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Abstract: Hydrothermal pretreatment of biomass can improve fuel characteristics based on the
decomposition properties of subcritical water. Thus, this study used a hydrothermal treatment to
improve the fuel characteristics of empty fruit bunches (EFBs), which are generated as waste after
palm oil extraction. The experimental reaction temperature was increased from 180 ◦C to 250 ◦C at
an interval of 10 ◦C and the mass ratios between the dry sample and water content were set to 1:8
and 1:16 so that the sample was sufficiently immersed. Additionally, the material properties of EFB
under hydrothermal treatment conditions were investigated using mass and energy yields, elemental
analysis, proximate analysis, thermogravimetric analysis, derivative thermogravimetry, and Fourier
transform infrared spectroscopy analysis of the reaction products. As the reaction temperature
increased, the fixed carbon content and heating value increased because volatile matter, including
oxygen, was removed first, which is similar characteristics to coal. All analyses revealed that the
water content exhibited little influence on EFB material properties since the samples were sufficiently
immersed in water. Thus, it is not necessary to add more water that required for sample immersion
for the hydrothermal treatment of EFB.

Keywords: hydrothermal treatment; empty fruit bunches; biomass; subcritical water

1. Introduction

Fossil fuel energy sources have represented a large proportion of global power pro-
duction over recent decades but have contributed to climate change through increased
greenhouse gas emissions. To address this problem, coal can be replaced with renewable
energy sources such as solar heat, wind power, and hydropower, as well as fuels obtained
from waste and biomass or a mixture of the two [1–3].

As of 2015, the area of global palm cultivation amounted to 17.32 million ha, which
leads to a large number of empty fruit bunches (EFBs) discharged as waste biomass after
palm oil production, predominantly in Indonesia, Malaysia, and Thailand [4]. Most EFBs
are currently buried or incinerated, with some left unattended, causing severe environmen-
tal problems [5]. Therefore, researchers have studied the possibility of using EFB as fuel for
power generation [6]; however, this is complicated by its low heating value compared to
coal and difficult pulverization due to large quantities of fiber components [4]. Therefore,
torrefaction studies have been actively conducted to improve the fuel characteristics of
EFB [7]. The carbon content and heating value of biomass increase during torrefaction due
to the decomposition and removal of oxygen; its storage characteristics also improve as the
fuel characteristics change from hydrophilicity to hydrophobicity [8].

Recently, hydrothermal treatment has attracted attention as a method of improving the
fuel characteristics of biomass along with torrefaction technology [9], and many researchers
have studied to investigate the effectiveness of hydrothermal treatment in improving the
fuel properties of EFB as well as the possibility of utilizing the liquid residue for fertil-
izer [10,11]. Moriyasu et al. [12] performed hydrothermal treatment to upgrade low-rank
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coal and woody biomass mixture and Peitao et al. [13] studied to produce clean solid
biofuel from high moisture content waste biomass by mild hydrothermal conversion pro-
cesses. Subcritical water, in particular, has stronger dissolution characteristics than typical
solvents due to the increased ionization of H+ and OH− [14]. The reaction in which the
physical properties of subcritical water depolymerize organic polymers and refine particles
by breaking the bonds of elements other than carbon is referred to as a hydrothermal
reaction [15]. The hydrothermal reaction is generally performed in a high-pressure reactor
to maintain high-pressure conditions [16,17]; however, it may exhibit higher carboniza-
tion efficiency at lower temperatures than typical torrefaction [18]. Additionally, various
reaction mechanisms are formed depending on the experimental conditions, such as the
sample type, reaction temperature, and water content [9]. The reaction temperature is an
important parameter that determines various reaction mechanisms, including hydrolysis.
The hydrothermal reaction occurs from 180 to 250 ◦C, which is the subcritical temperature
range of water’s physical and chemical characteristics and the region in which hydrolysis
begins to occur [9,19].

The water content is known to affect the occurrence of reactions such as hydrolysis,
depolymerization, and condensation/polymerization during the hydrothermal reaction.
However, no accurate quantitative value has been reported [20–22]. Nevertheless, previous
studies have reported that it is desirable to add water so that biomass samples are suffi-
ciently immersed; otherwise, the hydrothermal reaction will not occur for some types of
biomass [9,23]. Therefore, the water content must be carefully determined considering the
formation of an efficient reaction atmosphere, the load on the reactor, and the investment
cost [24,25]. This study analyzes the influence of hydrothermal treatment on the solid fuel
characteristics of EFB under various reaction temperatures and water content conditions.
Furthermore, changes in the material properties of EFB are investigated through proximate
analysis, elemental analysis, heating value analysis, thermogravimetric analysis (TGA),
derivative thermogravimetry (DTG), and Fourier transform infrared spectroscopy (FT-IR)
analysis of the reaction products.

2. Materials and Methods
2.1. Materials and Experimental Apparatus

Figure 1 shows a schematic diagram of the reactor used in this study. The reactor
was a high-pressure reactor (Parr Instrument Co., Moline, IL, USA) with a capacity of
500 mL, a maximum temperature of 350 ◦C, a maximum pressure of 20.34 MPa, and a
maximum stirring speed of 1700 rpm. The reaction temperature was controlled using a
proportional–integral–derivative controller (Parr Instrument Co., USA). A cooling water
circulation device was installed to prevent overheating of the motor during the stirring
process. EFB generated after palm oil production was used after drying and the distilled
water was also used in the hydrothermal treatment.

2.2. Experimental Procedure and Analysis

For hydrothermal treatment, the material properties vary depending on the exper-
imental conditions, such as the sample type, temperature, pressure, and water content.
Therefore, in this study, experiments on the hydrothermal treatment of EFB were performed
by setting the reaction temperature and water content as experimental parameters; the
pressure inside the high-pressure reactor was also measured according to the reaction
temperature. The reaction temperature was increased in 10-◦C intervals from 180 ◦C to
250 ◦C. Furthermore, in this study, the minimum ratio of solid to water that the biomass
samples were sufficiently immersed in was 1:8. Therefore, the mass ratios between the dry
sample and water content were set to 1:8 and 1:16 to investigate the effect of the amount of
water for the hydrothermal reaction. In this instance, the amount of dry EFB sample was
5 g, and the mass ratios between the sample and the water content were adjusted by adding
water. The retention time after reaching each reaction temperature was set to 30 min to
ensure sufficient reaction time [9], and the stirring speed was set to 180 rpm so that the
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water and EFB could be sufficiently mixed. To ensure the reliability of the experimental
results, each experiment was performed three times. Upon completion of each experiment,
the pressure was released through the shut-off valve and cooling was performed for 10 min
using a cold water bath to prevent further reaction. The reaction product inside the reactor
was collected and dried for 24 h at 105 ◦C. The mass and energy yields of the reaction
product after hydrothermal treatment were calculated using the following equations:

Mass Yield (Ymass) =
mass o f hydrothermally treated sample

mass o f raw sample
× 100 (1)

Energy Yield
(
Yenergy

)
= Ymass

HHV o f hydrothermally treated sample
HHV o f raw sample

× 100 (2)
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Figure 1. Schematic diagram of the experimental apparatus used in this study.

Elemental analysis, proximate analysis, heating value analysis, FT-IR, TGA, and DTG
analyses were conducted to investigate changes in the material properties through hy-
drothermal reaction. A bomb calorimeter (6100 Compensated Jacket Calorimeter, Parr
Instrument Co., USA) was used for obtaining the heating value analysis, and the proximate
analysis was conducted in accordance with the standards ASTM D 3175-89 and ASTM
3174-89 [26]. The elemental analysis of C, H, O, N, and S was conducted using an elemental
analyzer (Flash 2000, Thermo Fisher Scientific K.K., Waltham, MA, USA) to mainly investi-
gate changes in carbon and oxygen contents, which are the main indicators of hydrothermal
treatment. To investigate changes in the chemical structure of the reaction product under
different experimental conditions, an experiment was conducted at 2-cm−1 intervals in the
500–4000-cm−1 range at 25 ◦C using FT-IR (Spectrum 100, PerkinElmer, Buckinghamshire,
UK). Finally, TGA and DTG analyses were conducted using a thermogravimetric analyzer
(Pyris 1 TGA, PerkinElmer, UK) where the temperature was increased at a rate of 5 ◦C/min
from room temperature to 700 ◦C under a nitrogen flow of 20 mL/min to investigate the
thermal characteristics of the reaction product.

3. Results and Discussion
3.1. Mass and Energy Yields

Table 1 shows the proximate analysis, elemental analysis, and heating value analysis
results for the dry EFB sample used in this study. Carbon and oxygen exhibited the highest
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amounts of 42.3% and 36.4%, respectively, and others were calculated by subtracting
carbon, hydrogen, nitrogen, and oxygen from the total content. Moreover, it was seen that
most of them are composed of inorganic components such as aluminum, silicon, calcium,
and potassium [27]. This may be because the main component of EFB is lignin [28]. In
addition, the higher heating value (HHV) was 16.4 MJ/kg.

Table 1. Characteristics of dry empty fruit bunches (EFB) used in this study.

Sample
Elemental Analysis (wt.%, Dry) Proximate Analysis (wt.%, Dry) HHV

[MJ/kg]C H N O Others VM FC Ash

EFB 42.3 5.6 0.2 36.4 15.5 76.6 20.5 2.9 16.4
VM: Volatile matter, FC: Fixed carbon, HHV: Higher heating value.

Figure 2 shows the HHV, mass yield and energy yields of the hydrothermally treated
EFB according to the reaction temperature and water content. Figure 2a shows that the
mass yield decreased due to the decomposition of some volatile organic matter while the
heating value increased because of an increase in fixed carbon (FC) content as the reaction
temperature increased. However, the water content had little influence on the mass yield
and heating value. This is likely because all water content conditions in this study allowed
the EFB to be sufficiently immersed in water. Therefore, it was concluded that no further
addition of water is necessary if the water content allows the sample to be immersed for
the hydrothermal treatment of EFB. Figure 2b shows the energy yield according to the
reaction temperature and water content, which was calculated using Equation (2) based on
the mass yield and heating value. During the experiment, the energy yield decreased as
the reaction temperature increased, which is likely because the reduction rate of the mass
yield was higher than the rate of increase of the heating value as the reaction temperature
increased, as observed in Figure 2a.
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Figure 2. (a) HHV, Mass yield (MY), and (b) energy yield (EY) of EFB according to reaction tempera-
ture and water content.

Figure 3 shows the reaction pressure according to the reaction temperature and water
content. The critical temperature and pressure of water are 373.946 ◦C and 22.064 Mpa
respectively. Therefore, the hydrothermal treatments were performed under subcritical
water conditions, and as shown in the figure, the reaction pressure varied with the reaction
temperature but exhibited minimal variation with water content. This indicates that the
addition of more water than that required to immerse the sample does not significantly
affect the hydrothermal treatment of EFB, as shown in Figure 2.
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3.2. Elemental and Proximate Analysis

The elemental and proximate analysis results for the reaction product and raw EFB ac-
cording to reaction temperature and water content are shown in Figure 4 and Tables 2 and 3.
The oxygen content decreased while the carbon content increased as the reaction temper-
ature increased (Figure 4a and Tables 2 and 3), which confirmed that the carbon content
increases during the hydrothermal reaction of EFB because the oxygen-containing com-
ponents are decomposed first. On the other hand, there was little change in hydrogen
and nitrogen contents. There was also minimal change in the elemental components
with water content although there are differences in others, similar to the results for mass
and energy yields (Figure 2). The proximate analysis results in Figure 4b show that the
content of volatile matter (VM) decreased as the reaction temperature increased, thereby
increasing the fixed carbon (FC) content. This is likely because VM, including oxygen, was
decomposed as the reaction temperature increased, as can be seen from Figure 4a. No
significant change was observed in ash content. The change in water content resulted in
slight differences in VM, FC, and others in Tables 2 and 3. This may reflect the analysis
error caused by using a small amount of dry EFB sample due to the limited reactor capacity,
which meant that only a small amount of reaction product was used in the proximate
analysis. However, the overall trend was similar, suggesting that the water content had
minimal influence.

Table 2. Elemental and proximate analysis of EFB according to reaction temperature (EFB:water = 1:8).

Temperature 180 ◦C 190 ◦C 200 ◦C 210 ◦C 220 ◦C 230 ◦C 240 ◦C 250 ◦C

Elemental analysis (wt.%, dry)

C 43.3 ± 0.13 45.7 ± 2.20 47.1 ± 0.00 47.9 ± 0.07 49.3 ± 0.64 49.7 ± 0.30 52.1 ± 0.78 58.0 ± 0.10
H 5.5 ± 0.01 5.4 ± 0026 5.6 ± 0.04 5.4 ± 0.03 5.4 ± 0.09 5.4 ± 0.01 5.2 ± 0.01 5.1 ± 1.39
O 38.3 ± 2.15 35.5 ± 1.15 34.5 ± 0.88 34.6 ± 0.37 33.8 ± 0.60 31.8 ± 0.60 30.0 ± 0.32 25.0 ± 1.39
N 0.5 ± 0.02 0.5 ± 0.01 0.4 ± 0.18 0.5 ± 0.20 0.5 ± 0.08 0.4 ± 0.09 0.6 ± 0.11 0.7 ± 0.10

Others 12.4 ± 2.31 12.9 ± 3.63 12.5 ± 1.01 11.5 ± 0.47 11.1 ± 1.26 12.7 ± 0.37 12.1 ± 0.98 11.2 ± 1.48

Proximate analysis (wt.%, dry)

VM 78.3 ± 2.70 78.7 ± 1.39 72.8 ± 2.33 71.6 ± 0.28 69.3 ± 1.51 68.1 ± 0.77 62.3 ± 0.25 59.2 ± 0.06
FC 20.0 ± 1.90 19.4 ± 1.62 24.7 ± 2.81 26.5 ± 0.93 28.3 ± 1.44 28.9 ± 1.50 34.2 ± 1.13 37.6 ± 0.91

Ash 1.7 ± 0.81 1.9 ± 0.24 2.5 ± 0.48 1.9 ± 1.21 2.5 ± 0.07 3.0 ± 0.74 3.6 ± 0.88 2.3 ± 0.07

Table 3. Elemental and proximate analysis of EFB according to reaction temperature (EFB:water = 1:16).

Temperature 180 ◦C 190 ◦C 200 ◦C 210 ◦C 220 ◦C 230 ◦C 240 ◦C 250 ◦C

Elemental analysis (wt.%, dry)

C 46.8 ± 0.21 48.2 ± 0.92 49.0 ± 0.39 49.2 ± 0.07 49.6 ± 0.58 50.4 ± 0.27 53.1 ± 0.13 56.5 ± 0.31
H 5.8 ± 0.08 5.8 ± 0.15 6.0 ± 0.04 5.6 ± 0.06 5.7 ± 0.03 5.5 ± 0.10 5.5 ± 0.03 5.4 ± 0.10
O 39.2 ± 0.20 36.8 ± 0.26 38.3 ± 0.04 37.4 ± 1.00 37.0 ± 0.78 35.3 ± 0.37 32.7 ± 0.70 28.8 ± 0.29
N 0.4 ± 0.06 0.5 ± 0.04 0.3 ± 0.01 0.5 ± 0.06 0.5 ± 0.02 0.5 ± 0.07 0.6 ± 0.04 0.8 ± 0.03

Others 7.7 ± 0.39 8.7 ± 0.77 6.3 ± 0.46 7.3 ± 1.06 7.3 ± 1.36 8.3 ± 0.66 8.2 ± 0.90 8.6 ± 0.73

Proximate analysis (wt.%, dry)

VM 82.9 ± 8.55 85.0 ± 2.70 75.4 ± 0.19 75.8 ± 1.18 79.3 ± 1.18 77.9 ± 0.95 67.3 ± 1.33 60.1 ± 1.37
FC 11.6 ± 2.18 12.1 ± 1.30 23.7 ± 0.08 22.5 ± 0.53 18.0 ± 1.18 18.6 ± 0.93 31.4 ± 0.55 38.4 ± 0.23

Ash 5.5 ± 6.36 2.9 ± 1.43 0.9 ± 0.27 1.7 ± 0.66 2.8 ± 0.01 3.5 ± 0.02 1.3 ± 0.78 1.5 ± 1.60
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3.3. Fuel Characteristics of EFB after Hydrothermal Treatment

In this study, the O/C and H/C ratios under different reaction temperatures and the
correlations between carbon and hydrogen contents and the heating value were analyzed
based on the elemental and heating value analysis results to investigate changes in the fuel
characteristics of hydrothermally treated EFBs. Figure 5 compares the O/C and H/C ratios
of EFB according to the reaction temperature and water content with those of the raw EFB
and coal. As the reaction temperature increased, both the O/C and H/C ratios decreased
and the characteristics of EFB became gradually more similar to those of coal. This is
because the carbon content increased as the reaction temperature increased due to the
increased decomposition of oxygen-containing VM, as mentioned previously. Therefore,
although additional energy is required for the hydrothermal reaction, it can be seen that
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the hydrothermal treatment is effective to enhance the fuel characteristics of EFB because
the pulverization and storage properties improve as it becomes similar to coal and the
operation temperature is lower than torrefaction.
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Figure 6 shows the correlations between the carbon and hydrogen contents and the
heating value of hydrothermally treated EFB. In Figure 6, the coefficient of determination,
R2 is a statistical measure of how close the data to the fitted linear regression line and it is
calculated by the following equation:

R2 = 1 − ∑i(yi − ŷi)
2

∑i(yi − y)2

yi is the actual value, ŷi is the predicted value of, y is the mean of the y values.
The R2 of the linear regression analysis for the relationship between carbon content

and HHV were 0.9479 and 0.9460 for ratios between the dry sample mass and water
content of 1:8 and 1:16, respectively. In contrast, the R2 values for the relationship between
hydrogen and HHV were 0.3005 and 0.5584, respectively. Therefore, the heating value
of hydrothermally treated EFB was significantly affected by the carbon content but less
affected by hydrogen [29].

3.4. TGA and FT-IR Analysis

To investigate the effect of hydrothermal treatment on the thermal characteristics
of EFB, the TGA and DTG analysis results for EFB according to the EFB raw material,
reaction temperature, and water content are shown in Figures 7 and 8. Figure 7a shows
that hydrothermally treated EFB exhibited a larger amount of residue after decomposition
than the raw EFB. Moreover, this amount increased as the reaction temperature increased.
This is likely because the amount of substances that are difficult to decompose increased
as the substances that are easily decomposed at low temperatures were decomposed and
removed by hydrothermal treatment. As the hydrothermal reaction temperature increased,
the DTG peak from 200 to 250 ◦C increased but the DTG peak from 300 to 350 ◦C decreased
compared to the EFB raw material (Figure 7b). A previous TGA/DTG analysis indicated
the pyrolysis of biomass hemicellulose between 200 ◦C and 250 ◦C and the pyrolysis of
biomass cellulose between 300 ◦C and 350 ◦C [30,31]; therefore, the results of this study
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confirm that the cellulose of EFB was partially decomposed into hemicellulose as the
hydrothermal reaction temperature increased. Moreover, a comparison of the results in
Figures 7 and 8 indicates that the water content had minimal influence.
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Figure 9 shows the FT-IR spectra of the hydrothermally treated EFB under each exper-
imental condition. The peaks between 3500 cm−1 and 3200 cm−1 represent the stretching
of the O–H bonds of cellulose [32], whereas the peaks in the 2900 cm−1 and 2800 cm−1

sections represent stretching of the aliphatic C–H bonds of cellulose and hemicellulose [33].
In addition, the peaks in the 1700 cm−1 and 1600 cm−1 sections represent lignin-based C=C
and C=O stretching, respectively [34]. Figure 9, however, shows that the peaks representing
the O–H and C–H bonds of cellulose and hemicellulose hardly changed, but the peaks
that represent lignin-based C=C and C=O stretching became more obvious compared
to those of raw EFB after hydrothermal treatment. This appears to be due to the lignin
content which decomposes at relatively high temperatures and relatively increases as the
hydrothermal treatment temperature increased because of the decomposition of substances
that decompose easily at low temperatures.
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4. Conclusions

In this study, experiments were performed to determine the effect of various reaction
temperatures and water content conditions during the hydrothermal treatment of empty
fruit bunches (EFBs), which are a type of biomass waste generated in large quantities
after palm oil extraction. The mass and energy yield results of hydrothermally treated
EFB showed that the mass yield decreased as oxygen-containing volatile matter (VM) was
decomposed and removed, but the heating value increased as the content of fixed carbon
increased. The water content, however, exhibited minimal influence. Analysis of the O/C
and H/C ratios was conducted to investigate the effect of hydrothermal treatment on the
fuel characteristics of EFB, which also showed the minimal influence of water content.
Conversely, both the O/C and H/C ratios decreased as the reaction temperature increased,
which caused the characteristics of EFB to become gradually more similar to those of
coal. The correlations between carbon, hydrogen and the heating value revealed that the
heating value was predominantly affected by the carbon content and was less affected by
hydrogen. Furthermore, thermogravimetric analysis, derivative thermogravimetry, and
Fourier transform infrared spectroscopy of hydrothermally treated EFB confirmed that the
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amount of substances that are difficult to decompose relatively increased as the reaction
temperature increased because substances that are easily decomposed at low temperatures
were decomposed and removed.
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