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Abstract
Oil palm empty fruit bunch (EFB), a rich of polysaccharide and element as potassium, is being recognized as one of the most
potential kinds of lignocellulosic biomass for bioenergy and biochemical production. In this study, EFB was subjected to
hydrothermal pretreatment in the absence (HT) and presence of a sulfonated bentonite catalyst (HTcat). The effect of pretreatment
on enzymatic hydrolysis and anaerobic digestion was investigated. The hydrothermal pretreatments were conducted at 160–
200 °C for 5–25 min, while the effect of catalytic HTcat pretreatment of EFB was studied at 180–200 °C for 25 min. The results
showed that temperature and catalyst in HTcat pretreatment were the main factors that could enhance both production of glucose
and biohydrogen up to 1.04–1.14- and 3.32–4.36-fold, respectively, compared with those pretreated by HT at 180–200 °C for
25 min without catalyst. The catalyst specifically enhanced hemicellulose and lignin removal from EFB. During HT pretreat-
ment, disruption of EFB cell wall also facilitated over 70% potassium dissolution from EFB to the liquid residue at 160–190 °C
for 25 min, while poorer dissolution of potassium was found at 200 °C without or with catalyst addition. The HT pretreatment
successfully improved the removal of potassium from EFB and its bioconversion yield. However, the potassium forms a sticky
compound with other elements and soluble organic compound, and further study is required for the valorization of the potassium
and liquid residue.
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1 Introduction

Palm oil production is one of the most important agro-
industries in Thailand. The production of crude palm oil has
increased due to the government’s policy promoting bio-diesel

production and use of the oil in food. The production of palm
oil, however, generates a large amount of lignocellulosic
waste, including palm fiber, palm shell, and empty fruit bunch
(EFB). Among these biomasses, EFB is the most abundant
lignocellulosic biomass which disposes 22% of fresh fruit
bunches (FFB) based on the standard biomass to FFB extrac-
tion rate [1]. Utilizing EFB as energy feedstock may promote
replacement of fossil fuel and solve the environment problem
coming from organic waste. However, an intensive fertilizer-
rich potassium has been applied to oil palm plantation to in-
crease production of oil palm fruit which causes much amount
potassium accumulated in the structure of the plant cell wall.
EFB is plentiful but much less desired as a base boiler fuel
than palm fiber and shell, since its abundant potassium content
causes fouling [2] that increases the frequency of shutdowns
for maintenance. EFB, however, is rich in polysaccharides like
glucan at about 33.5–41.2% [3–5] that can be anaerobically
digested to generate biohydrogen or hydrolyzed to glucose,
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which in turn can be fermented to get ethanol or other indus-
trial chemicals via biotechnological processing.

Sugar and biohydrogen production from lignocellulosic
biomass requires two basic steps, namely pretreatment follow-
ed by hydrolysis or digestion. Pretreatment in the first step
disrupts the biomass matrix, and an enzymatic hydrolysis or
subsequent anaerobic digestion constitutes the next step to
degrade the biomass into sugars or biohydrogen, respectively.
The main problem in sugar and biohydrogen production from
biomass is the need to destroy the cell wall and make the
polysaccharides (i.e., cellulose and hemicellulose) accessible
to microorganisms. Therefore, pretreatment is needed to en-
able hydrolysis or anaerobic digestion with high yield.

A number of studies have reported on various physico-
chemical pretreatments to enhance the digestibility of EFB,
such as organosolv pretreatment [6], acid pretreatment [4],
and N-methylmorpholine-N-oxide pretreatment [3]. Most re-
cently, lignocellulose pretreatment using water as pretreating
agent in subcritical state has shown superior results compared
with others. In the absence of catalyst, hydrothermal pretreat-
ment has been proven to maximize physical changes and min-
imize the hydrolysis of cellulose. This has led to minimal
sugar degradation products during pretreatment, and thus,
the pretreated cellulose is more reactive for subsequent enzy-
matic hydrolysis to yield maximum glucose concentration [7,
8]. In the present study, the pretreatment of EFB is hydrother-
mal with water in subcritical state [7, 9]. It has been reported
that at temperatures above 100 °C, the dielectric constant of
water decreases while its ionic product increases during sub-
critical water extraction. From 100 up to 200 °C, the dielectric
constant of water decreases, to the level of methanol at room
temperature [10], and beyond 200 to 300 °C, water may act as
an acid or a base catalyst because of the H3O

+ and OH− ions
having concentrations many orders of magnitude higher than
at ambient temperature. Apart from that, hydronium ions are
generated also from acetic acid released from the hemicellu-
lose degradation. The presence of these hydronium ions is
basically autohydrolyzed the linkages of lignocellulosic ma-
terials [8]. Although subcritical water is a much improved
solvent and can itself catalyze reactions that would normally
require an added acid or base, hemicellulose is not completely
removed from lignocellulose matrix which led to obstruct the
cellulose moiety from enzymatic hydrolysis. Recently, most
of the hydrothermal pretreatments were studied for the effect
of alkaline addition to enhance hemicellulose and lignin re-
moval [7, 11, 12]; however, the high cost of wastewater pre-
treatment of effluent or chemical recovery is required. In order
to efficiently remove hemicellulose from lignocellulose feed-
stock, a solid acid catalyst is more attractive due to recyclabil-
ity of such heterogeneous catalyst, which can significantly
reduce the operating costs. A solid acid catalyst with sulfonic
groups has been reported as effective for the degradation ofβ-
1,4 glycosidic linkages in cellulose [13]. Among solid acid

catalysts, sulfonated bentonite is an inexpensive choice that
is simple to synthesize and reusable, for the pretreatment of
lignocellulosic biomass [14].

Therefore, this study aimed to investigate the effects of
retention time and temperature on EFB pretreatment. Effects
of sulfonated bentonite catalyst in the hydrothermal (HT) pre-
treatment on enzymatic hydrolysis and anaerobic digestibility
of EFB were also studied. Simultaneously, the influences of
HT pretreatment on potassium dissolution from EFB to the
liquid residue from pretreatment were also investigated.

2 Materials and methods

2.1 Preparation of oil palm empty fruit bunch

EFB was collected from an oil palm factory, Palm Thai
Pattana Co., Ltd. in Satun province, Thailand. It was first
air-dried for 1 week and reduced to about 2 mm particle size.
This was dried in a hot air oven at 60 °C until constant weight,
then stored in plastic bags at room temperature.

2.2 Catalyst synthesis and characterization

The sulfonated bentonite catalyst used in this study was pre-
pared as described by Sakdaronnarong et al. [14]. Briefly,
bentonite clay was calcined at 600 °C for 6 h. Then, sulfona-
tion to introduce the OSO3H groups was done by impregna-
tion in concentrated sulfuric acid (98%wt) at 170 °C under
nitrogen flushing for 18 h. The sulfonated bentonite obtained
was washed with deionized water until neutral pH and was
then dried at 100 °C overnight. Elimination of sulfate ions was
done by boiling in deionized water for 20 min with stirring.
Finally, the solid acid catalyst was ready to use after drying at
80 °C for 12 h.

The sulfonated bentonite catalyst synthesized was charac-
terized. Specific surface and porosity were determined by
Brunaue r–Emmet t–Te l l e r (BET) measu remen t s
(Quantachrome AUTOSORB 1-AG, USA), and the pore size
distribution was determined using the Barrett–Joyner–
Halenda (BJH) method. The functional groups on sulfonated
bentonite catalyst were characterized by attenuated total re-
flectance Fourier transform infrared spectroscopy (ATR-
FTIR) (Thermo Scientific Nicolet 6700, USA) over the range
4000–400 cm−1 with 4-cm−1 resolution, and each recorded
spectrum was the average of three spectra with 100 scans.

2.3 Hydrothermal pretreatment

Hydrothermal pretreatment (HT) was carried out at
BioResource and BioRefinery Laboratory, Mahidol
University, Thailand. An HT reactor with 500 mL working
volume was used throughout this study. Batches of 30 g
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EFB were each subjected with 300 mL of deionized water
(solid-to-liquid ratio of 1:10) in the HT reactor vessel. The
batch reactor was heated to 160–200 °C for 5–25 min.
Effect of sulfonated bentonite catalyst addition (HTcat) in hy-
drothermal pretreatment was investigated when 0.5%wt of
catalyst was added for the HT pretreatment between 180 to
200 °C for 25 min. The solid fraction (approximately 40–
60%wt based on raw material) was separated by filtration on
a filter paper in a Büchner funnel and the wet sample was kept
in a deep freezer at − 20 °C for future use. Prior to enzymatic
hydrolysis and anaerobic digestion, in order to produce sugars
and biohydrogen, respectively, the sample was thawed and the
moisture content was analyzed to calculate the dry weight of
material. The liquid fraction (approximately 70–90% based on
fresh deionized water added) was collected for analysis of
furfural and hydroxymethylfurfural (HMF) contents by high-
performance liquid chromatography (HPLC) and of potassi-
um content by inductively couple plasma (ICP). Each pretreat-
ment was conducted in triplicate.

2.4 Enzymatic hydrolysis assay

The enzymatic hydrolysis experiments of the solid fraction
from pretreatment of EFB were performed according to
Sakdaronnarong et al. [15]. The samples were hydrolyzed
with Accellerase 1500 (Genencor, USA) at an enzyme loading
of 110 FPU/g substrate (dry basis) in 50 mM sodium acetate
buffer (pH 5.0) at 50 °C for 72 h. All the enzymatic hydrolysis
experiments were carried out in triplicate.

Total reducing sugar (TRS) concentration in the hydroly-
sate was quantified by DNS assay [16], while glucose and
xylose yields were analyzed using HPLC. The enzymatic hy-
drolysis yields were determined using Eqs. (1) and (2).

Total reducing sugar %ð Þ

¼ Total reducing sugar concentration g=Lð Þ
Pretreated biomass concentration g=Lð Þ � 100 ð1Þ

Glucose=Xylose yield %ð Þ

¼ glucose=xylose concentration g=Lð Þ
Pretreated biomass concentration g=Lð Þ � 100 ð2Þ

2.5 Biohydrogen production

Biohydrogen production of pretreated EFB with HT pretreat-
ment (160–200 °C) and HTcat (180–200 °C) for 25 min was
carried out in triplicate in sealed batch reaction vessels. The
total reaction volume was 60 mL containing 0.5 g pretreated
EFB on dry basis. The ratio of inoculum to substrate was 3:1
on the total solids basis. The inoculum was sludge taken from

a full-scale anaerobic digester treating wastewater at a concen-
trated rubber latex factory in Songkhla province, Thailand.
Prior to the experiments, the inoculum was heated to 80 °C
for 1 h. Then, the inoculum to substrate mixtures was supple-
mented with 10% (v/v) of buffer solution (50 g/L NaHCO3)
and 1% (v/v) of a medium containing macro- and microele-
ments. The composition of this nutrient and trace element
solution [17] was as follows:

Nutrient solution: NH4Cl, 1.4 g/L; K2HPO4, 1.25 g/L;
MgSO4.H2O, 0.5 g/L; CaCl2.2H2O, 0.05 g/L; yeast extract,
0.5 g/L; trace element solution, 5 mL/L.

Trace element solution: FeCl2.4H2O, 2000 mg/L; H3BO3,
50 mg/L; ZnCl2, 50 mg/L; CuCl2.2H2O, 38 mg/L;
MnCl2.4H2O, 500 mg/L; (NH4)6Mo7O24.4H2O, 50 mg/L;
AlCl3.6H2O, 90 mg/L; CoCl2.6H2O, 2000 mg/L).

The pH of the mixture was adjusted to 5.5 ± 0.5 using small
quantity of 10% HCl. Effective volume of 60 mL was made
up with distilled water. The batches were incubated at 55 ±
0.5 °C while shaking at 150 rpm. Blanks containing the same
amount of inoculum without substrate were used. Daily
biohydrogen generation was measured by graduate glass sy-
ringes [18]. The analysis of gas composition was performed
using gas chromatography (7820A Agilent Technologies)
with a thermal conductivity detector and ShinCarbon ST
Micropacked column (1.00 mm × 2 m), using argon as the
carrier gas.

2.6 Analytical methods

The chemical composition of EFB was analyzed according to
Goering and Van Soest [19]. The neutral detergent fiber
(NDF), acid detergent fiber (ADF), and acid detergent lignin
(ADL) were analyzed. The contents of cellulose, hemicellu-
loses, and lignin were determined according to Eqs. (3), (4),
and (5), respectively.

Hemicellulose %ð Þ ¼ %NDF−%ADF ð3Þ
Cellulose %ð Þ ¼ %ADF−%ADL ð4Þ
Lignin %ð Þ ¼ %ADL−%Ash ð5Þ

Potassium content in the solid and liquid samples was
quantified using ICP Optical Emission Spectrometer,
Optima 4300 DV, Perkin Elmer Instrument, USA. Elemental
contents in precipitate from HT pretreatment were determined
by X-ray fluorescence spectrometer (XRF), PW2400,
PHILIPS, Netherlands. Microstructures of untreated and
pretreated EFB were analyzed by scanning electron microsco-
py (SEM), model Quanta 400, FEI, Czech Republic.

The concentrations of sugar species, furfural, and HMF
were measured with an HPLC (Water e2695, USA), equipped
with a refractive index detector using 300 mm × 7.8 mm
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Aminex HPX-87H Ion Exclusion Column (Bio-Rad, USA),
operated at 40 °C with 0.005 M H2SO4 as the mobile phase at
0.6 mL/min flow rate.

2.7 Statistical analysis

The Minitab statistical software version 16 was used for sta-
tistical analyses of enzymatic hydrolysis and biohydrogen
yields, including regression analysis and analysis of variance
(ANOVA). Multiple means were compared with one-way
ANOVA followed by the Tukey method for post hoc compar-
ison. Mathematical regression model of cellulose recovery
from the different temperature and RT of HT pretreatment of
EFB was calculated using Regression Toolbox, MS Excel
2016. The threshold level for significance was set at p ≤ 0.05.

3 Results and discussion

3.1 Characteristics of catalyst

Sulfonation introduced sulfonic groups into the bentonite
structure. From BET analysis, it was found that porosity,
pore diameter, and specific surface area of sulfonated ben-
tonite catalyst were 1.289 × 10−2 cm3/g, 1.506 nm, and
14.18 m2/g, respectively. Compared with native bentonite
clay which have porosity of 0.212 × 10−2 cm3/g, pore diam-
eter of 1.820 nm, and specific surface area of 10.48 m2/g,
sulfonated bentonite has greatly higher porosity and surface
area but lower in pore diameter. The results are in accordance
with the acid activation of bentonite clay for adsorption ap-
plication [20]. The FTIR spectrum of sulfonated bentonite
catalyst (Fig. 1) shows the synthetic catalyst had a peak in the
range 1030–1070 cm−1 for SO3

− stretching [21]. It has been
reported that the sulfonic group SO3H is effective in the acid-

catalyzed degradation of β-1,4 glycosidic linkages in hemi-
cellulose and cellulose [13].

3.2 Chemical composition of solid pretreated EFB
sample

Compositional changes in EFB after pretreatment with HT
and HTcat were compared. The compositions are presented
in Table 1. The results show that hemicellulose and lignin
removal improved with increasing temperature and reten-
tion time, while cellulose was preserved. The regression Eq.
6 represents the influences of temperature (T, °C) and re-
tention time (RT, min) on cellulose recovery in pretreated
EFB.

Cellulose recovery %ð Þ ¼ −0:442þ 0:335� Tð Þ þ 0:080� RTð Þ R2 ¼ 0:937

ð6Þ

Temperature was the main factor determining cellulose re-
covery (p < 0.05). As shown in the regression model, an in-
crease of pretreatment temperature significantly enhanced cel-
lulose recovery relative to an increase of RT. The reason is that
the temperature substantially influenced the degradation of
hemicellulose and lignin fractions from EFB which led to an
enhanced cellulose recovery. In contrast, an increase of reten-
tion time insignificantly influenced the cellulose recovery
since the crystalline structure of cellulose resisted to the hy-
drothermal degradation relative to amorphous hemicellulose
[22]. The best hemicellulose and lignin reductions were 15.6–
17.5% and 6.0–8.2%, respectively, from those in untreated
EFB, obtained with HT at the highest tested temperature of
200 °C for 5–25 min.

Better removal of hemicellulose and lignin was observed
for the HT pretreatment with sulfonated bentonite catalyst
(HTcat). It was found the acidified heterogeneous catalyst

Fig. 1 FTIR spectrum of
synthesized sulfonated bentonite
catalyst
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significantly contributed to hemicellulose and lignin removal
for all the pretreatment temperature between 180 and 200 °C
as shown by the significant levels (p < 0.05). Cleavage ofβ,1–
4 glycosidic bonds within hemicellulose and in some amor-
phous cel lulose is mainly due to acid catalysis .
Simultaneously, acid-catalyzed depolymerization of lignin
took place by the cleavage of ester bonds [23] and ether bonds
[24] in lignin. As shown in Table 1, the best pretreatment that
provided the most cellulose, and the least hemicellulose and
lignin remaining in pretreated EFB, was HT pretreatment at
200 °C for 15 min, while HTcat pretreatment at 200 °C for
25 min gave similar chemical composition of the pretreated
EFB. Although cellulose recovery from HT pretreatment at
200 °C for 15 min and HTcat pretreatment at 200 °C for
25 min were not significantly different, the released ferment-
able sugars from enzymatic hydrolysis of pretreated EFB from
these conditions were substantially different which was
discussed in the next section. Further increase in pretreatment
duration seemingly increased lignin content. This may be
caused by formation of pseudo-lignin, a lignin-like polymer
as a humin structure made from condensation of carbohydrate
degraded, onto cellulose surfaces during acid-catalyzed depo-
lymerization at elevated temperature [25]. However, the per-
formance in enzymatic hydrolysis of pretreated EFB, in terms
of total reducing sugar, glucose, and xylose yields, needs to be
considered.

3.3 Enzymatic hydrolysis of pretreated EFB

The enzymatic hydrolysis of pretreated EFB was tested for
sugar yield with HT and HTcat pretreatments, assessing the
effects of temperature and retention time of pretreatment.
Figure 2 shows sugar yield of untreated EFB, which was
11.4% TRS, 10.68% glucose, and 3.62% xylose. Harsher pre-
treatment could improve both total reducing sugar and glucose
yields by degrading the lignocellulose matrix, increasing bio-
mass porosity and specific surface [26], increasing cellulose
swelling, and reducing cellulose crystallinity [27]. As shown
in Fig. 2, the most suitable HT condition was 200 °C for
25 min, which provided the highest TRS and glucose yields
of 76.0% and 57.1%, respectively.

In order to identify the main factors in the HT pretreatment,
regression models of TRS and glucose yields with tempera-
ture and retention time of HT as regressors were fit, and are
shown in Table 2. Temperature was the dominant factor af-
fecting TRS yield, whereas glucose yield was significantly
influenced by both temperature and retention time.

Sulfonated bentonite catalyst was applied in HT pretreat-
ment to enhance the enzymatic yields, at HT temperatures
from 180 to 200 °C for 25 min that are the most favorable
for glucose production. The results in Table 3 show that the
sulfonated bentonite as catalyst improved the glucose yield by
about 4.5–6.1 enhancement ratio (ER) while poorer glucose

Table 1 Chemical compositions of untreated and pretreated EFB

Temperature (°C) RT (min) %wt based on pretreated EFB

Cellulose Hemicellulose Lignin Ash

Untreated 38.5 ± 1.9a 26.1 ± 1.1a 11.6 ± 1.6a 1.0 ± 0b

160 (HT) 5 52.6 ± 2.2b 16.3 ± 1.6b 10.0 ± 0.4b 1.2 ± 0.1c

15 53.9 ± 1.9b 16.8 ± 2.2b 7.0 ± 0.2c 1.3 ± 0.1d

25 56.5 ± 3.2c 16.0 ± 2.8b 9.3 ± 0.4b 1.4 ± 0.1d

170 (HT) 5 56.8 ± 2.9c 15.8 ± 2.1b 6.4 ± 1.1c 1.1 ± 0c

15 58.6 ± 5.4c 14.4 ± 0.6c 5.9 ± 0.9d 1.0 ± 0b

25 57.7 ± 3.1c 15.7 ± 0.9b 6.1 ± 1.0c 1.4 ± 0d

180 (HT) 5 58.6 ± 0.6c 20.5 ± 4.1b 7.0 ± 0.4c 2.2 ± 0.1e

15 62.9 ± 2.0d 16.4 ± 2.1b 7.4 ± 0.5c 0.7 ± 0b

25 62.6 ± 3.2d 17.6 ± 2.2b 6.0 ± 0.3d 0.3 ± 0a

190 (HT) 5 64.1 ± 1.3d 14.4 ± 0.9c 6.9 ± 1.2c 1.2 ± 0.1c

15 63.7 ± 2.5d 16.6 ± 1.2b 6.8 ± 0.3c 1.2 ± 0c

25 65.5 ± 3.7e 17.7 ± 3.2b 5.2 ± 0.6d 1.6 ± 0.1d

200 (HT) 5 68.1 ± 2.9f 10.5 ± 3.0d 3.4 ± 0.9e 1.0 ± 0b

15 69.3 ± 2.3f 8.6 ± 2.3d 3.8 ± 0.1e 1.4 ± 0.1d

25 65.8 ± 1.2e 10.4 ± 1.2d 5.6 ± 2.1d 1.3 ± 0.2d

180 (HTcat) 25 62.8 ± 3.2d 14.3 ± 3.2c 5.0 ± 0.9d 0.3 ± 0a

190 (HTcat) 25 65.9 ± 2.3e 14.6 ± 2.9c 5.0 ± 1.2d 1.6 ± 1.0d

200 (HTcat) 25 68.7 ± 3.2f 9.9 ± 1.7d 5.4 ± 0.4d 0.3 ± 0a

Different letters indicate significant differences with p ≤ 0.05
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yields were obtained without the catalyst (4.3–5.3). The acidic
sites on the catalyst acted at the β-1,4 glycosidic bonds of
glucose subunits in hemicellulose and amorphous cellulose,
enhancing cellulose degradation in subsequent enzyme hydro-
lysis. This increased specific surface and porosity of the
pretreated EFB, which also enhanced enzymatic hydrolysis
yields from those of untreated EFB [28]. Moreover, bentonite
clay is composed of mostly SiO2, Al2O3, Fe2O3, MgO, CaO,
and Na2O with their ratios depending on the source [29]. This
kind of heterojunction metal oxide catalyst could absorb cel-
lulose, which can improve catalysis at the active sites of the
catalyst i.e. sulfonic groups [30].

3.4 Biohydrogen potential of pretreated EFB

The biohydrogen yields are shown in Fig. 3. The untreated
EFB gave a biohydrogen yield of 0.31 ± 0.06 L H2/kg-VS.
The analysis of variance (ANOVA) with Tukey post hoc test

revealed significant (p < 0.05) increases of biohydrogen yield,
and 1.59 ± 0.12 L H2/kg-VS was obtained at 190 °C HT for
25 min that reduced hemicellulose and lignin contents by
17.68% and 5.19%, respectively (Table 1). Harsh pretreatment
conditions may increase the accessible sample by degradation
of hemicellulose and lignin [31] in the pretreated EFB, leading
to weakened shielding effects and the opening of additional
pores in the biomass microstructure. However, no significant
change (p > 0.05) in biohydrogen yield was observed when
elevating the temperature further from 190 to 200 °C for
25 min. Autohydrolysis during HT could be driven by acetic
acid [32, 33], which is a by-product from acetyl group degra-
dation; this mild condition could moderately disrupt micro-
structure of EFB.

When sulfonated bentonite catalyst was applied in HT at
180 to 200 °C, significantly higher biohydrogen yields were
found (p < 0.05) than without catalyst, at all pretreatment tem-
peratures. The sulfonated bentonite catalyst effectively im-
proved enzymatic hydrolyzability of cellulose, and the hydro-
lysis phase is typically the one that limits anaerobic digestion
of lignocellulosic biomass. Moreover, the solid catalyst pro-
moted disruption of EFB cell walls as evident in the SEM
images (Fig. 4). The biohydrogen yield of EFB was therefore
improved by catalyzing the HT reactions.

The effectiveness of HTcat pretreatment at elevated temper-
atures increased the content of cellulose by removing hemi-
cellulose and lignin, which for obvious reasons increased the
biohydrogen yield. Possibly, not only the sulfonated catalyst
accelerated hydrolysis of EFB in the hydrothermal pretreat-
ment, but also acetyl was degraded to acetic acid at elevated
temperatures. Moreover, the removal of hemicellulose from
EFB could considerably enhance accessibility of cellulose to

Fig. 2 Total reducing sugar and
sugar species yields from
enzymatic hydrolysis of untreated
(Un) and pretreated EFB with HT
pretreatment

Table 2 Regression analysis of TRS and glucose yields from enzymatic
hydrolysis of HT pretreated EFB

Terms TRS yield (%) Glucose yield (%)

Coefficient p value Coefficient p value

b0 − 174.753 0.000335 − 150.267 0.0000

b1*T 1.232 0.0000357 0.999 0.0000

b2*RT 0.500 0.161 0.475 0.00534

Significant F 0.00011 0.00000

R2 0.7809 0.9320

Adjusted R2 0.7444 0.9207
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cellulase enzymes, via increased specific surface and porosity
[28, 34], and this increased both sugar and biohydrogen yields
for the HTcat pretreated EFB. The biohydrogen yield reached
its maximum at 8.09 ± 0.38 L/kg-VS with HTcat 200 °C for
25 min, which was greatly improved by about fourfold from
that without catalyst. Although the sulfonated bentonite cata-
lyst was clearly able to enhance anaerobic digestibility of
pretreated EFB, inhibitors including furfural and HMF
(Table 4) obstruct utilization of the pre-hydrolysate from HT
pretreatment.

3.5 Potassium changes in EFB caused by HT
pretreatment

In addition to cellulose, hemicellulose, and lignin, EFB is rich
in minerals. Potassium, the main mineral element in EFB, is
an integral part of live plants. It sustains the osmotic pressure
in plant cells and is the most abundant cation in cytoplasm
[35]. Potassium in EFB is mostly water-soluble and may be
removed by aqueous dissolution.

HT pretreatment potentially removed not only hemicellu-
lose and lignin fractions partly from the biomass, but also
minerals. Our results show that after HT pretreatment at
160–200 °C for 25 min, the potassium content in EFB (initial-
ly high at 19800 mg/kg) decreased since it was readily

dissolved and removed (Table 4). Pretreated solid EFB had
potassium reduced by over 90% at temperatures above
160 °C, indicating that leaching was assisted by the disruption
of fiber structure, particularly exposing cytoplasm where most
of the potassium is located [35].

Effects of sulfonated bentonite catalyst in HT at 180 to
200 °C on potassium removal were also investigated. The
results reveal that potassium after HTcat was higher than with
HT. In fact, alkali metals, such as Na, Li, and K, acting as
electron donors have excess mobile electrons [36] and thus
could bindwith hydroxyl groups or even ethers and esters, i.e.,
carbonyl, carboxyl, and other groups in products from cellu-
lose, after acid-catalyzed depolymerization of EFB polysac-
charides. Therefore, the potassium dissolved from EFB during
HTcat might re-associate with cellulose in harsh conditions
with comparatively high temperature and long reaction time.

The potassium removed from EFB was mostly dissolved
(75.5–94.7%) except with HT pretreatment at 200 °C. The
potassium dissolution was only 46.9% at 200 °C HT. The
results are similar for 200 °C HT and HTcat. The large differ-
ences in potassium reduction and potassium dissolution reveal
that the removal was only partly by dissolution.

Precipitation of a sticky compound in the filtrate was evi-
dent for both HT and HTcat pretreatment (Fig. 5) during stor-
age. XRF analysis of the precipitate for HT at 200 °C for

Fig. 3 Effects of HT and HTcat on
biohydrogen yield from untreated
(Un) and pretreated EFB with
25 min pretreatment (different
letters indicate significant differ-
ences with p ≤ 0.05)

Table 3 Effect of sulfonated bentonite catalyst in HT pretreatment on the enzymatic hydrolysis yield (25 min pretreatment)

Temperature (°C) Glucose yield (%) Xylose yield (%) Total sugar yield (%)

HT ER* HTcat ER HT ER HTcat ER HT HTcat

Untreated 10.68 ± 0.8 – – – 3.62 ± 0.1 – – – 14.30 ± 0.9 –

180 (HTcat) 46.20 ± 2.3 4.3 47.89 ± 2.0 4.5 9.96 ± 0.3 2.8 4.9 ± 0.5 1.4 56.16 ± 2.7 62.78 ± 1.2

190 (HTcat) 56.56 ± 2.3 5.3 62.59 ± 2.7 5.9 6.30 ± 0.1 1.7 0 0 62.86 ± 3.2 65.89 ± 2.6

200 (HTcat) 57.12 ± 2.2 5.3 65.28 ± 2.8 6.1 3.33 ± 0.2 0.9 0 0 60.45 ± 3.1 68.71 ± 2.8

*Enhancement ratio (ER) = enzymatic yield of pretreated EFB/enzymatic yield of untreated EFB
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(a) Untreated EFB

(b) 190°C HT

(c) 190°C HTcat (1) (2) (3)

Fig. 4 SEM photos of surfaces of a untreated EFB, b EFB when HT pretreated at 190 °C for 25 min, and c EFB when HTcat pretreated at 190 °C for
25 min. The three magnifications are (1) × 150, (2) × 1000, and (3) × 2000

Table 4 Concentration of potassium, furfural, and HMF in liquid and potassium content in EFB from HT and HTcat pretreatment (25 min)

Temperature (°C) Liquid sample (mg/L) K solubility (%)*** K remaining in
pretreated EFB (mg/kg)

K removal in
pretreated EFB (%)****

Furfural HMF Soluble K

Untreated – – – – 19,800.0 ± 700 –

160 (HT) ND* ND 1994.0 ± 112.3c** 75.5 1312.5 ± 14.4 93.4

170 (HT) ND ND 2171.0 ± 89.3d 82.2 1202.6 ± 7.8 93.9

180 (HT) ND ND 2313.0 ± 40.3d 87.6 178.5 ± 3.1 99.1

190 (HT) ND ND 2501.0 ± 19.0F 94.7 250.0 ± 6.5 98.7

200 (HT) ND ND 1238.0 ± 68.2b 46.9 233.3 ± 0.88 98.8

180 (HTcat) 1680 ± 78 ND 920.8 ± 19.4a 34.9 633.1 ± 4.1 96.8

190 (HTcat) 6270 ± 285 ND 802.9 ± 14.9a 30.4 640.4 ± 2.1 96.8

200 (HTcat) 9900 ± 320 ND 845.2 ± 19.5a 32.0 527.8 ± 8.1 97.3

*ND, not detected

**Different letters indicate significant differences between means at p ≤ 0.05
***Potassium solubility (%) = (mass of Ksoluble/mass of Kfeedstock)*100

****Potassium removal in pretreated EFB (%) = [(mass of Kfeedstock - mass of Kpretreated solid)/(mass of Kfeedstock)]*100
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25 min showed the elements K, Ca, Cl, Fe, Si, S, P, and Mg.
Potassium was the dominant element (14.1% w/w of precipi-
tate) followed by 1.33% Ca, 1.18% Cl, and 0.57% Fe, while
overall, the analyzed minerals contributed 17.8% of total
weight. This indicates a large organic fraction in the precipi-
tate. During thermal preprocessing, the abundant potassium in
EFB may either form compounds with other elements present
[2] or with the soluble organic fraction by condensation.
Unfortunately, this current study could not directly quantify
the amount of precipitate in the liquid residue. In order to
estimate the amount of potassium in the precipitate, the mass
balance was used by subtracting from the initial potassium in
feedstock, the dissolved potassium, and the remaining potas-
sium in pretreated EFB (solid recovery after pretreatment was
56.9%). The precipitate yield was approximately 73.6 g/kg-
feedstock with 14.1% K for HT at 200 °C for 25 min. Thus,
the potassium removed was mainly in the precipitate (52.4%)
while the soluble fraction of it was 46.9%.

A few studies have reported on utilization of liquid residue
from hydrothermal pretreatment of EFB, such as production
of hydrogen [37], lignin [38], and fertilizer [39]. It is interest-
ing that potassium in EFB was converted into water-soluble

products in the residue from pretreatment. This liquid residue
contained a high amount of potassium, suggesting its reuse as
a crude fertilizer that could be a co-product from biohydrogen
production, in order to maximize the utilization of EFB with
the least waste to dispose. Such liquid fertilizer used in oil
palm plantations could improve profitability of oil palm cul-
tivation. However, Nurdiawati et al. [39] reported that the
liquid residue has potentially toxic substances derived from
lignin and sugar during the HT pretreatment, and these can
cause fertilizer burn and seed damage reducing Germination
Index to 0. In our study, the liquid residue from HT pretreat-
ment was more suitable than that from HTcat for organic fer-
tilizer applications, since HT filtrate did not have furfural and
HMF, and had less sticky compound precipitate. However, the
sticky precipitate from liquid residue could clog pipes and foul
storage vessels, causing technical problems in processing it to
an organic fertilizer. Thus, further studies of the liquid residue
are still required to extract value from it.

4 Conclusion

The present work shows that significant HT pretreatment with
sulfonated bentonite catalyst effectively improved enzymatic
hydrolysis and anaerobic digestibility giving increased glu-
cose and biohydrogen yields from cellulose-rich pretreated
EFB. Potassium-rich liquid residue with low furans from pre-
treatment could be potentially valorized as fertilizer, a co-
product from sugar or biohydrogen production in pursuit of
zero waste discharge. While technical feasibility of bioenergy
production was enhanced, a higher value use of the liquid
residue will be key for its techno-economic feasibility. Our
results should advance the finding of applicability of liquid
residue for plant cultivation as well as understanding of its
reactivity in the environment.
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