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Abstract—Palm shell is one of the most plentiful wastes of the palm oil mill industry. This study identifies the capabil-
ity of hydrothermal carbonization process (HTC) to convert palm shell into high energy hydrochar. The influence of
reaction time and reaction temperature of the HTC process was investigated. The process parameters selected were
temperature 200 °C to 240 °C, time 10 to 60 min, and water to biomass ratio was fixed at 10:1 by weight %. Fourier
transform infrared (FTIR), elemental, proximate, Burner Emmett and Teller (BET), thermo-gravimetric (TGA) analy-
ses were performed to characterize the product and the feed. The heating value (HHV) was increased from 12.24 MJ/
kg (raw palm shell) to 22.11 MJ/kg (hydrochar produced at 240 °C and 60 min). The hydrochar yield exhibited a higher
degree inverse proportionality with temperature and reaction time. Elemental analysis revealed an increase in carbon
percentage and a proportional decrease in hydrogen and oxygen contents which caused higher value of HHV. The
dehydration and decarboxylation reactions take place at higher temperatures during HTC resulting in the increase of
carbon and decrease in oxygen values of hydrochar. The FESEM results reveal that the structure of raw palm shell was
decomposed by HTC process. The pores on the surface of hydrochar increased as compared to the raw palm shell.
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INTRODUCTION

Emission of several greenhouse gases (GHGs), especially carbon
dioxide (CO,), from petroleum products is severely deteriorating
the environment. Scientifically provided data show that further
deterioration of the environment may result in a threat of extinc-
tion of millions of creatures [1]. Moreover, dearth in availability
and unstable prices are a few other drawbacks of petroleum fuels.
Petroleum products need to be substituted by renewable energy
resources. It has been observed that among the available renew-
able energy resources that can be a substitute for fossil fuels, bio-
mass is second to none. Abundance, environmentally friendly be-
havior, sustainability and low cost have promoted biomass to gain
more attention and recognition. Certain other benefits of biomass
include CO, neutral substitute of fossil fuels because the burning
of biomass as a fuel is the reversal of photosynthesis process [2,3].
It is expected that with upgraded technology in future, biomass
will give out only 15 to 18 g/lkWh of CO,. In addition to that SOx
and NOx trimmer, biodiversity and public forecasts are also con-
siderable merits of the biomass. Utilization of biomass waste will
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also decrease dumping cost, for instance incineration of solid munici-
pal waste lessening up to 90% waste by volume and generating
fuels or biomass based chemicals.

A number of products can be obtained from biomass, either com-
pletely or partially such as fuels (solid, liquid, gases), pharmaceuti-
cals, resins, solvents, polymer, paints, inks and cosmetics [4,5]. To
achieve these products, biomass can be abundantly extracted from
various resources, out of which agricultural waste is a key resource.
Agricultural wastes are mainly focused due to abundance, envi-
ronmentally supporting behavior and low cost [6,7]. Recently, oil
palm has been recognized as the top available form of agricultural
product in wet and humid areas like Malaysia [8,9]. It has various
applications in industries such as soap manufacturing and cook-
ing oil industries. Oil palm produces large amounts of wastes like
fiber, empty fruit bunch (EFB), fronds, trunks and shell. Only in
Malaysia, there are about 362 oil palm mills which process about
82 million tons of fresh fruit bunches and produce about 33 million
tons of waste every year [10,11]. Significant waste from palm oil is
palm shell. Major components of palm shell include celluloses, hemi-
celluloses and lignin with elemental composition of 49.75 wt% car-
bon, 44.86 wt% oxygen, 5.32 wt% hydrogen, 0.08 wt% nitrogen and
0.16 wt% of sulfur [12]. These wastes cause many problems such
as bad odor, dumping problems and hazardous methane gas from
the decomposition process [13]. Various studies have been under-
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taken to find solutions to these problems like direct burning, energy
recovery and activated carbon production [14,15]. One approach
is to convert palm shell into hydrochar using hydrothermal car-
bonization (HTC). Application of HTC to waste streams will help
to minimize the waste together with mitigation of greenhouse gas
emissions [16]. Note that palm shell possesses low energy which
can be enhanced by applying HTC process to convert it into high
energy hydrochar. HTC process is a promising route for the pro-
duction of higher density fuels and carbonaceous functional mate-
rials. Additionally, the lignocellulosic composition (lignin - 49%,
cellulose - 31% and hemicellulose - 20% [17]) of the oil palm shell
makes it a suitable candidate for solid fuel production. Hydrochar
applications include CO, sequestrations, energy source generation,
super capacitors, anode and cathode materials for fuel cells and bat-
teries and soil conditioning [18-20]. The HTC process may be clas-
sified as direct HTC and catalytic HTC process. In the direct HTC
process, only water and feed are heated in a reactor at different
temperatures in the absence of the catalyst, whereas in the catalytic
HTC process the catalyst is added. In this study, the direct HTC
process was applied to palm shell in an autoclave batch reactor at
200 to 240 °C for 10 to 60 minutes. The main objective of this study
is to investigate the ability of the direct HTC process for the pro-
duction of hydrochar from palm shell at moderate temperature
and time range and to characterize hydrochars as to find the effect
of HTC on oil palm shell. The produced hydrochar was character-
ized using elemental composition, heating value, proximate, Fou-
rier transform infrared (FTIR), Burner Emmett and Teller (BET),
thermo-gravimetric (TGA) and Field emission scanning electron
microscopy (FESEM) analyses to evaluate the feasibility of hydro-
char for solid fuel applications.

MATERIALS AND METHODS

1. Raw Materials

The raw palm shell was supplied by the Seri Ulu Langat Palm
Oil Mill Dengkil, Selangor, Malaysia. It was washed several times
with tap water and finally with the distilled water to remove dirt
and other impurities. Later, the palm shell sample was dried at 105 °C
for 24 hours to remove moisture present on the surface. The dried
palm shell was ground and sieved to the size as shown in Table 1.
2. Production of Hydrochar Using HTC Process

HTC process was carried out in an autoclave batch reactor. The
reactor was loaded with 500 g of feed consisting of dried raw palm
shell and distilled water with a biomass to water ratio of 1: 10 wt%.
Excess water was provided for complete immersion of feed during

Table 1. Size distribution of raw palm shell used for hydrochar pro-

duction
Particle size (um) Weight distribution %

x<500 6.1
500<x<1000 55
1000<x< 1400 4.8
1400<x<2000 8.9
2000<x<2500 59
x<2500 68.8

September, 2015

the reaction. The reactor was purged with nitrogen at three bars
for 5 minutes for confirming that the reactor was closed tightly and
there was no leakage. After that, the purging of nitrogen was done
at 10 bars to avoid the water vaporization during heating. The stir-
rer speed was set to 400 rotations per minute (rpm). Experiments
were carried out at 200 to 240 °C and reaction time was set between
10 to 60 min. Temperature, pressure and stirrer speed were con-
trolled by the online system. After the completion of the reaction,
the reactor was cooled to room temperature. The gaseous prod-
uct, being negligible, was vented. The slurry containing solid and
liquid products was filtered and separated. The solid product was
dried at the 105 °C for 24 hours and further characterized.
3. Experimental Setup

The whole experimental work was carried out in a high pres-
sure stainless steel autoclave reactor with a capacity of 1 L as shown
in Fig. 1. The reactor was designed to achieve maximum tempera-
ture and pressure conditions as 500 °C and 100 bars, respectively.
The reactor was fitted with a safety rupture disc. These sorts of discs
burst in case of exceeding temperature and pressure values. Auto-
matic proportional integral derivative (PID) controlled 2250 Watt
ceramic heater was used to heat up the reactor. A turbine stirrer
was used to mix the reactants uniformly during the reaction. Stain-
less steel thermocouple and a pressure gauge were used for the meas-
urement of temperature and pressure respectively. Continuous water
was circulated to cool down the instruments and joints of the reac-
tor in combination with another cooling coil to reduce the tem-
perature of the reactor abruptly after completion of the reaction.
4. Characterization of Raw Palm Shell and Hydrochar

The chemical and physical characteristics of the raw palm shell
and hydrochar were investigated to examine the effect of HTC pro-
cess parameters on the raw palm shell. Elemental analysis was exam-
ined in PerkinElmer Series I CHNS/O Analyzer (Model: 2400) to
measure the carbon, hydrogen, nitrogen and oxygen values. The
FTIR analysis was performed to determine the atomic bonding on
surface of hydrochar by Fourier transform infrared spectroscopy
(Bruker, IFS66v/S). The surface morphology of raw palm shell and
hydrochar produced at different temperatures and 60 min reac-
tion time was determined by FESEM, (Brand: Zeiss, Model: Auriga).
The surface area was determined by Burner Emmett and Teller (BET)
(Brand: Quanta Chrome, Model: Autos orb 6B). Thermo gravimet-
ric analysis (TGA) was carried out in TGA-Q500.
5. Yield % of Hydrochar

The yield of hydrochar at different reaction temperature and run
time is shown in Fig. 2. The yield percentage was calculated by the
equation

Hydrochar Yield%=[W ,/W/]x100 1)

where, W, is the weight of dry hydrochar product and W is weight
of dry palm shell feed.

RESULTS AND DISCUSSION

1. Effect of Reaction Temperature and Time on Yield %

The yield % of hydrochar and bio-oil is shown in Fig. 2. The yield
of hydrochar was decreased at higher temperatures and reaction
time due to thermal degradation of palm shell. The higher yield
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Fig. 1. Schematic of high pressure batch reactor used for production of hydrochar from HTC process.

percentage was obtained at lower temperatures and lower reaction
times, whereas lower yield was obtained at higher temperatures
and reaction times. About 60% mass was recovered at the 200 °C
for 10 minutes and this amount went down up to 43% at 240°C
and 60 min. A sudden decline in solid yield was perceived with an
increase in temperature, which may be due to any of three reasons:
(i) higher primary decomposition of feed at higher temperature,
(ii) by secondary decomposition of solid residue, and (iii) due to
high solubilization of components in hydrolysis liquors [21,22]. These
results are justified by previous research work [23-25].

Unlike solid product, yield % of bio-oil increased gradually with
an increase in reaction time and temperature. 12.16% of bio-oil was
observed at 200 °C and 10 min reaction time, whereas 35.36% of
bio-oil was produced at 240 °C and 60 min reaction time. As the
temperature increased, the yields of both liquid and gaseous prod-
ucts increased due to an increase in decomposition rate of palm

shell [26]. The previous studies reported that more oil and gases
are produced with increasing temperature up to a point [27]. The
previous studies related to reaction time also observed a similar
trend with our study. The liquid yield increased, whereas the solid
yield decreased with increasing reaction time from 10 min to 60 min
at 360 °C [28].
2. HHYV, Ultimate and Proximate Analyses

HHYV values, proximate and ultimate analyses of hydrochar prod-
uct at different reaction conditions are listed and compared to those
of coal in Table 2. The HTC significantly influenced raw palm shell.
HHVs of raw palm shell and hydrochars were measured with a
bomb calorimeter (IKA C2000 basic). The HHV values of hydro-
char product were increased as compared to raw palm shell because
of increasing carbon content at higher temperatures. The increased
carbon content at higher temperature improved the heating value
of the product from 12.24 MJ/kg (palm shell feed) to 22.11 MJ/kg
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Fig. 3. Relationship between carbon content and calorific value of
raw feed and hydrochar.

(hydrochar) at 240 °C and 60 min run time, which is approximately
equivalent to the heating value of coal. These results confirm that
the solid product obtained through the HTC process has suitable
properties to be used as a solid fuel.

The correlation between the calorific value and the carbon con-
tent of the raw palm shell and hydrochar obtained at different tem-
perature ranges for 60 min reaction time as shown in Fig. 3. It can
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Fig. 4. Van Krevelen diagram of coal, raw palm shell and hydrochars
produced at 200 °C, 220 °C, 240 °C and 60 min.

be concluded that the carbon value is proportional to heating value.
The statement that the carbon increment in the product will be at
the detriment of hydrogen content, which increases the combus-
tion ability of product [29], is proven by the data given in Fig. 3.

The ultimate analysis aims to determine the composition and
quantity of the gas emitted during the combustion as well as the
amount of oxygen required for the burning of the biomass or fuels
[30]. The carbon content of hydrochar was improved by increas-
ing the temperature, while hydrogen and oxygen content were de-
creased with the rise in temperature. The carbon content (52.5, 55.9
and 59.5%) of solid hydrochar at different temperatures was found
greater than that of raw palm shell (49.7%). On the other hand,
the hydrogen (4.5, 4.3 and 5%) and oxygen contents (41.8, 38.8 and
34.8%) of hydrochar were decreased as compared to those of (5.3%
and 44.8% respectively) of palm shell. These phenomena of ulti-
mate analysis are attributed to increase in temperature and deoxy-
genating reactions (decarboxylation and dehydration reactions) oc-
curring during the HTC process [31]. Both decarboxylation and
dehydration reactions take place during the HTC process [32,33].
Decrease in hydrogen and oxygen content with an increase in tem-
perature corresponds to the scission of weak bonds within char
structure favored by the higher reaction temperature [34]. Carbon
content in hydrochars depends on the carbon content of feed as
well [35]. A similar trend for ultimate analysis of hydrochar was
discussed and observed by Y. Basiron et al. [9].

Oxygen to carbon (O/C) and hydrogen to carbon (H/C) atomic

Table 2. Elemental, proximate analyses and HHV values of coal [39], raw palm shell [43] and produced hydrochar of palm shell at 200 °C,

220 °C, 240 °C and 60 minutes reaction time

Temp. Proximate analysis % Ultimate analysis % HHV

Material o
(O FC VM Moisture Ash C H N S O (diff) (MJ/Kg)

Coal 0 40.7 34.8 15.1 9.3 554 59 2.5 2.2 34.1 22.5
Palm shell 0 13.8 74.3 4.7 7.2 49.7 53 0.8 0.2 44.8 12.2
Hydrochar 200 314 53.5 5.1 10.0 52.5 4.5 1.0 0.2 41.8 17.7
Hydrochar 220 39.1 52.6 49 34 55.9 4.3 0.9 0.2 38.8 20.8
Hydrochar 240 40.6 459 4.1 9.3 59.5 5.0 0.5 0.2 34.8 22.1
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ratios of coal, raw palm shell and hydrochar are presented in Fig.
4, van Krevelen diagram, to validate the production of carbon rich
materials from carbohydrate materials [36]. Generally, lower H/C
and O/C ratios are desired for a good fuel because of reduced energy
loss, water vapor and smoke during combustion process [37]. It is
evident from the Fig. 4 that both O/C and H/C ratios of solid hydro-
char were decreased with the increase in temperature. The higher
temperature promotes dehydration and decarboxylation reactions,
which results in a decreased O/C ratio. The decrease in H/C and
O/C atomic ratios may be because of exothermic oxidation of hydro-
gen and carbon to H,0, CO and CO, at higher temperatures [38].
Similar results of HTC were observed for EFB, cellulose, sucrose,
starch, glucose and agricultural biomass by a number of research-
ers [33,39-41].

Proximate analysis is supposed to find the ratio of combustible
substances (fixed carbon and volatile matter) to noncombustible
constituents (ash and moisture content), which enables one to deter-
mine the energy content of biomass or fuels. The higher amount
of volatile matter in biomass influences its direct combustion and
co-combustion with coal resulting in decreased performance of
combustion and enhanced emissions of pollutants [42]. Proximate
analysis results show that there was a significant decrease in vola-
tile matter, from 74.30% to 45.95% and an increase in fixed car-
bon content from 13.80% to 40.6%. The increase in fixed carbon
value is credited to the release of volatile matter occurred during
HTC [43]. It is expected that biomass degrades significantly at higher
temperatures resulting removal of volatile matters in more quan-
tity [44]. Fixed carbon represents the amount of carbon which is
not easily biodegraded and has a potential for ground burial for
carbon credits [35]. The higher value of HHV of hydrochar in this
study is attributed to amount of fixed carbon and volatile matter.

3. FTIR Analysis of Feed and Hydrochar

FTIR analysis through FTIR spectra on the wave number ranges
from 4,000 to 400 cm " was carried out to analyze the surface func-
tional groups of palm shell and hydrochar produced by HTC pro-
cess at different reaction conditions. Such spectra of compounds
provide information regarding the existing bonds and also show
the molecular structure of that specific compound [45]. The spec-
tral data for the raw palm shell and solid product obtained by the
FTIR analysis is given in Fig. 5. The absorbance peaks observed
for hydrochar were almost similar to that for a raw palm shell. The
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Fig. 5. Superimposed FTIR analysis of (a) raw palm shell and hy-

drochar (b) at 200 °C, (c) at 220 °C and (d) at 240 °C for 60
min.

peak of -OH groups was recognized approximately at 3,412-3,452
cm™, Tt is due to overlaying of the N-H bond of amino groups [46]
and decrease in O-H bond due to high temperatures, which indi-
cates that the raw material was dehydrated and the water present
in solids was removed. A few similar peaks were noted at 2,923
em™, and 2919cm™, 2,920cm™, 2924cm™ due to C-H stretching
vibrations of CH/CH,/CHj [46]. These peaks were found to be lower
in solid product as compared to the raw palm shell. It indicates
that hydrogen has been removed considerably by HTC process.
The bond observed at 2,360 cm™ represents alkynes. The peak around
1,110cm ™" and 1,030 cm™ is because of Si-O-Si stretching vibra-
tions. A summary of the FTIR spectra analysis is given in Table 3.
4. FESEM Analysis of Feed and Hydrochar

FESEM is a potential technique used to study the morphological
structure of biomass and samples produced from biomass through
different treatments. The morphological structures of raw palm
shell and solid product were assessed through FESEM to deter-
mine the particle surface structure and compared in Fig. 6. The
palm shell has a rough surface with fewer pores. At high tempera-

Table 3. Wave number and ascription of the principle bands in FTIR spectra of hydrochar and raw palm shell

Wave number Assienment Palm Hydrochar Hydrochar Hydrochar
(cm™) &n shell at 200°C at 220°C at 240°C
3500-3300 Alcohols & Phenols, O-H Stretching 3452.26 3440.25 3422.75 3412.74
3000-2850 Alkanes, H-C-H Asymmetric & symmetric 2919.14 2919.56 2920.61 2924.68
1650-1550 Aromatic C=C stretching 1645.91 1615.94 1612.78 1607
1550-1260 Carboxylic acids & derivatives, C-O bending 1467.03 1510.98 1510.88 1509.68
1458.20 1457.26 1456.04
1381.76 1269.57 1214.71
1270.07
850-500 Aromatic substitution by aliphatic groups - 667.59 668.83 667.28
80
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Fig. 6. FESEM images of (a) raw palm shell and hydrochars at (b) 200 °C, (c) 220 °C and (d) 240 °C for 60 min.

ture, the pores on the surface of hydrochar product were highly
increased and resulted in more compact surface with large surface
area. It proves that temperature is the most effective parameter,
because more pores were generated on the surface of hydrochar
produced at the 240 °C as compared to hydrochar produced at lower
temperatures. The small particles adhered to the surface of palm
shell, and after conducting the HTC process, some particles were
removed from the surface and it was confirmed that the structure
of raw palm shell was eroded. With increase in temperature, decom-
position of biomass increases and the basic layers of biomass are
more exposed with temperature improving the porosity of char.
The higher temperatures destroy the walls between adjacent pores,
resulting in the enlargement of pores [47]. Chars produced at higher
temperatures contained several holes and cracks due to the evolu-
tion of volatiles with temperature increase [44]. The samples of chars

September, 2015

produced at higher temperatures have higher micropore volume
[48]. Similar results are observed from FESEM analysis of hydro-
char of EFB [13]. The structure of biomass is altered significantly
with heating rate [49]. The FESEM results confirm the validity of
the BET results discussed in Table 4.

Table 4. BET Characteristics of raw pal shell [60] and hydrochar

Material Av. pore BET surface ~ Total pore
diameter (A) area (m*/g) volume (cm’/g)
Raw palm shell 45.1133 0.3106 0.001292
Hydrochar (200°C)  131.5385 4.4747 0.014715
Hydrochar (220°C)  200.8129 5.2483 0.026348
Hydrochar (240°C)  239.803 10.9022 0.039202
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5. BET Analysis of Feed and Hydrochar

Physical characterization of produced hydrochar was analyzed
using BET (Brand: Quanta Chrome, Model: Autos orb 6B). Total
pore volume of prepared sample was determined by the adsorbed
amount of relative pressure (P/P,) of 0.995, while pore size distri-
bution in mesoporous range was calculated from the desorption
branches of isotherms using the Barrett-Joyner-Halenda (BJH) model
[16]. The surface area of the raw palm shell and produced hydro-
char at different conditions is shown in Table 4. The results of BET
analysis reveal that the BET surface area, total pore volume and
average pore diameter of hydrochar product are improved and in-
creased than those of the raw palm shell. The increase in BET char-
acteristics can be due to the reaction temperature and time, which
disintegrated the fibrous structure of raw palm shell and produced
the number of pores in hydrochar. The rupture of the fibers and
pore size on the surface of EFB were observed to increase in sur-
face area with increase in temperature [13]. The increase in sur-
face area of hydrochars with increase in temperature is because of
the release of volatiles from biomass at higher temperatures [44].
The effect of temperature was studied in the BET surface area of
pistachio nut shells, and it was observed that the BET surface area
was improved by increasing the temperature because of increased
volatiles evolution, which ultimately increased the pore develop-
ment of hydrochar [50]. An increase in temperature causes widen-
ing of pore structure of biomass resulting in an increase in a BET
surface area of hydrochars [51]. At higher temperatures of carbon-
ization, total the pore volume and BET surface area of chars were in-
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creased, indicating that the chars produced at higher temperatures
have more developed pore structure [52]. The accuracy of the results
of this study is confirmed by previously reported studies [36,39].
Furthermore, the improvement in the surface area and porosity of
hydrochar was required to make it more suitable for further appli-
cations, such as super capacitors for electrical energy storage or hy-
drogen storage. A combination of thermal and chemical activa-
tion is one of the ways to increase surface area [53].
6. TGA Analysis of Hydrochar

Thermal gravimetric analysis (TGA) is an efficient method to
study the thermal and combustion performance of different mate-
rials, including biomass, coal and their blends by determining the
weight change of material under the set value of temperature in a
controlled atmosphere [39,54,55]. TGA for raw palm shell and hy-
drochars produced at 200 °C, 220 °C and 240 °C for 60 minutes reac-
tion time was carried out in TGA-Q500 to measure and compare
the thermal behavior and weight loss kinetics of hydrochar with
flow of pure nitrogen (99.999%). 10 mg of sample was placed in a
pan. The decomposition behavior of lignocellulosic biomass may
be divided into four sections: (i) Removal of water content and light
volatile components which occur at a temperature lower than 120 °C,
(ii) degradation of hemicellulose takes place at the 220-315 °C, (iii)
decomposition of cellulose and lignin at 315-400 °C, and (iv) deg-
radation of lignin at >450 °C [56,57]. Fig. 7 shows the variation in
weight loss with respect to temperature. Weight loss kinetics was
almost similar for palm shell and hydrochars. Minor weight loss
was observed between 50-100 °C, which corresponds to the removal

(b) *o0

(0,%) Wblam Auaq

200 400 800 200
Temperature (°C)
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Fig. 7. Thermo gravimetric analysis (TGA) with DTG curves of (a) raw palm shell, (b) hydrochar at 200 °C, (c) hydrochar at 220 °C and (d)

hydrochar at 240 °C.
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of water absorbed; and from 200-750 °C, a fast rate of decomposi-
tion was observed, which is attributed to decomposition and pyroly-
sis of hemicellulose and cellulose. Also, the lower lignin content is
inferred from the less marked decomposition at higher tempera-
tures [55,58]. The weight loss taking place at 190-305 °C is because
of pyrolysis of hemicellulose, whereas the pyrolysis of lignin and
cellulose occurs at 305°C-404°C [52]. The profile between 750-
850 °C remained almost flat, indicating the removal of all volatiles,
hence remained as a residue.

The temperatures at which maximum rate of weight loss takes
place are defined by the position of peaks in the DTG curve. The
first DTG peak for raw palm shell is observed at ~290 °C, which is
probably due to the decomposition of hemicellulose [59]. The sec-
ond peak for the raw palm shell was observed at ~350 °C, which is
attributed to the decomposition of cellulose [60]. The combustion
of raw palm shell involves mainly combustion of volatile matter,
which ignited at lower temperature due to its high reactivity. The
rapid weight loss of palm shell at lower temperature range suggests
that an incomplete combustion took place with low efficiency; caus-
ing high pollutant emissions [61]. DTG curve peaks for hydrochars
were observed at 360-380 °C, suggesting that the thermal stability
increased with increase in temperature. At the elevated combus-
tion temperature range for hydrochars, minimized emission of pol-
lutants is also expected by use of hydrochars.

CONCLUSIONS

The yield percentage of solid product was decreased with in-
creasing temperature and run time because of the higher rate of
liquefaction. Based upon obtained results, by HTC of raw palm
shell, the production of hydrochar during the HTC reaction is influ-
enced by both temperature as well as reaction time, hence the reac-
tion time and the reaction temperature were found to be the key
factors influencing the HTC process.

With the results of characterization of solid product, the rate of
dehydration reaction and decarboxylation reaction was increased
by increasing the temperature and reaction duration. The heating
value improved up to 22.11 MJ/kg as compared to the heating value
of feed palm shell 12.24 MJ/kg. The carbon content was increased
in contrast to oxygen and hydrogen content, which were decreased
because of the dehydration and decarboxylation reactions; hence
the HTC process converted a low carbon feed into a product with
high carbon content and high calorific value.
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