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Abstract: The potential of durian (Durio zibethinus Murr.) peel as feedstock for the production
of fermentable sugars was evaluated. Durian peel biomass from two cultivars, monthong
(Durio zibethinus Murr. cv. Monthong) and chanee (Durio zibethinus Murr. cv. Chanee), were pretreated
with different concentrations (70%, 75%, 80%, and 85%) of phosphoric acid (H3PO4) at a moderate
temperature of 60 ◦C for 60 min. The H3PO4-pretreated durian peel biomass was then subjected
to enzymatic hydrolysis. Significantly higher glucan (44.74 ± 0.21%) content was observed in the
monthong peel compared to the chanee peel (42.06 ± 0.28%). Phosphoric acid pretreatment caused
the significant solubilization of the xylan and acid soluble lignin (ASL) contents. This enhanced
the enzymatic hydrolysis process causing a significant increase in the hydrolysis efficiency and
glucose concentration. The highest hydrolysis efficiency and glucose concentration were obtained
after 72 h from the 75% H3PO4-pretreated peel biomass for both the monthong (90.33 ± 0.42% and
9.55 ± 0.11 g/L, respectively) and chanee (90.06 ± 0.40% and 8.56 ± 0.13 g/L, respectively) peels.
Biomass to glucose recovery for monthong and chanee were improved by approximately 7- and 6-fold,
respectively. The scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis showed
destruction of the peel biomass structure and changes in the cellulose crystallinity index (CrIs).

Keywords: chanee; durian peel; mass balance; monthong; phosphoric acid pretreatment; renewable
resource; glucose recovery

1. Introduction

Lignocellulosic biomass is a cheap and abundant renewable resource for the sustainable
production of bioethanol. This biomass includes agricultural and forestry waste products, grasses and
other non-food plants [1]. Agro-residues are one of the most abundant and cheapest lignocellulosic
resources worldwide [2]. Durian (Durio zibethinus Murr.) is a very popular fruit in Thailand and
other countries in Southeast Asia. The flesh is delicious with a unique flavor and contains 27%
carbohydrates, 5.33% fat, 3.1% fiber and 1.47% protein per 100 g of fresh fruit [3]. In Thailand,
monthong (Durio zibethinus Murr. cv. Monthong) and chanee (Durio zibethinus Murr. cv. Chanee) are
the most common cultivars of commercial importance [4]. Processing of this fruit generates different
types of waste, including peel waste [5], that are disposed of by burning or dumping at landfills,
creating pollution of the environment. This has necessitated the development of an alternative use
of the durian peel by adding economic value to this renewable resource [6]. Durian peel waste, like
other agro-residues, is an extremely attractive renewable resource for the production of value-added
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products such as bioethanol [7]. Production of fermentable sugars from this renewable resource will
contribute to solving the problems associated with durian peel disposal, as well as the problem of food
versus fuel competition in first-generation bioethanol production.

Despite its attractiveness as a substrate for bioethanol production, durian peel, like other
lignocellulosic biomasses, has a very complex structure, consisting of hemicellulose and cellulose
cross-linked and strongly bonded to lignin [8]. This structural complexity, coupled with the cellulose
crystallinity, makes lignocellulosic biomass resistant to enzymatic hydrolysis [9]. Enzymatic hydrolysis,
therefore, yields insufficient sugar concentrations for fermentation [10]. Pretreatment is required to
disrupt the complex structure, and increase the surface area and porosity of the cellulose to make it
more accessible during enzymatic hydrolysis [11]. Development of an effective pretreatment method
is critical in the production of fermentable sugars from durian peel.

Different pretreatment techniques, including physical, chemical, biological, and their combinations,
have been developed to enhance cellulose accessibility in enzymatic hydrolysis [12]. Chemical pretreatment
with acid is considered one of the most effective pretreatment techniques [13]. Acid pretreatment exposes
the cellulose to enzymatic attack by solubilizing hemicellulose and causing structural changes to the
lignin and cellulose [14]. Acids, such as hydrochloric acid and sulfuric acid, are hazardous and very
corrosive [15]. Phosphoric acid has been identified as one of the most safe and effective chemicals for
the pretreatment of lignocellulosic biomass [16]. In addition to the pretreatment process, phosphoric
acid serves as a source of phosphorus, an essential nutrient for numerous fermentation media. It has
been used to pretreat other agricultural residues, including sugarcane bagasse [17], corn stover [18],
corncobs [19] and wheat bran [20]. The present work is, therefore, aimed at developing a conversion
process for the production of fermentable sugars from durian peel biomass from both monthong and
chanee. The peel biomass was pretreated with different concentrations of phosphoric acid to determine
the optimal condition(s) to enhance enzymatic hydrolysis.

2. Materials and Methods

2.1. Preparation of Durian Peel

Fresh durian peel from 2 cultivars (Monthong and Chanee) were collected from Phitsanulok
Province, Thailand, cut into pieces and air-dried for 10 days. The dried biomass was ground with
a grinding machine (SM 100, Rtsch, Rheinis-che StraBe 36-D-42781, Haan, North Rhine-Westphalia,
Germany), after which it was sieved through a 150–300 µm screen. The 150–300 µm particle size
biomass was stored at room temperature in tightly closed plastic bags for further study.

2.2. Analytical Methods

The chemical composition of the untreated and pretreated durian peel biomass, comprising
the structural carbohydrates, acid soluble lignin (ASL), and acid insoluble lignin (AIL) were
analyzed according to National Renewable Energy Laboratory [21]. The total ash component of
the biomass before pretreatment was also determined by National Renewable Energy Laboratory [22].
Ethanol extractives were again analyzed as described by National Renewable Energy Laboratory [23].
Monomer sugars were determined by an Agilent 1100 high-performance liquid chromatography
(HPLC; Agilent Technologies, Waldbronn, Germany) set-up equipped with a refractive index
detector (RID, G1362A, Agilent Technologies, Waldbronn, Germany). Bio-Rad (300 × 7.8 mm,
Hercules, CA, USA) Aminex HPX-87P column was used in the HPLC. The column was operated
at 80 ◦C with the injection of 20 µL of samples. Ultra-pure water was used for the mobile phase at a
flow rate of 0.6 mL/min.

2.3. Phosphoric Acid Pretreatment of the Durian Peel Biomass

Phosphoric acid was used for the pretreatment of the durian peel biomass. The biomass (3 g) was
suspended in different concentrations (70%, 75%, 80% and 85% v/v) of H3PO4 in a 50 mL centrifuge
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tube at a ratio of 1.0 g/8.0 mL. The tubes were then incubated in a water bath (Eyela Pro Cool Bath
NCB-3300, Tokyo Rikakikai Co. Ltd., Tokyo, Japan) at 60 ◦C for 60 min [15]. The durian peel biomass
and the H3PO4 reaction slurry was stopped by adding approximately 30 mL of acetone. The tubes
were then centrifuged at a relative centrifugal force of 1305× g for 15 min, after which the supernatant
was discarded. The solids were again suspended in acetone, centrifuged, and the supernatant thrown
away as before. This process was repeated 3 times after which the solids were washed with distilled
water to attain a neutral pH.

2.4. Enzymatic Saccharification

The untreated and pretreated durian peel biomass were subjected to enzymatic hydrolysis using
the method described by Siripong et al. [15] with some modifications. Durian peel biomass (0.1 g
dry weight) was suspended in a 10 mL digestion solution containing 50 mM sodium citrate buffer
(pH 4.8), 2% sodium azide (w/v) and an enzyme cocktail of 30 filter paper unit (FPU) cellulase
(celluclast 1.5 L, Sigma-Aldrich, St. Louis, MO, USA) plus 60 U β-glucosidase (Oriental Yeast Co., Ltd.,
Tokyo, Japan) per g of dry biomass. The hydrolysis was conducted in a rotary shaker (Innova 4340,
New Brunswick Scientific Company, Edison, NJ, USA) at a temperature of 50 ◦C and 150 rpm for 72 h.
Liquid portions of the reaction solution (20 µL) were collected at 12, 24, 48 and 72 h to analyze the
glucose concentration. The efficiency of hydrolysis was then calculated based on the glucose released,
glucan in initial biomass, and the conversion factor of glucan to glucose (1.11). The biomass to glucose
recovery was also calculated based on the solid recovery after pretreatment, glucan in biomass, the
hydrolysis efficiency, and the conversion factor of glucan to glucose (1.11).

2.5. Scanning Electron Microscopy (SEM)

The morphology of the untreated and pretreated durian peel biomass was analyzed with
a scanning electron microscope (SEM; LEO 1455VP, Zeiss, Gottingen, Germany). Samples were
freeze dried, mounted on aluminum specimen stubs, and coated with gold before observing under
the microscope.

2.6. X-ray Diffraction (XRD)

The degree of cellulose crystallinity in the untreated and pretreated durian peel biomass was
determined using X-ray diffraction (PANalytical X’pert Pro, PW 3040/60 Diffractometer, Almelo, the
Netherlands). Acetone was used to wash the biomass three times after which it was dried at room
temperature. The biomass was then ground to a fine powder (150 µm mesh) and scanned over the
range of 2θ = 10◦ to 40◦ at a rate of 0.1◦/min. The crystallinity index (CrI) was calculated using
Equation (1):

CrI(%) =
I002 − Iam

I002
× 100 (1)

where I002 and Iam represent the intensities at 2θ = 22.2◦ and 2θ = 18.2◦, respectively.

2.7. Statistical Analysis

All experiments were conducted in triplicate and the data expressed as the mean and standard
deviation (SD). Analysis of Variance (ANOVA) and comparison of treatment means (Tukey’s test,
5% level) were performed using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Composition of the Durian Peel Biomass

Average relative chemical contents (dry matter) of the durian peel biomass analyzed in this study
are shown in Table 1. Glucan and xylan accounted for approximately 93% of the total carbohydrates in
the durian peels from both cultivars. However, the monthong peel contained significantly (p < 0.05)
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higher glucan (44.74 ± 0.21%) and xylan (13.00 ± 0.15%) contents compared to the chanee peel
(42.06 ± 0.28% and 12.28 ± 0.20%, respectively). The remaining 7% of the carbohydrates in the durian
peels from both cultivars was made up of arabinose and galactose. The total lignin content of the
chanee peel (14.93 ± 0.31%) was significantly higher than that of the monthong peel (13.44 ± 0.23%).
The chanee peel again contained significantly more ash (4.87 ± 0.06%) and ethanol extractives
(10.18 ± 0.08%) than the monthong peel (4.05 ± 0.04% and 9.10 ± 0.13%, respectively).

Table 1. Chemical composition of the durian peel.

Composition Monthong (% dw) Chanee (% dw)

Glucan 44.74 ± 0.21 a 42.06 ± 0.28 b

Xylan 13.00 ± 0.15 a 12.28 ± 0.20 b

Galactan 1.30 ± 0.05 a 1.29 ± 0.09 a

Arabinan 3.23 ± 0.05 a 2.97 ± 0.05 b

Ash 4.05 ± 0.04 b 4.87 ± 0.06 a

Extractive 9.10 ± 0.13 b 10.18 ± 0.08 a

AIL 10.23 ± 0.24 b 11.73 ± 0.29 a

ASL 3.21 ± 0.16 a 3.20 ± 0.13 a

Total lignin 13.44 ± 0.23 b 14.93 ± 0.31 a

The data are means ± standard deviations (n = 3). Means in the same row with different superscript letters (a,b)
differ statistically at p < 0.05; % dw represents percentage of dry weight.

3.2. Changes in the Chemical Composition of the Durian Peel Biomass during Phosphoric Acid Pretreatment

Pretreatment with different concentrations (70%, 75%, 80%, and 85%) of the H3PO4 resulted in
significant changes in the chemical composition of the durian peel biomass from the two cultivars
(Tables 2 and 3). The effect of the H3PO4 pretreatment was more evident by the significant decrease
and complete removal of the xylan content in the durian peel biomass. Xylan solubilization was more
obvious with an increase in the H3PO4 concentration. Pretreatment with the 85% H3PO4 concentration
completely removed the xylan content in the peel biomass from both monthong (Figure 1a) and
chanee (Figure 1b). Results obtained also showed the significant decrease in the ASL content of the
peel biomass from each of the cultivars after pretreatment (Tables 2 and 3). However, increasing the
concentration of the H3PO4 above 75% did not have any significant effect on the ASL content of the
peel biomass from each of the cultivars. The decrease in the xylan and ASL content in the durian peel
biomass was accompanied with a significant increase in the glucan content. This increase was more
evident with an increase in the H3PO4 concentration. However, pretreatment of the peel biomass with
the 85% H3PO4 concentration resulted in a significantly lower content of glucan compared to the other
concentrations. It was also observed that AIL content in all of the pretreated peel biomasses under
the various pretreatment conditions was higher, although not significant (p > 0.05), compared to the
untreated peel biomass.

Table 2. Relative chemical composition of the H3PO4-pretreated monthong peel.

Composition (dw) Untreated (%) 70% 75% 80% 85%

Glucan 44.74 ± 0.71 e 67.55 ± 0.70 c 70.47 ± 0.62 b 75.23 ± 0.75 a 57.48 ± 0.69 d

Xylan 13.00 ± 0.65 a 3.41 ± 0.67 b 1.54 ± 0.64 c 0.32 ± 0.62 d n.d.
AIL 10.23 ± 0.74 a 10.81 ± 0.68 a 10.70 ± 0.76 a 10.56 ± 0.74 a 10.49 ± 0.74 a

ASL 3.21 ± 0.66 a 1.77 ± 0.61 b 1.27 ± 0.60 c 1.13 ± 0.60 c 1.04 ± 0.58 c

Total lignin 13.44 ± 0.73 a 12.58 ± 0.68 b 11.97 ± 0.72 c 11.69 ± 0.74 c 11.53 ± 0.74 c

The data are means ± standard deviations (n = 3). Means in the same row with different superscript letters (a,b,c,d,e)
differ statistically at p < 0.05; dw represents dry weight.
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Table 3. Relative chemical composition of the H3PO4-pretreated chanee peel.

Composition (dw) Untreated (%) 70% 75% 80% 85%

Glucan 42.06 ± 0.78 e 60.20 ± 0.77 c 63.36 ± 0.74 b 69.29 ± 0.75 a 53.69 ± 0.85 d

Xylan 12.28 ± 0.70 a 3.54 ± 0.66 b 1.65 ± 0.66 c 0.35 ± 0.70 d n.d.
AIL 11.73 ± 0.79 a 12.29 ± 0.78 a 11.97 ± 0.71 a 11.92 ± 0.81 a 11.76 ± 0.72 a

ASL 3.20 ± 0.63 a 1.74 ± 0.62 b 1.32 ± 0.62 c 1.12 ± 0.62 c 1.04 ± 0.67 c

Total lignin 14.93 ± 0.81 a 14.02 ± 0.78 b 13.29 ± 0.74 b c 13.04 ± 0.83 c 12.81 ± 0.74 c

The data are means ± standard deviations (n = 3). Means in the same row with different superscript letters (a,b,c,d,e)
differ statistically at p < 0.05; dw represents dry weight.

By pretreatment with the 80% H3PO4 concentration and below, more than 80% and 50% of the
xylan and total lignin, respectively, were removed in the peel biomass from all of the durian cultivars
(Figure 1a,b). Under these pretreatment conditions, over 80% of the glucan content was retained in the
peel biomass from all the cultivars. Nevertheless, the glucan content retained in the pretreated (85%
H3PO4) peel biomass for all the durian cultivars was below 50%. Pretreatment with the 85% H3PO4

concentration resulted in the removal of more than 70% total lignin in both the monthong and chanee
peels. The degradation of glucan, coupled with the solubilization of xylan and ASL, contributed to the
significant loss in the total biomass weight (Figure 1a,b).
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Figure 1. Effect of the H3PO4 concentrations on the composition of the (a) monthong and (b) chanee peels.
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3.3. Enzymatic Hydrolysis of the Durian Peel Biomass

Compared to the untreated peel biomass, the H3PO4-pretreated peel biomass from both cultivars
had higher hydrolysis efficiency and glucose concentration. The hydrolysis efficiency and glucose
concentration of the H3PO4-pretreated peel biomass from monthong (Figure 2a) and chanee (Figure 2b)
increased sharply in the initial 24 h and continued steadily until 72 h. Maximum hydrolysis efficiency
and glucose concentration, in both the untreated and pretreated peel biomass from all the cultivars,
were observed after 72 h of hydrolysis. The highest hydrolysis efficiency and glucose concentration
were obtained from the 75% H3PO4-pretreated peel biomass for both monthong (90.33 ± 0.42% and
9.55 ± 0.11 g/L, respectively) and chanee (90.06 ± 0.40% and 8.56 ± 0.13 g/L, respectively). At this
condition, the highest biomass to glucose recovery of approximately 42% (monthong peel) and 39%
(chanee peel) were achieved (Figure 3). Further increases in the concentration of H3PO4 (80% and 85%),
however, resulted in a decrease in the hydrolysis efficiency, glucose concentration and glucose recovery.
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enzymatic hydrolysis.

3.4. Changes of the Durian Peel Biomass Surface Morphology

To further understand the role of biomass structure on the efficiency of cellulose digestibility
by cellulase enzymes, the surface areas of the H3PO4-pretreated and untreated peel biomass were
observed using the electron microscope. The electron microscope micrographs showed a severe
disruption in the physical structure of the pretreated peel biomass from both monthong (Figure 4b–e)
and chanee (Figure 5b–e) compared to the untreated samples (Figure 4a or Figure 5a, respectively).
The cell surface of the pretreated peel biomass was characterized by more cracks and fiber destruction.
More longitudinal grooves were observed after the pretreatment process. Structural destruction
became more severe with an increase in the phosphoric acid concentration.
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3.5. Changes of the Cellulose Crystalline Structure of the Durian Peel Biomass

The effect of the H3PO4 pretreatment on the crystallinity of the cellulose in the peel biomass is a
very important feature in the enzymatic hydrolysis process. The crystallinity index (CrI) of the cellulose
in the untreated and pretreated monthong (Figure 6a) and chanee (Figure 6b) peel biomass is shown
by the XRD pattern. The XRD spectra of the durian peel biomass showed two major diffraction peaks
located at approximately 2θ = 15.6◦ and 22.2◦, corresponding to cellulose II and I, respectively. The CrIs
of the cellulose decreased from approximately 31% and 21% (untreated biomass) to around 19% and
18% (85% H3PO4-pretreated biomass) for both the monthong and chanee peel, respectively (Table 4).
However, the CrIs of the cellulose in the peel biomass pretreated with the H3PO4 concentrations of
80% and below were relatively higher compared to that of the 85% H3PO4-pretreated and untreated
peel biomass from the monthong and chanee peels (Table 4).

Table 4. The crystallinity index (CrIs) of the untreated and H3PO4-pretreated durian peels.

Cultivar Untreated (%) 70% 75% 80% 85%

Monthong 31.21 40.21 40.04 39.92 18.56
Chanee 21.49 28.16 26.63 25.31 18.05
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Figure 6. X-ray diffraction (XRD) spectra of the cellulose-rich portions of the untreated and
H3PO4-pretreated (a) monthong and (b) chanee peels.

4. Discussion

Crop production and processing generate huge amounts of waste as renewable resources for
the production of fermentable sugars [24]. The chemical composition of these agricultural residues,
however, depends on many factors, including the plant species, location and conditions of storage [12].
Significant variations in the chemical contents were observed among the peels from the two durian
cultivars in this study (Table 1). The glucan contents of the monthong and chanee peel biomass studied
are higher than that observed in other agro-residues, including hazelnut shells (16.67 ± 0.76%) [25],
almond shells (32.17 ± 1.32%) [26], corn stover (30.70 ± 0.90%) [27] and orange peel (16.37 ± 0.77%) [28].
The presence of the high glucan content in the durian peel biomass makes it a promising feedstock for
the bioprocess industry. However, pretreatment of the durian peels is important to increase accessibility
to the glucan contents by cellulase enzymes [9].

In spite of its effectiveness, acid pretreatment may be toxic and produces inhibitors, including
furfural, hydroxymethylfurfural, or acetic acid, that might be inhibitory to the enzymatic hydrolysis
and fermentation processes [17]. Phosphoric acid, on the other hand, is less corrosive and toxic
compared to acids like hydrochloric acid and sulfuric acid, which have been widely used for the
pretreatment of lignocellulosic biomass. It also services as a source of phosphorus, an essential nutrient
for numerous fermentation media [15]. Phosphoric acid pretreatment in this study caused significant
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changes in the composition of the durian peel biomass (Tables 2 and 3). Significant reduction in
the xylan and ASL contents were observed after pretreatment with the H3PO4 concentrations of
80% and below. However, pretreatment with the 85% H3PO4 concentration lead to the complete
removal of the xylan content (Figure 1a,b) in addition to a substantial decrease in the ASL (Tables 2
and 3). Acid pretreatment mainly results in the solubilization of the hemicelluloses, as well as causing
structural changes to the lignin and cellulose, leading to an increase in the cellulose digestibility by
cellulase enzymes [14]. The changes in the xylan and ASL compositions of the durian peel biomass
after pretreatment resulted in a substantial increase in the glucan content (Tables 2 and 3). Nevertheless,
the 85% H3PO4 concentration caused a substantial reduction in the glucan content (>50% removal).
This reduction is attributed to the degradation of the glucan at this severe pretreatment condition.
Glucan degradation (<20%) was also observed after pretreatment of the durian peel biomass with the
80% H3PO4 concentration and below (Figure 1a,b). In addition to the solubilization of hemicellulose,
acid pretreatment of lignocellulosic materials results in the partial degradation of glucan [29]. It can
be said that the majority of the glucan losses are associated with its amorphous structure, which is
susceptible to the effects of chemical pretreatment [30]. Unlike the ASL content, the AIL content in
the durian peel biomass increased after pretreatment (Tables 2 and 3). This phenomenon has been
reported by several researchers after acid pretreatment of different lignocellulosic biomasses [10,31,32].
Increase in the AIL content after pretreatment has been attributed to the presence of pseudo-lignin
formed by the repolymerization of degradation products from polysaccharides [14]. In addition to the
solubilization of hemicelluloses and structural changes in lignin and cellulose, acid pretreatment results
in the formation of a substantial amount of pseudo-lignin [31]. Li et al. [33] extracted and analyzed the
AIL content after acid pretreatment, and reported that only approximately half of the extract was real
lignin. Yoon et al. [34] reported that degraded carbohydrates during phosphoric acid pretreatment
may condense with tannins, suberin, or lignin, resulting in an increase in the lignin content.

The significant decrease and/or removal of the xylan and ASL contents during the H3PO4

pretreatment enhanced cellulose accessibility (Figure 2a,b). The H3PO4-pretreated durian peel biomass
from both cultivars showed improved enzymatic hydrolysis at the enzyme loading of 30 FPU of
cellulase and 60 U of β-glucosidase per g of biomass. This shows that the cellulose in the pretreated
peel biomass was effectively hydrolyzed by the cellulase enzymes compared to the untreated peel
biomass. The significant solubilization of the xylan and ASL, coupled with the reduced glucan removal
(Figure 1a,b) in the peel biomass pretreated with the 75% H3PO4 concentration, contributed to the high
hydrolysis efficiency and glucose (Figure 2a,b). The significantly high biomass to glucose recovery
(Figure 3) at this pretreatment condition further confirms its effectiveness. Yoo et al. [35] reported
that the optimal pretreatment condition is where the biomass to glucose recovery value is high, and
close to the initial glucan content in the biomass. The decrease in hydrolysis efficiency and glucose
concentration of the peel biomass pretreated with the H3PO4 concentrations of 80% and above is
attributed to the sugar degradation during the pretreatment process (Figure 1a,b). Zhang et al. [36]
attributed the high sugar yield after enzymatic digestibility to the absence of sugar degradation during
pretreatment at 50 ◦C with 85% phosphoric acid. This is an indication that the amount of initial cellulose,
among other factors, is key in attaining high hydrolysis efficiency and glucose concentration after
hydrolysis. Sugar degradation must, therefore, be kept at the barest minimum during pretreatment.
Under the optimum pretreatment condition (75% H3PO4 at 60 ◦C for 60 min) in the current study,
the hydrolysis efficiency for the pretreated monthong (90.33 ± 0.42%) and chanee (90.06 ± 0.40%)
peel biomass are greater than that of oak chips (50.2%), corn stalks (43.5%), wheat straw (68.7%),
bamboo (39.3%), spruce chips (36.3%), Jerusalem artichoke stalks (59.6%) [37], Sida acuta (82.2%), and
Achyranthes aspera (86.2%) [15] pretreated with an 80% H3PO4 concentration.



Resources 2018, 7, 60 11 of 15

The structural modification of the pretreated peel biomass relates to the significant changes in
the chemical composition after pretreatment. Lignin and hemicellulose removal during pretreatment
destroy the strong bond between lignin, hemicellulose and cellulose, resulting in the destruction
of the biomass structure [38]. By pretreatment, the structure of the durian peel biomass was more
open, rougher, and porous, providing more access to the surface for cellulase enzymes to attack
(Figures 4 and 5). These structural changes may help to increase the adsorptivity potentials of the
pretreated biomass compared to the untreated [39]. Changes in the structure of the durian peel
biomass during the H3PO4 pretreatment confirm the results obtained from the enzymatic hydrolysis
of the biomass.

The structural changes of the durian peel biomass during pretreatment were further evaluated
by X-ray diffractogram of the cellulose rich portions. Cellulose crystallinity is a key factor that affects
the efficiency of enzymatic hydrolysis [38]. The crystalline structure of the cellulose in the durian peel
biomass pretreated with the 85% H3PO4 concentration in this study was transformed from cellulose I
to the amorphous form. This result is consistent with reports from previous studies about the reduction
of cellulose crystallinity after concentrated H3PO4 (approximately 85%) pretreatment [32,34,36,40,41].
However, pretreatment of the peel biomass with 80% H3PO4 concentration and below was not able
to decrystallize the cellulose structure in the biomass (Figure 6a,b). Yoon et al. [34] reported that
H3PO4 concentrations above 80% decrystallize cellulose, while concentrations below 80% swell the
cellulose. Even though the CrIs of the durian peel biomass pretreated at these conditions (≤80%
H3PO4) were higher than those of the untreated and 85% H3PO4-pretreated biomasses (Table 4), the
enzymatic hydrolysis of these samples was greatly improved. Similar observations have been reported
by several researchers [27,42,43]. It is evident from this study that the significant changes in the
chemical composition of the durian peel biomass after the H3PO4 pretreatment enhanced enzymatic
hydrolysis despite the increase in CrIs.

An overall mass balance based on the conversion of the peel biomass into glucose was established
to further assess the optimal pretreatment condition on the production of fermentable sugars from
both monthong and chanee (Figure 7). The untreated monthong and chanee peel biomass studied
had maximum enzymatic digestibility of 12.75% and 13.37%, respectively, after 72 h of hydrolysis
(Figure 2a,b). Based on this, the estimated glucose production from both cultivars were 63 and
62 g, respectively, per 1000 g of biomass processed. Enhancement of the conversion process through
the optimum pretreatment condition of 75% H3PO4 at a moderate temperature of 60 ◦C for 60 min
improved the enzymatic digestibility of both the monthong and chanee peel biomass up to 90.33%
and 90.06%, respectively. Following this, estimated glucose yields of 417 and 385 g, respectively, were
produced when 1000 g of the biomass is loaded in the process for each of the cultivars. The results
from the mass balance show that glucose production from the monthong and chanee peel biomass
was enhanced approximately 7- and 6-fold, respectively, after pretreatment with H3PO4 at the
optimum condition.
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