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Abstract: Malaysia is the second largest palm oil producer and exporter globally. When crude palm
oil is produced in both plantations and oil processing mills, a large amount of oil palm empty fruit
bunch (OPEFB) is simultaneously produced as a waste product. Here, we describe the preparation of
hydrolysate from OPEFB. After OPEFB was hydrothermally treated at 180-200 °C, the resultant liquid
phase was subjected to high-performance liquid chromatography analysis, while the solid phase
was used for acidic and enzymatic hydrolysis. Hemicellulose yield from the acid-treated solid phase
decreased from 153 mg/g-OPEFB to 27.5 mg/g-OPEFB by increasing the hydrothermal treatment
temperature from 180 to 200 °C. Glucose yield from the enzyme-treated solid phase obtained after
hydrothermal treatment at 200 °C was the highest (234 + 1.90 mg/g-OPEFB, 61.7% production
efficiency). In contrast, xylose, mannose, galactose, and arabinose yields in the hydrolysate prepared
from the solid phase hydrothermally treated at 200 °C were the lowest. Thus, we concluded that
the optimum temperature for hydrothermal pretreatment was 200 °C, which was caused by the low
hemicellulose yield. Based on these results, we have established an effective method for preparing
OPEFB hydrolysates with high glucose content.

Keywords: oil palm empty fruit bunch; hydrolysate; hydrothermal pretreatment; acid hydrolysis;
enzymatic hydrolysis; hemicellulose

1. Introduction

Malaysia has a tropical rainforest climate with high temperature and precipitation,
which is suitable for growing crops throughout the year. Thus, agriculture is a major
industry in Malaysia, with forestry and palm oil, natural rubber, and timber production
being the dominant sectors. Malaysia is also the second largest palm oil producer and
exporter after Indonesia, producing more than 19.8 million tons of crude palm oil in
2015 [1]. During crude palm oil production, several by-products, such as oil palm empty
fruit bunch (OPEFB), oil palm frond fiber (OPFF), and oil palm mesocarp fiber (OPMF)
are also generated in both plantations and oil processing mills, and the amount of OPEFB
generated is the largest [1]. Due to its high calorific value and low greenhouse gas emission
during combustion, OPEFB has great potential for being utilized as a substitute for woody
plants. For example, a mixture containing OPEFB, fiber, and shell is used to produce
steam for electricity generation [2]. Adding cellulose nanofibers prepared from OPEFB to a
hydrogel also enhances the mechanical strength, and decreases the amount of raw material
required, which further reduces the production cost [3]. However, OPEFB is not used as a
carbon source for the industrial fermentation of valuable compounds.

Fermentation is a multi-step reaction within the cell; thus, it is useful for producing
enzymes, antibiotics, organic acids, and alcohols. To reduce dependence on petroleum
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and establish an environmentally friendly society, lignocellulosic biomass is used as a
source material for fermentation for producing useful substances after pretreatment and
enzymatic hydrolysis steps [4—6]. During pretreatment, lignocellulosic biomass is degraded
into cellulose, hemicellulose, and lignin, using chemical or physical methods. During
enzymatic hydrolysis, the pretreated biomass is hydrolyzed using several enzymes, such as
Acremonium cellulase [7], Trichoderma cellulase [7], and xylanase [8], which generate the
hydrolysate containing mixed sugars. Finally, the hydrolysate is used as the carbon source
during fermentation. Genetically engineered microorganisms are used for producing
valuable compounds, such as acetoin [9], 2,3-butanediol [9], and isobutanol [10] during
fermentation. However, microorganisms have carbon catabolite repression, which leads
to selective glucose usage in the mixed sugars [9-14]. Thus, preparing hydrolysates
with high glucose content is an effective method to enhance the production yield of the
valuable compounds.

Several methods for preparing hydrolysate from lignocellulosic biomass have been
developed. For example, hydrolysates including arabinose, galactose, glucose, xylose
are prepared from rye straw and bermudagrass by enzymatic hydrolysis after dilute
acid pretreatment [15]. Enzymatic hydrolysis with milling pretreatment is an effective
method for preparing hydrolysate from sugarcane bagasse with glucose and xylose as
main components [16]. However, those methods have been developed to increase the total
sugar yield and show low glucose content. Further investigation is required to enhance
glucose content.

In this study, we demonstrated the hydrothermal pretreatment of OPEFB. After the
hydrothermal pretreatment, the efficiency was evaluated by determining the sugar con-
centration in the liquid phase as well as cellulose, hemicellulose, and lignin yields in the
residual solid phase. Subsequently, the hydrothermally treated solid phase was hydrolyzed
using an enzyme cocktail comprising Acremonium cellulose, Novozyme 188, and Opti-
mash BG to produce the hydrolysate with high glucose content. Finally, the method of
hydrolysate preparation from OPEFB was evaluated by comparing with the results of
the previous study. Based on these results, we have established an effective method for
preparing hydrolysate from OPEFB with high glucose content, and which enables the
application of OPEFB to fermentation for producing valuable compounds.

2. Materials and Methods
2.1. Hydrothermal Pretreatment

Hydrothermal pretreatment using hot compressed water was performed in a 1 L stain-
less steel autoclave system with an external electric heater and stirring motor (Nitto Koatsu;
Ibaraki, Japan). Briefly, 50 g OPEFB was placed in an autoclave with 500 mL water for
20 min at 180 £ 3 °C, 190 £ 3 °C, or 200 £ 3 °C [14]. The inner temperature was measured
using a thermocouple (Type K). Under these conditions, the severity factors (SFs) were 3.66,
3.94, and 4.25, respectively, and the values were calculated using Equations (1) and (2) [17]:

Ro = exp[(T — 100)/14.75] x ¢ 1)

SF =log(Ry) 2)

where T and t are the temperature (°C) and time (min) of pretreatment, respectively. The
mixture was stirred at 300 rpm throughout the pretreatment process.

After hydrothermal pretreatment for 20 min at the desired temperature, the electric
heater was removed, and the autoclave was immersed in an ice-water bath to quench the
hydrothermally pretreated sample. The mixture was separated by centrifugation. The
liquid phase was subjected to high-performance liquid chromatography (HPLC) analysis.
In addition, the solid phase was used for acidic and enzymatic hydrolysis after rinsing
thrice with water.
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Production efficiency (%) = (weight of sugar after the enzymatic hydrolysis/weight of
potential total sugar of the solid phase after hydrolysis using H,SO,) x 100

2.2. HPLC Analysis of Sugar, Aldehyde, and Organic Acid

The sugar (glucose, xylose, mannose, galactose, arabinose, and cellobiose) concentra-
tions were determined using an LC-10AD VP system (Shimadzu; Kyoto, Japan) with an
Aminex HPX-87H cationic exchange column (Bio-Rad Laboratories; Richmond, CA, USA).
The chromatographic conditions were as follows: mobile phase, ultrapure water; flow rate,
0.6 mL/min; column oven temperature, 80 °C.

The aldehyde [furfural and 5-hydroxymethylfurfural (HMF)] and organic acid (acetic
acid, formic acid, and glycolic acid) concentrations were determined using an LC-2000 Plus
system (Jasco; Tokyo, Japan) with a Shodex SUGAR SH1821 column (Showa Denko; Tokyo,
Japan). The chromatographic conditions were as follows: mobile phase, 2.0 mM H,SOy;
flow rate, 0.6 mL/min; column oven temperature, 60 °C.

2.3. Acidic Hydrolysis of the Solid Phase

The solid phase was prepared by centrifugation of the hydrothermally pretreated
sample. The monomeric sugars in the solid phase were determined by the analytical
procedure of NREL with some modifications [18]. Briefly, 0.05 g vacuum-dried solid phase
was placed in a glass tube with 0.6 mL HySOj solution (72 wt%). The mixture was stirred in
an incubator for 90 min at 30 °C. After diluting the mixture with 16.8 mL water, the sample
was heated in an autoclave for 120 min at 120 °C. The autoclaved sample was immediately
cooled in an ice-water bath, adjusted to 20 mL by adding water, and rested for 5 min. Using
a guard filter (Dionex OnGuard II A, Thermo Fisher Scientific K K.; Kanagawa, Japan),
the resultant supernatant was filtered to remove HySOy, yielding a solution containing a
mixture of monomeric sugars.

2.4. Determination of Cellulose, Hemicellulose, and Lignin Yields

Cellulose and hemicellulose yields were calculated from the corresponding monomeric
sugar concentrations using anhydro corrections of 0.88 and 0.90 for C5 (xylose and ara-
binose) and C6 (glucose, galactose, and mannose) sugars, respectively. Lignin yield was
determined as the residue insoluble in 72% H,SO4 solution.

2.5. Enzymatic Hydrolysis

After hydrothermal pretreatment, the sample was hydrolyzed with an enzyme cock-
tail comprising Acremonium cellulose (40 FPU/mL; Meiji Seika Pharma; Tokyo, Japan),
Novozyme 188 (600 U/mL; Novozymes; Bagsveerd, Denmark), and Optimash BG (10%;
Genencor; Palo Alto, CA, USA) in 50 mM citrate buffer (pH 5.0). After incubating for 72 h
at 50 °C, the reaction mixtures were harvested by centrifugation and filtered using a 0.2 pm
filter. The resultant supernatant was subjected to HPLC analysis. The production efficiency
was determined using Equation (3):

®)

3. Results and Discussion
3.1. Hydrothermal Pretreatment of OPEFB

We have previously developed effective methods for hydrothermal pretreatment of
eucalyptus [19], OPFF [20], or OPMF [21], which may be used to degrade cellulose and
hemicellulose in different lignocellulosic biomass. Based on the findings of our previous
studies, in this study, we hydrothermally pretreated OPEFB.

To enhance glucose yield, hydrothermal pretreatment requires degrading hemicel-
lulose while leaving cellulose. Hemicellulose hydrolysis is accelerated above 180 °C,
and cellulose degrades above 200 °C [19]. Thus, OPEFB was hydrothermally pretreated
at 180200 °C (Figure 1). The glucose yield in the residual solution was the highest
at 200 °C (2.29 % 0.0590 mg/g-OPEFB), which was 2.1-fold higher than that at 180 °C
(1.11 4+ 0.168 mg/g-OPEFB). A similar trend was observed for xylose, mannose, and cel-
lobiose, with xylose yield at 200 °C (9.41 £ 0.390 mg/g-OPEFB) being 7.3-fold higher



Fermentation 2021, 7, 81 4 0f9

than that at 180 °C (1.29 £ 0.427 mg/g-OPEFB). Based on these results, we hypothesized
that cellulose and hemicellulose degradation in OPEFB was enhanced by increasing the
hydrothermal pretreatment temperature.
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Figure 1. The sugar, aldehyde, and organic acid yields in the residual liquid phase after hydrothermally pretreating

OPEFB. The yields at 180 °C, 190 °C, and 200 °C are indicated in white, gray, and blue bars, respectively. HMF: 5-
hydroxymethylfurfural.

3.2. Acidic Hydrolysis of the Residual Solid Phase After Hydrothermal Treatment

To further evaluate hydrothermal pretreatment, the residual solid phase after hy-
drothermal pretreatment was hydrolyzed by adding H,SOy, and then the monomeric
sugar concentrations were determined (Table 1). The cellulose and hemicellulose yields in
the residue were calculated based on the monomeric sugar concentrations.

Table 1. Sugar yields from the acid-treated residual solid phase after hydrothermal treatment.

Hydrothermal Pretreatment Glucose Xylose Galactose Arabinose Mannose
Temperature (°C) (mg/g-OPEFB) (mg/g-OPEFB) (mg/g-OPEFB) (mg/g-OPEFB) (mg/g-OPEFB)
180 330 £ 3.07 127 £1.11 11.9 +0.476 4.77 £0.204 11.9 £ 0.210
190 335 +0.388 52.1 £ 1.64 N.D. N.D. 11.8 +0.886
200 322 £ 247 23.1 £0.854 N.D. N.D. 7.89 +£0.371

N.D. means not determined because the concentration was below the detection limit.

The xylose, galactose, arabinose, and mannose concentrations were the maximum at
180 °C (Table 1). Moreover, cellulose and hemicellulose yields decreased in proportion to
the pretreatment temperature (Figure 2). In particular, the hemicellulose yield decreased
from 153 to 27.5 mg/g-OPEFB by increasing the treatment temperature from 180 °C to
200 °C. These results showed that the hydrothermal pretreatment of OPEFB at 200 °C was

the most efficient, which was consistent with the sugar yields calculated from the residual
solution (Figure 1).
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Figure 2. Effect of hydrothermal pretreatment temperature on cellulose, hemicellulose, and lignin
yields. Cellulose, hemicellulose, and lignin yields are indicated in green, pink, and orange
bars, respectively.

We also determined the lignin yield, which is one of the main components of lignocel-
lulosic feedstocks. Interestingly, the lignin yield in the residual solid phase did not decrease
compared to the hemicellulose yield (Figure 2). This result showed that the developed
hydrothermal method requires further improvement to degrade lignin. Lignin is composed
of heterogeneous aromatic acids and its degradation requires ligninolytic enzymes such as
laccase, lignin peroxidase, and manganese peroxidase [22,23]. To use lignin as a carbon
source for fermentation, it is necessary to add ligninolytic enzymes while preparing the
hydrolysate or use lignin-degrading bacteria as a host for fermentation.

3.3. Enzymatic Hydrolysis of the Hydrothermally Treated Solid Phase

To enhance the glucose productivity and prevent the by-production of other sugars,
the samples hydrothermally treated at 180-200 °C were enzymatically hydrolyzed using
an enzyme cocktail comprising Acremonium cellulose, Novozyme 188, and Optimash BG
(Figure 3). When the sample hydrothermally treated at 180 °C was used as the source
material, glucose, xylose, mannose, galactose, arabinose, and cellobiose were produced,
respectively. In contrast, the concentrations of arabinose produced from the samples
hydrothermally treated at 190 °C and 200 °C were below the detection limit. Glucose
was obtained as the main sugar, and the maximum yield (234 £ 1.90 mg/g-OPEFB) was
observed using the solid phase hydrothermally treated at 200 °C with 61.7% production
efficiency (Table 2). On the contrary, the xylose (21.7 £ 0.201 mg/g-OPEFB) and other
sugar yields were the lowest using the solid phase hydrothermally treated at 200 °C. These
results demonstrated that enzymatic hydrolysis combined with the previously developed
hydrothermal pretreatment method was useful for glucose production from OPEFB.
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Figure 3. Sugar yields from the hydrolysate after the enzymatic hydrolysis. The yields after hydrothermal treatment at 180,
190, and 200 °C are indicated as white, gray, and blue bars, respectively.

Table 2. Production efficiency of glucose and xylose after the enzymatic hydrolysis.

Hydrothermal Treatment Temperature (°C) Glucose (%) Xylose (%)
180 46.0 322
190 54.1 16.8
200 61.7 9.86

The production efficiency of glucose increased and that of xylose decreased in propor-
tion to the increase in hydrothermal treatment temperature (Table 2). We hypothesized that
these production efficiencies were due to the combination of hydrothermal pretreatment
and enzymatic characteristics. Acremonium cellulase and Novozyme 188 are commer-
cial enzymes widely applied in biofuel production from lignocellulosic feedstocks. Both
enzymes have (3-glucosidase activity and catalyze cellobiose hydrolysis to produce bimolec-
ular glucose. Optimash BG is a mixture of 3-glucanase and xylanase, which hydrolyzes
cellobiose, hemicellulose, and xylose. When the sample hydrothermally treated at 200 °C
was hydrolyzed by the enzyme cocktail, the glucose yield was maximum (Figure 3). This
result indicated that OPEFB degradation was facilitated by the increase in hydrothermal
pretreatment temperature, and then the resultant cellulose and hemicellulose were used as
the substrate by the enzyme cocktail, resulting in efficient glucose production.

3.4. Comparison of the Sugar, Aldehyde, and Organic Acid Yields

We have previously prepared the hydrolysates from eucalyptus [19], OPFF [20], and
OPMF [24], respectively. To confirm the usefulness of the hydrolysate preparation method
developed in this study, we compared the sugar yield with that reported in the previous
study (Table 3).
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Table 3. Comparison of the sugar yields in the hydrolysate.
Source I_.{?e’img:::lﬁ:l SF Glucose Xylose Galactose Arabinose Mannose Cellobiose Reference
Material }’0 pa (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g)

Eucalyptus 200 4.22 272 £19.2 90.3 + 4.39 20.1 +£1.98 219 £ 147 N.R. N.R. [19]
OPFF 190 3.60 229 63.9 N.R. N.R. N.R. N.R. [21]
OPMF 200 4.25 140 46.9 N.R. N.R. N.R. N.R. [24]
OPEFB 180 3.66 178 +£1.13 70.9 £+ 0.542 4.9 +0.0121 1.51 £ 0.0306 6.64 + 0.0491 244 +0.211 This study
OPEFB 190 3.94 205 £2.33 36.9 £+ 0.00891 4.16 £ 0.112 N.D. 5.45 + 0.0154 16.9 £ 0.327 This study
OPEFB 200 4.25 234 £1.90 21.7 £ 0.202 4.27 +0.0228 N.D. 5.69 + 0.164 13.8 £ 0.511 This study

N.R. means not reported; N.D. means not determined because the concentration was below the detection limit.

When the yield of glucose was compared, the yield of hydrolysate from OPEFB was
approximately 1.7-fold higher than that of hydrolysate from OPMF (Table 3). The xylose
and galactose contents in enzyme-treated eucalyptus hydrothermally pretreated at 200 °C
were 33% and 7.4%, respectively, of the glucose content (Table 3). In contrast, the xylose
and galactose contents in OPEFB hydrolysate were 9.3% and 1.8%, respectively, of the
glucose content, which were more than 3-fold lower than those of the eucalyptus hy-
drolysate (Table 3). The hydrolysate from OPEFB showed a similar glucose yield to that of
hydrolysates from eucalyptus and OPFF, while the glucose content was highest than those
of the other hydrolysates. Thus, hydrolysate from OPEFB is preferable for fermentation,
considering control by carbon catabolite repression to the engineered microorganisms. We
hypothesized that the high glucose content in OPEFB hydrolysate was due to the low hemi-
cellulose yield in the hydrothermally treated solid phase. The hydrothermal hydrolysis
of hemicellulose produces xylose, furfural, and HMF, and the subsequent degradation
produces organic acids, such as acetic acid. Moreover, hemicellulose degradation is facili-
tated by the acetic acid generated [15]. When OPEFB was hydrothermally treated at 200 °C,
furfural, HMF, and acetic acid concentrations in the liquid phase were the highest (Figure 1),
but hemicellulose yield was the lowest (Figure 2). However, furfural and HMF disrupt the
cell membrane, inhibit the housekeeping enzymes, and damage the DNA structure. Thus,
to use the OPEFB hydrolysate for fermentation, it might be better to provide enzymatic
detoxification capability into the host cells [25,26]. Fermentation using the hydrolysate
from OPEFB will be presented in our next study.

4. Conclusions

In this study, we hydrothermally pretreated OPEFB. Subsequently, the liquid phase
was subjected to HPLC analysis to determine the sugar, aldehyde, and organic acid con-
centrations. To further evaluate the hydrothermal pretreatment, the solid phase was
acid-hydrolyzed to determine the cellulose, hemicellulose, and lignin yields. The hy-
drothermally treated OPEFB was also enzymatically hydrolyzed to prepare the hydrolysate.
Glucose yield and content in the hydrolysate were the highest using the solid phase hy-
drothermally treated at 200 °C, which was consistent with the results of liquid phase HPLC
analysis and the solid phase after acid hydrolysis. The xylose and galactose contents re-
ported in this study were more than 3-fold lower compared with those reported in previous
studies, which showed that the glucose content in OPEFB hydrolysis was higher than that
in the eucalyptus hydrolysate. Based on these results, we have established an effective
method for preparing OPEFB hydrolysate suitable for fermentation. In the future, it will
be necessary to study the improvement of glucose yield in the hydrolysate and the actual
fermentation production using the hydrolysate from OPEFB.
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