved by pretreatment with 4% NaOH, less glucose was recovered.
This may be due to carbohydrate solubilization. As reported earlier, a higher concentration
of NaOH was favorable in achieving maximum lignin removal and hydrolysis efficiency.
However, solubilization of carbohydrates may occur at high NaOH concentrations, which
might cause less glucose yield (Kataria & Ghosh, 2014). This will impact negatively on the
yield of ethanol during fermentation. The amount of glucose recovered is very significant
in evaluating the efficacy of a pretreatment method (Premjet et al., 2018). Although the
optimal pretreatment condition(s) may enhance enzymatic hydrolysis, it may also lead to
less glucose recovery due to its severity (Yoo et al., 2017). Thus 2% NaOH concentration is
sufficient for maximum glucose production in this study.

High autoclave temperature is more effective in disrupting the recalcitrant structure
of durian peel biomass, resulting in high component removal (Debiagi et al., 2020).
Previous studies have shown that this heating process in combination with a chemical
pretreatment, can transform the structure and composition of lignocellulosic biomass to
improve reactivity (Chong et al., 2017; Huang et al., 2017). Autoclave heating during the
pretreatment process contributed significantly to enhancing the enzymatic production
of glucose. Pretreated durian peel biomass at various autoclave temperatures was well
hydrolyzed by cellulase enzyme. Autoclaving at 130 ◦C in the current study resulted in
maximum hydrolysis efficiency in pretreated monthong and chanee peels. This clearly
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Figure 9 SEM images of the (A) untreated and pretreated monthong at (B) 110 ◦C, (C) 120 ◦C and (D)
130 ◦C.

Full-size DOI: 10.7717/peerj.12026/fig-9

indicates that high autoclave temperature is more effective in modifying the structural
and chemical properties of durian peel and improves enzymatic digestibility (Smichi
et al., 2014). However, glucose recovery was significantly reduced in both cultivars at
high autoclave temperatures, implying that adopting high autoclave temperatures in the
current study could greatly affect glucose production from durian peel. The economics
of cellulosic ethanol production is mainly dependent on the overall sugar yield (Foston
& Ragauskas, 2010). Among other factors, an ideal pretreatment condition(s) should
maximally recover available fermentable sugars in lignocellulosic biomass (Li et al., 2014).
The ideal condition for pretreatment of durian peel in this study was identified as 2%
NaOH and the temperature of 110 ◦C.

Changes to the ultrastructural morphology observed after pretreatment may be
attributed to the collective effect of NaOH and autoclave heating. Deeper cracks were
observed at high NaOH concentration and autoclave temperature, a fact that confirms
the results obtained from enzymatic hydrolysis. This may be due to partial removal of
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(B) 

Figure 10 SEM images of the (A) untreated and pretreated chanee at (B) 110 ◦C, (C) 120 ◦C and (D)
130 ◦C.

Full-size DOI: 10.7717/peerj.12026/fig-10

the lignin-hemicellulose complex. Degradation of ester bonds and cleavage of glycosidic
bonds in lignocellulosic biomass by alkali chemicals alter lignin structure, reduce the
lignin-polysaccharide complex and increase the surface area and porosity (Wu et al., 2017).

The crystalline structure of cellulose is a very important feature affecting enzymatic
hydrolysis efficiency. A change in crystallinity is an important parameter used in assessing
the effectiveness of a particular pretreatment technique (Yan et al., 2015).HighCrI observed
after pretreatment might be due to removal of lignin and solubilization of xylan reported
earlier, resulting in swelling of cellulose (Cai et al., 2016). This phenomenon has been
generally observed and reported by several researchers (Hideno et al., 2013; Li et al., 2016;
Ling et al., 2017). With the increase in NaOH concentration and autoclave temperature,
CrIs of pretreated durian peel increased, affirming the removal of amorphous components
and increase in cellulose content reported earlier.

A mass balance analysis of glucose recovery from durian peel was made to assess the
effectiveness of the optimal pretreatment condition. The mass balance analysis was based
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Figure 11 Schematic diagram of glucose recovery frommonthong peel by autoclave-assisted NaOH
pretreatment.

Full-size DOI: 10.7717/peerj.12026/fig-11

on the glucose recovery at the optimal pretreatment conditions (2% NaOH at 110 ◦C for
60 min). Using 1,000 g of durian peel biomass from each cultivar, about 61 g and 55 g of
glucose can be produced from monthong (refer to Fig. 11) and chanee (refer to Fig. 12)
peels, respectively, after enzymatic hydrolysis at the efficiency of approximately 13% and
12%, respectively. Following pretreatment at the optimal condition, about 361 g and 349 g
of glucose, representing a 6-fold increase, can be produced frommonthong (refer to Fig. 11)
and chanee (refer to Fig. 12) peels, respectively, after enzymatic hydrolysis at the improved
efficiency of approximately 88% and 86%, respectively. Based on the outcome of the study,
maximum glucose can be extracted from durian peel and fermented to bioethanol.

CONCLUSIONS
Autoclave-assisted alkaline pretreatment is considered very effective in disrupting the
lignin-carbohydrate complex of lignocellulosic biomass and improving access to cellulose.
However, several researches have focused on enhancing the enzymatic hydrolysis efficiency
without analyzing the effect on glucose recovery, which is a key determinant of an effective
pretreatment method. The current study has clearly revealed that following pretreatment
of monthong and chanee peels with NaOH under autoclaving conditions, the hydrolysis
efficiency and glucose recovery of peels from both cultivars were significantly improved.
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Figure 12 Schematic diagram of glucose recovery from chanee peel by autoclave-assisted NaOH pre-
treatment.

Full-size DOI: 10.7717/peerj.12026/fig-12

Glucose recovery was enhanced by approximately 6-fold when durian peel was pretreated
with mild NaOH concentration (2%) under autoclaving conditions (110 ◦C) for 60 min.
Sodium hydroxide pretreatment under autoclaving conditions is a very efficient technique
for maximum glucose recovery from durian peel. The trend of future research should
be directed at fermenting the recovered glucose to bioethanol since that could not be
addressed in this study.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the National Research Council of Thailand (No. R2560B153)
in the fiscal year 2016–2017. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Research Council of Thailand: R2560B153.

Competing Interests
The authors declare there are no competing interests.

Obeng et al. (2021), PeerJ, DOI 10.7717/peerj.12026 17/21

https://peerj.com
https://doi.org/10.7717/peerj.12026/fig-12
http://dx.doi.org/10.7717/peerj.12026


Author Contributions
• AbrahamKusiObeng, Duangporn Premjet and Siripong Premjet conceived and designed
the experiments, performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the paper, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

Raw data is available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.12026#supplemental-information.

REFERENCES
Ahmad Khan N, Booker H, Yu P. 2015. Effect of heating method on alteration of protein

molecular structure in flaxseed: relationship with changes in protein subfraction
profile and digestion in dairy cows. Journal of Agricultural and Food Chemistry
63(4):1057–1066 DOI 10.1021/jf503575.

Aziz NAA, Mhd Jalil AM. 2019. Bioactive compounds, nutritional value, and potential
health benefits of indigenous durian (Durio Zibethinus Murr.): a review. Foods
8(3):96 DOI 10.3390/foods8030096.

Cai D, Li P, Chen C,Wang Y, Hu S, Cui C, Qin P, Tan T. 2016. Effect of chemical
pretreatments on corn stalk bagasse as immobilizing carrier of Clostridium aceto-
butylicum in the performance of a fermentation-pervaporation coupled system.
Bioresource Technology 220:68–75 DOI 10.1016/j.biortech.2016.08.049.

Chong GG, He YC, Liu QX, Kou XQ, Huang XJ, Di JH, Ma CL. 2017. Effective enzy-
matic in situ saccharification of bamboo shoot shell pretreated by dilute alkalic
salts sodium hypochlorite/sodium sulfide pretreatment under the autoclave system.
Bioresource Technology 241:726–734 DOI 10.1016/j.biortech.2017.05.182.

CoimbraMC, Duque A, Saéz F, Manzanares P, Garcia-Cruz CH, Ballesteros M. 2016.
Sugar production from wheat straw biomass by alkaline extrusion and enzymatic
hydrolysis. Renewable Energy 86:1060–1068 DOI 10.1016/j.renene.2015.09.026.

Debiagi F, Madeira TB, Madeira SL, Mali S. 2020. Pretreatment efficiency us-
ing autoclave high-pressure steam and ultrasonication in sugar production
from liquid hydrolysates and access to the residual solid fractions of wheat
bran and oat hulls. Applied Biochemistry and Biotechnology 190(1):166–181
DOI 10.1007/s12010-019-03092-0.

FostonM, Ragauskas AJ. 2010. Changes in lignocellulosic supramolecular and ultra-
structure during dilute acid pretreatment of Populus and switchgrass. Biomass and
Bioenergy 34(12):1885–1895 DOI 10.1016/j.biombioe.2010.07.023.

Obeng et al. (2021), PeerJ, DOI 10.7717/peerj.12026 18/21

https://peerj.com
http://dx.doi.org/10.7717/peerj.12026#supplemental-information
http://dx.doi.org/10.7717/peerj.12026#supplemental-information
http://dx.doi.org/10.7717/peerj.12026#supplemental-information
http://dx.doi.org/10.1021/jf503575
http://dx.doi.org/10.3390/foods8030096
http://dx.doi.org/10.1016/j.biortech.2016.08.049
http://dx.doi.org/10.1016/j.biortech.2017.05.182
http://dx.doi.org/10.1016/j.renene.2015.09.026
http://dx.doi.org/10.1007/s12010-019-03092-0
http://dx.doi.org/10.1016/j.biombioe.2010.07.023
http://dx.doi.org/10.7717/peerj.12026


Haldar D, Purkait MK. 2020. Thermochemical pretreatment enhanced biocon-
version of elephant grass (Pennisetum purpureum): insight on the produc-
tion of sugars and lignin. Biomass Conversion and Biorefinery 2020:1–14
DOI 10.1007/s13399-020-00689-y.

Hideno A, Kawashima A, Endo T, Honda K, Morita M. 2013. Ethanol-based organosolv
treatment with trace hydrochloric acid improves the enzymatic digestibility of
Japanese cypress (Chamaecyparis obtusa) by exposing nanofibers on the surface.
Bioresource Technology 132:64–70 DOI 10.1016/j.biortech.2013.01.048.

HuangW,Wang E, Chang J, Wang P, Yin Q, Liu C, Lu F. 2017. Effect of physicochemi-
cal pretreatments and enzymatic hydrolysis on corn straw degradation and reducing
sugar yield. BioResources 12(4):7002–7015.

Kataria R, Ghosh S. 2014. NaOH pretreatment and enzymatic hydrolysis of Saccharum
spontaneum for reducing sugars production. Energy Sources, Part A: Recovery, Utiliza-
tion, and Environmental Effects 36(9):1028–1035 DOI 10.1080/15567036.2010.551268.

Kumar B, Bhardwaj N, Agrawal K, Chaturvedi V, Verma P. 2020. Current perspective
on pretreatment technologies using lignocellulosic biomass: an emerging biorefinery
concept. Fuel Processing Technology 199:106244 DOI 10.1016/j.fuproc.2019.106244.

Li Z, Jiang Z, Fei B, Cai Z, Pan X. 2014. Comparison of bamboo green, timber and yellow
in sulfite, sulfuric acid and sodium hydroxide pretreatments for enzymatic sacchari-
fication. Bioresource Technology 151:91–99 DOI 10.1016/j.biortech.2013.10.060.

Li M,Wang J, Yang Y, Xie G. 2016. Alkali-based pretreatments distinctively extract
lignin and pectin for enhancing biomass saccharification by altering cellulose
features in sugar-rich Jerusalem artichoke stem. Bioresource Technology 208:31–41
DOI 10.1016/j.biortech.2016.02.053.

Ling Z, Chen S, Zhang X, Xu F. 2017. Exploring crystalline-structural variations of cel-
lulose during alkaline pretreatment for enhanced enzymatic hydrolysis. Bioresource
Technology 224:611–617 DOI 10.1016/j.biortech.2016.10.064.

Lv X, Xiong C, Li S, Chen X, XiaoW, Zhang D, Liu Z. 2017. Vacuum-assisted alkaline
pretreatment as an innovative approach for enhancing fermentable sugar yield
and decreasing inhibitor production of sugarcane bagasse. Bioresource Technology
239:402–411 DOI 10.1016/j.biortech.2017.04.053.

Nieves DC, Ruiz HA, De Cárdenas LZ, Alvarez GM, Aguilar CN, Ilyina A, Martínez
Hernández JL. 2016. Enzymatic hydrolysis of chemically pretreated mango stem
bark residues at high solid loading. Industrial Crops and Products 83:500–508
DOI 10.1016/j.indcrop.2015.12.079.

Obeng A, Premjet D, Premjet S. 2018. Fermentable sugar production from the peels
of two durian (Durio zibethinusMurr.) cultivars by phosphoric acid pretreatment.
Resources 7(4):60 DOI 10.3390/resources7040060.

Obeng AK, Premjet D, Premjet S. 2019. Combining autoclaving with mild alkaline
solution as a pretreatment technique to enhance glucose recovery from the invasive
weed Chloris barbata. Biomolecules 9(4):120 DOI 10.3390/biom9040120.

Obeng et al. (2021), PeerJ, DOI 10.7717/peerj.12026 19/21

https://peerj.com
http://dx.doi.org/10.1007/s13399-020-00689-y
http://dx.doi.org/10.1016/j.biortech.2013.01.048
http://dx.doi.org/10.1080/15567036.2010.551268
http://dx.doi.org/10.1016/j.fuproc.2019.106244
http://dx.doi.org/10.1016/j.biortech.2013.10.060
http://dx.doi.org/10.1016/j.biortech.2016.02.053
http://dx.doi.org/10.1016/j.biortech.2016.10.064
http://dx.doi.org/10.1016/j.biortech.2017.04.053
http://dx.doi.org/10.1016/j.indcrop.2015.12.079
http://dx.doi.org/10.3390/resources7040060
http://dx.doi.org/10.3390/biom9040120
http://dx.doi.org/10.7717/peerj.12026


Pinsorn P, Oikawa A,WatanabeM, Sasaki R, Ngamchuachit P, Hoefgen R, Sirikan-
taramas S. 2018.Metabolic variation in the pulps of two durian cultivars: unrav-
eling the metabolites that contribute to the flavor. Food Chemistry 268:118–125
DOI 10.1016/j.foodchem.2018.06.066.

Premjet S. 2020. Monthong and chanee trees, fruits and peels. [photograph] (Siripong
Premjet’s own private collection). Phitsanulok, Thailand: Siripong Premjet.

Premjet S, Doungporn P, Yoo H,Wook Kim S. 2018. Improvement of sugar recovery
from Sida acuta (Thailand Weed) by NaOH pretreatment and application to
bioethanol production. Korean Journal of Chemical Engineering 35:2413–2410
DOI 10.1007/s11814-018-0170-1.

Rezania S, Oryani B, Cho J, Talaiekhozani A, Sabbagh F, Hashemi B, Mohammadi AA.
2020. Different pretreatment technologies of lignocellulosic biomass for bioethanol
production: an overview. Energy 199:117457.

Sarbishei S, Goshadrou A, HatamipourMS. 2020.Mild sodium hydroxide pretreatment
of tobacco product waste to enable efficient bioethanol production by separate
hydrolysis and fermentation. Biomass Conversion and Biorefinery 2020:1–11.

Scherzinger M, Kaltschmitt M. 2019.Heat induced pre-treatment technologies for
lignocellulosic biomass. A comparison of different processes and techniques. Journal
of Ecological Engineering 20(7):134–146.

Siwina S, Leesing R. 2021. Bioconversion of durian (Durio zibethinusMurr.) peel hy-
drolysate into biodiesel by newly isolated oleaginous yeast Rhodotorula mucilaginosa
KKUSY14. Renewable Energy 163:237–245 DOI 10.1016/j.renene.2020.08.138.

Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, Crocker D. 2012.
Determination of structural carbohydrates and lignin in biomass. Technical Report
NREL/TP-510-42618. (accessed on August 2012).

Smichi N, Messaoudi Y, Ksouri R, Abdelly C, Gargouri M. 2014. Pretreatment and
enzymatic saccharification of new phytoresource for bioethanol production from
halophyte species. Renewable Energy 63:544–549 DOI 10.1016/j.renene.2013.10.016.

WangW,Wang X, Zhang Y, Yu Q, Tan X, Zhuang X, Yuan Z. 2020. Effect of sodium
hydroxide pretreatment on physicochemical changes and enzymatic hydrolysis of
herbaceous and woody lignocelluloses. Industrial Crops and Products 145:112145
DOI 10.1016/j.indcrop.2020.112145.

Wanwimolruk S, Kanchanamayoon O, Boonpangrak S, Prachayasittikul V. 2015. Food
safety in Thailand 1: it is safe to eat watermelon and durian in Thailand. Environmen-
tal Health and Preventive Medicine 20(3):204–215 DOI 10.1007/s12199-015-0452-8.

Wilkinson S, Smart KA, Cook DJ. 2014. Optimisation of alkaline reagent based chemical
pre-treatment of Brewers spent grains for bioethanol production. Industrial Crops
and Products 62:219–227 DOI 10.1016/j.indcrop.2014.08.036.

WuH, Dai X, Zhou SL, Gan YY, Xiong ZY, Qin YH,Wang CW. 2017. Ultrasound-
assisted alkaline pretreatment for enhancing the enzymatic hydrolysis of rice straw
by using the heat energy dissipated from ultrasonication. Bioresource Technology
241:70–74 DOI 10.1016/j.biortech.2017.05.090.

Obeng et al. (2021), PeerJ, DOI 10.7717/peerj.12026 20/21

https://peerj.com
http://dx.doi.org/10.1016/j.foodchem.2018.06.066
http://dx.doi.org/10.1007/s11814-018-0170-1
http://dx.doi.org/10.1016/j.renene.2020.08.138
http://dx.doi.org/10.1016/j.renene.2013.10.016
http://dx.doi.org/10.1016/j.indcrop.2020.112145
http://dx.doi.org/10.1007/s12199-015-0452-8
http://dx.doi.org/10.1016/j.indcrop.2014.08.036
http://dx.doi.org/10.1016/j.biortech.2017.05.090
http://dx.doi.org/10.7717/peerj.12026


Xu J, Cheng JJ, Sharma-Shivappa RR, Burns JC. 2010. Sodium hydroxide pretreat-
ment of switchgrass for ethanol production. Energy & Fuels 24(3):2113–2119
DOI 10.1021/ef9014718.

Yan J, Wei Z,Wang Q, HeM, Li S, Irbis C. 2015. Bioethanol production from sodium
hydroxide/hydrogen peroxide-pretreated water hyacinth via simultaneous saccharifi-
cation and fermentation with a newly isolated thermotolerant Kluyveromyces marxi-
anu strain. Bioresource Technology 193:103–109 DOI 10.1016/j.biortech.2015.06.069.

Yoo HY, Lee JH, KimDS, Lee JH, Lee SK, Lee SJ, Kim SW. 2017. Enhancement of
glucose yield from canola agricultural residue by alkali pretreatment based on multi-
regression models. Journal of Industrial and Engineering Chemistry 51:303–311
DOI 10.1016/j.jiec.2017.03.018.

Obeng et al. (2021), PeerJ, DOI 10.7717/peerj.12026 21/21

https://peerj.com
http://dx.doi.org/10.1021/ef9014718
http://dx.doi.org/10.1016/j.biortech.2015.06.069
http://dx.doi.org/10.1016/j.jiec.2017.03.018
http://dx.doi.org/10.7717/peerj.12026

