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Abstract—A series of experiments was conducted to study the effect of temperature and feed rate on physicochemi-
cal properties and yield of bio-oil. The experiments were performed in a helical screw fluidized bed reactor and about
150-gram palm shell (PS) was pyrolyzed in each run at 275 °C/min heating rate. The first set of experiments was con-
ducted at temperature ranging from 400 to 650 °C without using any inert gas for fluidization. While the second set of
experiments were performed at feed rates ranging from 3 to 25 g/min in order to investigate the effects of feed rate on
pyrolytic products. Results showed that the bio-oil yield was increased with the increase in temperature and feed rate
due to the enhanced biomass volatilization. In a similar vein to this, a greater extent in oxygenates cracking was also
noted in the bio-oil. A maximum liquid yield of about 72.84 wt% was obtained at 500 °C, while 72.92 wt% liquid yield
was obtained with 25 g/min feed rate. The HHV of bio-oil was also increased from 38.52 to 43.13 MJ/kg when pyroly-

sis temperature was increased from 400 to 650 °C.
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INTRODUCTION

Biomass waste can be considered as an attractive feedstock for
the production of heat, energy, fuels or value-added products [1].
Thermochemical conversion of biomass is widely used due to sev-
eral advantages, such as faster chemical processes, use of whole
biomass to obtain different products and the possibility to use in a
combination of biomass and renewables [2]. Among the several
thermochemical processes, pyrolysis with the use of fluidized sys-
tem is a promising method [3]. However, one of the main issues
with the conventional fluidized bed process is its energy intensive
nature due to gas fluidization and particulate cyclonic separation.
For conventional fluidized bed reactors many studies have been
conducted on operating parameters for upgrading of pyrolysis prod-
ucts from laboratory to industrial scale. In view of these challenges,
helical screw fluidization technique was proposed as an innovative
method in the previous work by the author. This method involves
the use of mechanical power for fluidization of biomass sample
within the reactor shell which is being isolated from the ingress of
oxygen and no gas required for fluidization and extra devices for
particulate separation [4].

Many studies have been dedicated to the effect of operating para-
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meters, and every single parameter has its own significance in the
pyrolysis process. Operating parameters are not only responsible
for maximizing the liquid yield but also affecting pyrolysis effi-
ciency and composition of product quality [5,6]. The relative amount
of each product produced depends upon operating parameters,
properties of biomass and type of pyrolysis process. The pyrolysis
of biomass is influenced by a large number of factors and among
all other things, temperature and feed rate have been shown to have
significant impact on thermal conversion of biomass to bio-oil [7].
Temperature is one of the most significant operating parameters in
pyrolysis since it controls the cracking reaction of the tar [8], and
different types of biomass have different degradation temperatures
depending on their composition and chemical structure. Jahirul et
al. showed that the yield and the quality of pyrolysis oil clearly vary
with temperature. Therefore, more research is required to obtain a
complete description of thermochemical conversion processes to
yield high quality bio-oil [9].

The optimum temperature range for pyrolysis is 500-550 °C,
which gives maximum liquid yield. An increase in feed tempera-
ture will shift to gasification process, which reduces the liquid yield
since cellulose and hemicellulose both are responsible to produce
more volatiles at low temperature as compared to lignin [10]. Usu-
ally, decomposition of biomass at medium temperature (400-550 °C)
favors the production of bio-oils at short residence times. Montoya
et al. also suggested the average temperatures among 500-550 °C
typically increase the bio-oil yield [11]. At higher temperature, the
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probability of gas production increases [12]. However, at low tem-
perature, by-product biochar formation is significant [13]. To change
the pyrolytic composition, the optimization of reaction tempera-
ture and feed rate is essential [14].

Bridgewater indicated that woody biomass is mostly transformed
into liquid product (<70 wt% yield) at 500 °C on dry feed basis [15].
Typically, at low temperature of <300 °C, fragmentation of biomass
at heteroatom sites occurs inside the biomass structure, which leads
to heavy tar formation. Above 455 °C, sufficient disintegration of
biomass subsequently results in high molecular disruption, lead-
ing to various types of useful compounds in the liquid yield. At
such high temperature, pyrolysis reactions transform the product
composition. This modification of pyrolysis temperature possibly
will decrease the by-product biochar formation and support the
formation of liquid product [16]. Bhattachrjee et al. studied the influ-
ence of temperature on red seaweed residues by means of a thermo-
gravimetric analyzer with fast pyrolysis in the temperature range
of 450-650 °C in helium atmosphere. They found that the prod-
uct yield distribution is a function of the biomass feedstock and
the liquid yield is about 70 wt% when temperature reaches 550 °C
[17].

Muasengerere et al. performed pyrolysis of corn stover and the
maximum bio-oil yield was obtained at 550 °C. The decrease in
the bio-oil yield at high temperature was due to the secondary ther-
mal cracking reactions of condensable gases and tar fragments
which formed more vapors and increased the non-condensable
gas yield [18]. Heidari et al. studied the influence of temperature
on fast pyrolysis of Eucalyptus wood in a continuous fluidized bed
reactor and observed a decline in liquid yield with the increase of
temperature from 450 to 600 °C, while gas yield was noticeably im-
proved from 29.4 to 48.4 wt%. The increase in gas yield was due
to the secondary cracking of pyrolysis vapors. Furthermore, an
increase in temperature was accompanied by a reduction in the
amount of by-product biochar yield from 19.7 to 14.2 wt% [6,19].
Zhou et al. also informed that the increase in non-condensable gas
is linked to increased pyrolysis temperature irrespective of the heat-
ing method used [20].

Feed rate is a parameter that is less studied though it can affect
the pyrolysis reactions and product formation. Furthermore, feed
rate can affect the fluidization behavior, which affects heat and
mass transfer rate, vapor residence time and secondary reaction.
Better heat distribution is made possible at lower biomass feed
rate, which results in quicker de-volatilization, leading to the for-
mation of gas and organic vapors. In addition, the low feed rate may
decrease the movement of pyrolytic vapor and boost the second-
ary reaction, which decreases the bio-oil yield [6]. However, the
formation of bio-oil and gas product with high feed rate is higher
than that of low feed rate. This is due to the higher volatile resi-
dence time at low feed rate condition. It shows that the volatile-by-
product biochar interaction is considerably lengthier and that leads
to the repolymerization of volatiles, thus resulting in an increased
quantity of by-product biochar. The increase in biomass feed rate
enables higher condensable vapor formation and shorter vapor resi-
dence time inside the reactor, thus minimizing secondary crack-
ing reactions, which leads to higher bio-oil yield [21].

Therefore, systematic study is required to optimize the feed rate
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in a continuous pyrolysis process. Qingang et al. investigated the
effect of different feed rates ranging from 1.6 to 2.7 kg/h on pyrol-
ysis yields using 42% cellulose, 34% hemicellulose and 24% lignin
with 0.5 mm particle size at 500 °C in bubbling fluidized bed reac-
tor. They noticed that biomass feed rate has negligible effect on
pyrolytic products when it is less than 1.92 kg/h. This may be be-
cause adequate heat transfers from the reactor wall to biomass,
which increases the decomposition. However, when feeding rate is
more than 1.92 kg/h, an adverse effect of biomass feed rate on for-
mation of tar and by-product biochar yield was noticed. At high
feeding rate, there was higher degree of spatial disorder of feed in
the bed temperature, which may result in poorer heat transfer to
biomass. Therefore, biomass feed rate needs to be tuned at an even-
handed level for a suitable product yield [22]. Aghdas et al. also
performed fast pyrolysis of Eucalyptus wood in fluidized reactor at
temperature of 450 °C and attained higher liquid yield of 70 wt%
at 90 g/min feed rate. However, a further increase in feed rate to
100 g/h showed a substantial decline in liquid yield and an increase
in by-product biochar yield from 15wt% to 20 wt% [19]. These
findings showed that the feed rate is a significant parameter in ob-
taining higher bio-oil yield.

The use of a novel helical screw-fluidized bed reactor (HSFBR)
was proposed for slow pyrolysis mode and its design was studied
in our previous work [23]. Apart from the capability to get high
liquid yield, the novelty of the helical screw fluidized bed reactor is
fast vapor production, low pyrolysis time, non-particle agglomera-
tion, non-occurrence of pressure drop during process execution
and low byproduct char formation. In addition, the novelty of this
reactor can also be clearly observed from the obtained quality of
liquid product that confined high organic phase, low water content,
and high energy density. Most of the pyrolysis researches were con-
ducted in a fixed bed or gas fluidized bed systems. This study’s aim
was to investigate the effect of operating parameters: temperature
and feeding rate on the physicochemical properties and the yield
of bio-oil. Furthermore, this study also emphasized the selected
operating parameters to learn how to produce pyrolytic liquid prod-
uct of higher homogeneity, quality, quantity and desired character-
istics using novel helical screw fluidized bed reactor (HSFBR) in
semi-continuous pyrolysis mode.

MATERIAL AND METHODS

1. Raw Material Collection and Analysis

The palm shell (PS) waste was obtained from Felcra Palm Oil
Mill Sdn. Bhd.,, Bota, Perak, Malaysia. The samples were washed
and dehydrated under sun for four days to decrease the moisture
content. Dried samples were subsequently ground and sieved using
UK standard sieve to get the 1-2 mm range particle size and dried
again in an oven at 110 °C for 4 h to further reduce the remaining
moisture content below to 10%.
2. Pyrolysis Experiment

The experimental setup of this study and the design features of
novel helical screw fluidized bed reactor (HSFBR) are illustrated in
Fig. 1 along with the main operating temperatures monitored during
the pyrolysis process. The reactor is made from stainless steel
(CS309) of 5mm thickness with an internal diameter of 228 mm
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Fig. 1. Schematic diagram of novel helical fluidized bed pyrolysis reactor.

and total length of 1,524 mm. A helical screw of stainless steel
(CS309) with total length of 1,550 mm containing six flights with
equal pitch distance of 95.25 mm and an external diameter of 203.2
mm was used. A screen plate of 132.4 mm diameter with 1.5 mm
pore size was placed inside the reactor bottommost end between
the reactor and the by-product char collector to arrest or hold the
material for a short period of time until biomass particles were
reduced to 1-2mm and to pass through the screen pores to the
by-product biochar collector. For continuous biomass feed an auger
feeding system was provided at the top to control biomass feed
rate. The helical screw was powered by an AC motor. A pressure
gauge of 7 bar/100 psi was installed between the reactor and con-
denser line to constantly monitor the vapor pressure. A series of
two stainless steel condensers were installed and each condenser
with a length of 1,371.6 mm and outside diameter of 228.6 mm. A
chiller was provided to deliver chilled water at 5 °C temperature as
cooling medium for rapid pyro vapor condensation to avoid sec-
ondary vapor cracking.

Each experiment was performed by loading 300 g of PS with an
average particle size of 1-2 mm into the HSFBR. The reactor was
heated with dual zone electric furnace of 1.5 KW power rating,
and three K-type thermocouples were attached along the exterior
of the reactor shell; temperature was monitored by a digital dis-
play. PID temperature controller (KT-1130, Korea CHINO Co.)
was used to maintain a heating rate of 275 °C/min and to observe
the isothermal reaction conditions. Furthermore, in the first set of
experiments, different temperatures were used from 400, 450, 500,
550, 600 and 650 °C in order to optimize the temperature without
using any inert gas for fluidization at 150 g PS biomass loading and
feed rate of 25 g/min. In the second set of experiments the tem-
perature was fixed at 500 °C with different feed rates at 3, 5, 7, 10,
13, 15, 18, 20, 23 and 25 g/min. Temperature range of 400-650 °C
and feed rate of 3-25 g/min were chosen as the typical operating
condition ranges for effective biomass pyrolysis [6,23].

After the set condition was reached, the experiment was contin-
ued for another 10 minutes to condense all condensates. The vapor
was collected in the condensers while non-condensable gases were
left with controlled flow rate of 20 cc/min, and gas samples were
collected in a sample bag for offline gas analysis. The by-product
biochar was collected simultaneously through the by-product bio-
char collector as fitted at bottom of the reactor. The product yield
of bio-oil and by-product biochar was calculated using Eq. (1), as
follows:

Xl

Y,= i 100 1)
where, Y, is the product yield, X, is the mass of the chosen prod-
uct, and X, is the initial weight of the raw material. The gas yield
was calculated by subtraction: gas yield=100—(liquid yield+by-
product biochar yield). The collected bio-oil and by-product bio-
char were tested for physicochemical analysis. Each pyrolysis experi-
ment was repeated three times under the same operating condition.
3. Phase Separation and Physicochemical Characterization

The bio-oil received from the condensation unit was transferred
into a separating funnel and allowed to settle for three days at
ambient temperature to separate organic and aqueous phases under
the action of gravity. After the phase separation of bio-oil, organic
phase was characterized for physicochemical parameters such as
density; viscosity, pH and water content. A density test was per-
formed using a pycnometer of (25 mL) volume at room tempera-
ture based on the ASTM D4052 standard. The viscosity was de-
termined according to ASTM D445 standard with rotational vis-
cometer (model DV-II+Pro EXTRA) with 20 rpm at 26 °C tem-
perature. The pH/acidity test was determined by using Metrohm
827 pH meter following ASTM E70 standard. The Karl Fischer
titration method was used to measure the water content in bio-oil
organic samples. This measurement was performed by 737 Karl
fisher coulometer according to ASTM E203 (2001) standard [22,23].

Korean J. Chem. Eng.(Vol. 38, No. 9)
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Fig. 2. Phase separation of bio-oil with various temperatures under the influence of gravity.

Chemical characterization of bio-oil and by-product biochar was
performed by CHNOS elemental analysis, Fourier transform infra-
red (FTIR) spectroscopy, while GC-MS analysis was only used for
bio-oil. Ultimate analysis was performed using Perkin-Elmer 2400
CHNS/O to obtain carbon, hydrogen, oxygen, nitrogen and sulfur
data. Perkin-Elmer Spectrum 400 spectrometer was used for FTIR
analysis and the samples were scanned in the range of 400-4,000
cm' with a resolution of 4cm™. GC/MS was performed with Shi-
madzu model no. QP2010 equipped with DB-5 MS column (30 mx
0.25 mmx0.25 pm). The injector temperature of GC/MS was set
at 250°C and oven temperature was programmed at 60°C for
1 minute and then increased to 300 °C with a heating rate of 10 °C/
min and continued for 20 minutes. Helium was used as a carrier
gas with a flow rate of 1.5 mL/min. The detector temperature was
set at 230 °C. The sample was injected into the column with a split
ratio of 1:30. The chemical composition of bio-oil was identified
by comparing the sample chromatogram with the database in the
GC/MS library.

To determine the fuel properties, bio-oil sample was subjected
to several characterizations, which included fire point, flash point,
dew point, pour point, higher heating value (HHV) and lower heat-
ing value (LHV). Flash point test was performed according to
ASTM D93-97 standard using HFP 360 Pensky-Martens closed
cup manual tester. Fire point test was performed based on ASTM
D93 standard using Pensky Marten open cup tester. Dew point
test was made in a batch glass distillation unit at atmospheric pres-
sure following ASTM D02 standard for liquids. Pour point of bio-
oil was determined according to ASTM-D97-17b method. HHV
of bio-oil and by-product biochar using ultimate analysis was deter-
mined according to Dulong formula as shown in Eq. (2), while
LHV was calculated by Eq. (3) proposed by Abnisa et al. [24].

338.2xC+1,442.8x (H - %)

HHV (M]/kg)= 500 )

LHV (M)/kg)=HHV-0.218xH 3)

TGA/DTG analysis was performed using TGA Q500 to investi-
gate the by-product biochar for proximate analysis and thermal
properties of the samples. Around 40 mg of each sample was used
for this analysis and heated in an alumina crucible under N, atmo-
sphere from 30 to 800 °C with a heating rate of 20 °C/min. Mois-
ture content was estimated from the initial weight loss at 150 °C.
Volatile matter was determined by the calculation of the weight
loss data between 150 to 450 °C. Ash content was determined from
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available residue over combustion temperature of 800 °C [22]. The
percentage of fixed carbon was calculated by Eq. (4).

Fixed carbon (%)=100— (Moisture content+Volatile matter+Ash) (4)

Analysis of non-condensable gas specifically hydrogen and methane
was done using a gas analyzer, Rosemount Analytical X-STREAMTM
(UK) apparatus.

RESULTS AND DISCUSSION

1. Phase Separation

Bio-oil derived at different temperatures showed differences in
color as shown in Fig. 2. The bio-oil initially appeared as a single-
phase dark brown, viscous free flowing liquid with strong bitter
smell. The presence of water in the bio-oil is due to existing mois-
ture in the biomass and dehydration and degradation of lignin
during pyrolysis [4]. Phase separation showed that, the liquid was
divided into two layers and then three layers based on the pyro-
lytic temperature. The black color represents the organic or hydro-
carbon phase, while yellowish red layer represents the aqueous phase.
These multilayers are due to the density variation and the pres-
ence of oxygenated compounds, which is attributed to pyrolytic
temperature difference; therefore, bio oils have a polar affinity and
form distinct phases [25]. Lu et al. also reported that multi layers
were due to the variance in solubility or polar affinity among the
different phases [26].
2. Product Yields
2-1. Effect of Temperature

Table 1 shows the product distribution at various temperatures.
At 400 °C, the bio-oil yield was relatively low with a value of 39.1
wt%, while by-product biochar value was higher with 50 wt%. The
higher value of by-product biochar can be attributed to the less

Table 1. Influence of temperature on bio-oil yield

Temperature Product distribution (Wt%)

(O Organic Aqueous Bio-oil" Biochar  Gas

400 16.00 23.10 39.10 50.00  10.90
450 23.50 30.20 53.70 3480 1150
500 4221 30.63 72.84 1198 1518
550 41.00 27.34 68.34 10.60  21.06
600 37.20 28.31 65.51 1260  21.89
650 31.60 33.80 65.40 11.60  23.00

Fye . .
Bio-oil=organic+aqueous
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decomposition of cellulose between 300-450 °C [27]. As the tem-
perature increased to 450 °C, bio-oil yield increased to 53.7 wt%
while by-product biochar yield decreased from 50 to 34.8 wt%.
This could be attributed to the breaking of glycoside chain of poly-
saccharide which provides tar production. Similar effects of tem-
perature at 450 °C on product distribution are reported elsewhere
[14]. Bio-oil yield drastically increased to 72.84 wt% when tem-
perature reached 500 °C, and this could be attributed to the lignin
decomposition between 250-500 °C, which is the major contribu-
tor of liquid at the end of pyrolysis [28,29]. Conversely the by-
product biochar yield was drastically reduced to 22.82 wt%, while
gas yield was slightly increased by approximately 3.68 wt%. Simi-
lar trend was also reported by Bridgewater et al. [30] and Powar et
al. [31].

However, a further increase in temperature to 550 °C resulted in
bio-oil yield to slightly reduce by 1.38 wt%, while the gas product
yield increased to 5.88 wt%. This variation in liquid and gas yields
can be explained by the onset of secondary cracking of vapors at
550 °C, which resulted in decline of the liquid product yield and
increase in the non-condensable gas yield [32]. Similar trend was
observed as temperature further increased to 650 °C and was also
reported by Powar et al. [31].

According to Bridgwater et al,, pyrolysis at adequate tempera-
ture of around 500 °C with short vapor residence time of up to 2's
is desirable to avoid the secondary reactions in vapor phase in order
to produce high liquid products [30,33]. In addition, the effect of
secondary reaction in vapor phase on bio-oil composition requires
turther investigation [34].

2-2. Effect of Feed Rate

The results of this study show that when feed rate was approxi-
mately about 3 g/min the bio-oil, by-product biochar and gas yields
were 70.73, 23.32 and 5.95wt% respectively as shown in Table 2.
However, when the feed rate was in the range of 3-13 g/min it was
observed that the liquid, by-product biochar and gas yields were
relatively constant. This may be attributed to high heat transfer
rate at low feed rate, which resulted in faster de-volatilization, lead-
ing to the formation of gas and vapors. In addition, at low feed
rate it may decrease the movement of pyrolytic vapor and boost
the secondary reaction, which decreases the bio-oil yield [6].

Table 2. Effect of feed rates on pyrolytic yield

Product distribution (wt%)

Feed 1.rate Organics Aqueous Total Bio-oil Biochar Gas
(g/min)

3 44.56 26.17 70.73 23.32 5.95

5 45.26 23.13 68.39 27.56 4.05

7 45.06 2324 68.30 26.32 5.38
10 45.11 23.73 68.84 24.45 6.71
13 44.12 24.78 68.90 2245 8.65
15 46.08 24.79 70.87 20.23 8.90
18 47.03 24.81 71.84 21.33 6.83
20 45.28 24.81 70.09 21.33 8.58
23 48.21 24.63 72.84 1498 12.18
25 46.26 26.66 72.92 13.30 13.78

Table 3. Effect of temperature on physicochemical characteristics of

bio-oil organic phase*

Temperature ~ Density ~ Viscosity Water content
O Ggm) @ P (%)
400 1,089 14.6 2.6 4.7
450 1,130 18.8 2.6 4.6
500 1,150 25.6 29 24
550 1,130 234 2.6 25
600 1,126 21.3 2.8 24
650 1,123 185 29 2.5

*Bio-oil characterization at 25 °C.

This implies that fluidization with helical screw has resulted in
high heat and mass transfer rate therefore reaction rates was not
affected by the slow feed rates. These findings are comparable with
previous studies performed with different feed rates [35]. How-
ever, by introducing more PS biomass feed rate above 13 g/min, a
noticeable increase in bio-oil, gas yields and decrease in by-product
biochar yield. However, the formation of more condensable vapors
and gas product with high feed rate is due to the decrease in the
vapor residence time inside the reactor, thus preventing from sec-
ondary cracking reactions which lead to the a higher bio-oil yield
[21]. Treedet et al. also reported that low feed rate resulted in low
bio-oil yield and vice versa [36].

3. Characterization of Bio-oil
3-1. Effect of Temperature on Physicochemical Properties of Bio-oil

The typical range of bio-oil density is from 1,000 to 1,240 kg/m’
at 15 to 40 °C [37]. Based on Table 3, it can be seen that as pyroly-
sis temperature increased from 400-650 °C, the density of bio-oils
improved from 1,089-1,150 kg/cm’, and as the bio-oil density in-
creased, the content of energy also increased. This result agrees with
the results obtained by Bardalai et al. The increase in density is
related to the increase in pyrolysis temperature and the decrease in
residence time, which provides further biomass breakdown and
more vapors [37]. Tanvidkar et al. described that, the development
of high liquid density product at high temperatures is linked to
low residence time [38]. Viscosity, pH and water content are also
important properties of bio-oil, which determine the flow quality
or fluidity of the liquid. The viscosity of bio-oil varies in a wide range,
as it is produced from various biomasses at different temperatures
[39]. The viscosity, pH and water content of bio-oil in this work
range from 14.6-25.6 cB, 2.6-2.9 and 2.7-4.7 wt%, respectively.

The results depicted a significant decrease in water content from
4.7% to 2.4% as higher pyrolysis temperature promotes further lig-
nin dehydration. Qiang et al. found that the high amount of water
content present in the bio-oil led to phase separation between
aqueous phase and heavier organic phase, which makes it difficult
to be burnt [40]. Furthermore, high water content in the bio-oil
can lower the heating value of the liquid, increase the ignition delay
and decrease the combustion rate by decreasing adiabatic flame
temperature. Therefore, it is essential to control the water or mois-
ture content to be below 10 wt% [6,41].

3-2. Effect of Feed Rate on Physicochemical Properties of Bio-oil

The effect of feed rate on the product distribution and bio-oil

Korean J. Chem. Eng.(Vol. 38, No. 9)
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Table 4. Effect of feed rate on physicochemical characteristics of

bio-oil at 500 °C
Feed rate Density  Viscosity Water content
(g/min) (kgm’) () P (Wt%%)

3 1,089 15.8 2.7 6.4

Less 5 1,120 16.6 2.8 55
7 1,120 16.9 3.0 43

10 1,124 17.8 27 42

Medium 13 1,124 233 3.0 42
15 1,124 21.9 3.0 4.1

18 1,127 22.9 31 4.0

High 20 1,170 233 31 39
25 1,254 23.8 3.6 25

characteristics entirely depends on the particle size, feed rate, reac-
tor configuration [21] and condensation system [37]. Based on
Table 4, it can be observed that that there is an increase in density,
viscosity, pH and decrease in water content of bio-oil, which indi-
rectly improves the quality of bio-oil. In this HSFBR setup, fluid-
ization efficiency, feed rate and residence time were all directly
correlated and affected by the auger speed of the feeding system.
With the increase in feed rate, fluidization effect was further in-
creased, which led to better reactant mixing and pyrolysis effi-
ciency to produce bio-oil of higher quality and quantity. In a simi-
lar vein, PS biomass would also have lower residence time, which
minimizes secondary cracking reactions in producing gaseous prod-
ucts. The decrease in water content might be due to decrease in
carbonyls, which can be confirmed from GC-MS analysis. This
result agrees with the findings of Yiin et al. [42]. The maximum
density was observed at high feed rate from 18 g/min to 25 g/min
with high density from 1,127-1,254 kg/m’, viscosity 22.9-23, pH 3.1-
3.6 and a decrease in water content from 4.0-2.5 wt%.
3-3. Ultimate Analysis of Bio-oil at Different Temperatures

Table 5 summarizes the results of ultimate analysis at 400, 500
and 650 °C. The results show that the bio-oil HHV was the lowest

at 400 °C, and this could be attributed to the low decomposition of
biomass [16]. However, above 400 °C, extensive biomass disinte-
gration was noted, which led to higher de-volatilization of poly-
mers and tar formation [43]. The higher value of HHV at 500 °C
could be attributed to the biomass decomposition that enhanced
the bio-oil quality. Hossain et al. showed that the increasing tem-
perature improved the percentage of carbon content and HHV [44].
Similar effects of HHV by increasing the pyrolysis temperature have
been reported elsewhere [4]. Therefore, when the temperature was
further increased from 500 °C to 650 °C a slight increase in HHV
of bio-oil from (41.83 to 43.13 MJ/kg) was observed. This can be
attributed to the increase of carbon and hydrogen content as well
as a noticeable decrease of oxygen content, as can be seen in Table
5. Anguruwa et al. reported that, the yield of bio-oil reduced with
the increase in temperature, while calorific value increased with
the increase in pyrolysis temperature.
3-4. Ultimate Analysis of Bio-oil at Different Feed Rates

Table 6 reviews the results of ultimate analysis of bio-oil at selected
low, medium and high feed rates. The relationship between ele-
mental properties and the biomass feed rate shows that HHV; car-
bon and hydrogen content were increased while nitrogen, sulfur
and oxygen content were decreased when feed rate was increased.
These improvements can be attributed to improved heat transfer
rate from reactor shell to biomass particle interaction that was
delivered by helical screw before biomass particles exited from the
reactor hot zone. This result is consistent with the findings of
Guedes et al. who described that feed rate correlates with HHV
[21]. Xiong et al. reported that, the lower feed rate may decrease
pyrolytic vapor formation and movement, which leads to second-
ary cracking reactions, thus changing the elemental composition
and physicochemical properties of bio-oil.
3-5. FTIR Analysis of Bio-oil Obtained at Different Temperatures
and Feed Rates

Fig. 3(a) shows the FTIR spectra of bio-oil (organic phase) at
pyrolysis temperatures of 400, 500 and 650 °C and Fig. 3(b) shows
the FTIR spectra of bio-oil (organic phase) at feed rates of 3, 15
and 25 g/min, respectively. The identified functional groups in

Table 5. Elemental analysis of bio-oil (organic phase) at different temperatures.

Temperature Ultimate analysis of bio-oil (Organic phase) (%)
(O C H N S O* HHV (M]/kg)
Low 400 71.60 10.37 14.7 0.03 3.30 38.52
Medium 500 76.80 11.40 8.37 0.03 3.40 41.83
High 650 79.55 11.83 6.16 0.03 243 43.13

*=by difference.

Table 6. Elemental analysis of bio-oil (organic phase) at 500 °C with different feed rate

Feed rate Ultimate analysis of bio-oil (Organic phase) (%)

(g/min) C H N S O* HHV (M]/kg)
Low 3 76.66 10.23 643 0.13 6.55 39.12
Medium 15 78.90 10.21 6.58 0.02 4.29 40.24
High 25 81.80 11.40 3.37 0.03 340 43.09

*=by difference.
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Fig. 3. FTIR spectra of organic phase attained at different (a) temperatures and (b) feed rates.

Table 7. Functional group composition of the bio-oil (organic phase)
attained at different temperatures and feed rates

Group Wavenumber (cm ')  Class of compounds
Alcohols/Phenols 3,000-3,500 O-H Stretch
Aromatics 2,700-3,000 C-H Stretch
Ketones ~1,750 C=0 Stretch
Aromatics ~1,500 C-C Stretch
Carboxylic 1,200-1,300 C-O Stretch
Aromatics ~750 C-H medium stretch

bio-oil are summarized in Table 7. The FTIR band assessment in-
dicates the organic phase consists of a number of atomic groups
and structures. Band intensities reveal that the most abundant chemi-
cal bonds are O-H, C-C, C=0 and C-H bonds. The FTIR spec-
trum of organic phase obtained at 400, 500 and 650 °C indicates
O-H stretching vibration between 3,000 cm™" to 3,500 cm™', which
is attributed to phenol group. Generally, phenols are liable for the
thermal and chemical instability of bio-oil due to the high oxygen
content in the liquid product [32,45-48]. The positive effect in
reducing the phenol content is attributed to the higher heat trans-
fer rate and increased temperature from 400 to 500 °C.
Furthermore, a considerable decrease in phenol and increase in
aromatics were observed [45], since it can produce value-added
chemicals such as aldehydes, acids which improves the energy den-
sity and HHV [4]. The results are in agreement with elemental
analysis (Table 6). According to Lyu et al,, high temperature sup-
ports the formation of small aldehydes and acids, accompanied by
a reduction of phenols [49]. Besides that, a sharp absorption peak at
500 °C from 1,400-1,500 cm™" with C-H stretching vibration indi-
cates the presence of alkanes, which is high in contrast to the ones
obtained at 400 and 650 °C. The 1,750 cm™' band is ascribed to
C=0 stretching vibration in ketone, indicating the presence of ace-
tyl derivative and aldehyde group [50]. The 1,500 cm™ band relates
to C-C stretching, indicating the presence of aromatics. The peak
in the range from 1,200-1,300 cm™" with C-O stretching indicates
the presence of carboxylic acid. The peak intensity increased when
the temperature was increased to 650 °C. Moreover, a medium C-
H stretch was noticed, which specifies the existence of aromatics at

low frequency region of 750 cm™".

The O-H stretching vibration between 3,000 cm™" to 3,500 cm ™"
of phenol group showed a substantial reduction when feed rate
was increased from 3 g/min to 25 g/min. This decrease in phenol
group was mainly attributed to the nascent char which cracked
the oxygenated compound. Hu et al. described that, the nascent
char inside the reactor can serve as the catalyst which initiates the
secondary cracking of phenol containing vapors, resulting in sec-
ondary formation of the bottom organics [51]. Furthermore, C-H,
C-C, C-O and C=0 peaks at 750 cm ", 1,500 cm ™, 1,200-1,300 cm ™,
1,750 cm™' bands were shown to increase in peak intensity with
the increase in feed rate, indicating higher formation of alkanes,
aromatics, ketones and carboxylic acids at higher feeding rate. This
improvement in aromatics is due to the extra decomposition of
lignin caused by helical screw rotation, which increased the particle-
particle and particle-reactor shell interaction during the pyrolysis.
3-6. GC-MS Analysis of Bio-oil at Different Temperatures

The results of GC/MS analysis of bio-oil obtained at 400, 500
and 650 °C are shown in Table 8. Mostly aromatics, alkyls, alco-
hols, phenols were detected in the samples. The result of this anal-
ysis indicates the highest value of possible compounds in alkyls were
heptane, methylcyclohexane, ethyl cyclopentane, norbornane and
cis-1,2-dimethylcyclopentane respectively. However, at 400 °C a high
number of oxygenates, such as cyclohexanol, phenol, 2-methyl-
phenol, 2-methoxyphenol, creosol, 4-ethyl-2-methoxyphenol and
2-,6-dimethoxyphenol, were produced. The oxygenate content was
reduced with the increase in pyrolysis temperature. From the results
it evidently appears that 500°C is the optimal temperature to
obtain good product quality [10]. Between these chemical constit-
uents, alkenes, aromatics and alkyls are valuable for high-quality
bio-oils because of high carbon and hydrogen content that brings
a positive effect in HHV enhancement [52]. The existence of these
groups signifies the suitability of the oil to be considered for value-
added chemicals (e.g,, alkyls, aromatic, and alkenes) in bio-oils. In
addition, it is necessary to exclude the oxygenates from bio-oil via
catalytic upgrading processes such as hydrodeoxygenation, decar-
boxylation and decarbonylation to improve its energy content [46,
53-55].

3-7. GC-MS Analysis of Bio-oil at Different Feed Rates
Table 9 shows the composition of bio-oil from PS pyrolysis at
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Table 8. GC/MS analysis of bio-oil (Organic phase) produced at pyrolysis temperatures of 400, 500 and 650 °C

Relative content (%)

Relative content (%)

. Chemical S . Chemical S
Identified compounds and groups formula Temperature (°C) | Identified compounds and groups formula Temperature (°C)
400 500 650 400 500 650
Aromatics Ketones
Toluene CH, 13.12 1859 16.64 | Cyclohexanone CH,,O 251 132 152
Benzene, 1,2,4-trimethoxy- CH,0; 232 121 201 |7-Oxabicyclo[2.2.1]heptane CH,O 257 103 124
Benzene, 1,2,3-trimethoxy-5-methyl- C,H,,0; 253 154 1.12 |7-Oxabicyclo[4.1.0]heptane CH,O 352 037 184
Total 1797 21.34 19.77 | 2,5-Dimethylfuran C.HO 316 134 410
Alkanes Total 11.76 4.06 1038
Heptane CH, 345 7.61 637 | Alkenes
Cyclohexane, methyl- CH, 412 851 7.79 |Cyclohexene CH, 407 562 621
Cyclopentane, ethyl- CH,, 323 653 7.53 |2-Hexene, 4-methyl-, (E)- CH,, 253 777 612
Norbornane CH,, 156 362 123 Total 6.60 1339 1233
Cyclopentane, 1,2-dimethyl-, cis- CH, 3.85 438 461 |Aldehydes
Total 1621 30.65 27.53 | 5-Hexenal C.H,,0 41 315 270
Alcohols and Phenols Hexanal CH,,0 1.1 025 057
Cyclohexanol C¢H,,0 1.68 1.67 1.12 | Furfural CH,0O, 23 1.3 152
Phenol CH,O 1730 1535 1344 Total 75 47 479
Phenol, 2-methyl- CH;0 131 212 1.12 |Esters
Phenol, 2-methoxy- CHO, 196 - 1.34 | Dodecanoic acid, methyl ester CH, O, 431 187 134
2,4-Hexadienedioic acid, 3,4-diethyl-,
Creosol CH,,O, 110 - 1.11 dimethyl ester, (E.Z)- C,HO, 373 273 1.87
Phenol, 4-ethyl-2-methoxy- CH,,0, 121 011 0.87 |Tetradecanoic acid, methyl ester C;sH;O, 546 201 299
Phenol, 2,6-dimethoxy- CH,,0; 190 - - Total 1350 6.61 6.20
Total 2646 1925 19.00 Grand Total 100 100 100

different feed rates as analyzed via GC/MS. A total of seven groups,
including 29 kinds of major compounds, were identified. When
feed rate was increased, the yield of deoxygenated products (aro-
matics, alkanes, alkenes) increased, while the yield of oxygenated
products (alcohols, phenols, ketones, esters, aldehydes) decreased.
In addition, the yield ratio of deoxygenated non-aromatics (alkanes
and alkenes) to deoxygenated aromatics was 2.04, 3.52 and 3.70 at
the respective feeding rates of 3, 15 and 25 g/min. The changes in
liquid product composition at higher feed rates are attributed to
the enhanced heat transfer rate by particle-particle and particle-
reactor hot shell interaction, which triggered the greater extent of
ring opening, dehydration and cracking of heavy oxygenated aro-
matics molecule [56]. The increase in selectivity for deoxygenated
non-aromatics at higher feed rate is a favorable trend in producing
liquid fuel of better quality, as deoxygenated non-aromatics have
higher HHV than their aromatic counterparts [48].
4. Characterization of Biochar
4-1. Effect of Temperature on Physicochemical Properties of Biochar
Table 10 shows that the by-product biochar obtained at 400 °C
has a carbon content around 60.12% and it has highest volatile mat-
ter of 72.85%. As pyrolysis temperature increased to 500 °C, carbon,
oxygen and volatile matter contents were reduced. This is because
higher pyrolysis temperature enables higher volatilization of car-
bon and volatile matters in PS to form bio-oil instead of bio-char.
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Pyrolysis result at 500 °C shows that by-product biochar produced
has highest carbon content with significantly higher HHV 30 MJ/
kg, since it can add the HHV [57]. These results are consistent
with the results of Rafiq et al. for carbon stability of the by-prod-
uct biochar attained at different temperatures [58]. Furthermore,
FTIR analysis also confirmed the presence of more alkene, alkane
and aromatics in the by-product biochar produced at 500 °C. Thus,
biomass pyrolysis temperature at 500 °C produced maximum bio-
oil as main product and by-product biochar that could be a prom-
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Fig. 4. FTIR spectra of the by-product biochar attained at different
temperatures.
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Table 9. GC/MS analysis of bio-oil (Organic phase) produced at different feed rates

Chemical

Relative content (%)

Relative content (%)

Chemical

Identified compounds and groups formula Feed rate (g/min) | Identified compounds and groups formula Feed rate (g/min)
3 15 25 3 15 25
Aromatics Ketones
Toluene CH, 589 630 10.38 | Cyclopentenone C.H.O 221 101 167
Benzene, 1,2,4-trimethoxy CH,0; 332 434 121 |Cyclohexanone CH, O 251 152 132
Benzene, 1,2,3-trimethoxy-5-methyl- C,H,,0; 4.53 3.12 252 |7-Oxabicyclo[2.2.1]heptane CH,,O 257 124 1.03
Total 1374 1376 14.11 | 7-Oxabicyclo[4.1.0]heptane CH O 352 284 137
Alkanes 2,5-Dimethylfuran CHO 316 310 234
Cyclohexane CH,, 523 601 821 Total 1397 971 773
Heptane CH 345 637 761 |Alkenes
Cyclohexane, methyl- CH, 412 779 851 |Cyclohexene CH,, 407 521 562
Cyclopentane, ethyl- CH, 523 753 6.53 | 2-Hexene, 4-methyl-, (E)- CH,, 253 612 777
Norbornane CH,, 356 223 371 Total 6.6 11.33 1339
Cyclopentane, 1,2-dimethyl-, cis- CH,, 385 461 438 | Aldehydes
Total 2544 3454 3895 | 5-Hexenal CH,,O 410 215 270
Alcohols and Phenols Hexanal CH, O 057 125 127
Cyclohexanol CH,0 168 112 167 |Furfural CH,O, 340 130 152
Phenol CH;O 1530 13.44 1043 Total 807 470 549
Phenol, 2-methyl- CHO 131 199 212 |Esters
Phenol, 2-methoxy- CHO, 196 134 3.12 |Dodecanoic acid, methyl ester C;H,O, 431 214 134
2,4-Hexadienedioic acid, 3,4-diethyl-,
Creosol GHiO, 27 311 344 |2 iyl ester (EZ). C,H:O, 373 273 187
Phenol, 4-ethyl-2-methoxy- CH,,0, 121 087 3.86 | Tetradecanoic, methyl ester CisH; O, 468 201 299
Phenol, 2,6-dimethoxy- C,H,0; 190 354 288 Total 1272 688 620
Total 26.06 3041 27.52 Grand Total 100 100 100

Table 10. Ultimate and proximate analysis of by-product biochar at
different pyrolysis temperatures

Temperature (°C/min)

400 500 650
Ultimate analysis (wt%)
C 60.98 54.64 57.45
H 2.73 8.57 7.21
N 0.43 1.97 1.28
S 0.03 0.02 0.67
O* 35.83 34.8 33.39
Proximate analysis (wt%)
Moisture content 4.90 7.94 8.20
Volatile matter (by difference) 72.85 70.21 69.59
Fixed carbon 18.5 20.84 20.46
Ash 3.75 1.01 1.13
HHV (MJ/kg) 2314 3000 2381
LHV (MJ/kg) 2254 2813 2223

*=by difference

ising approach to liquid and solid fuel production.
Fig. 4 displays the FTIR spectra of by-product biochar derived

Table 11. Functional groups of by-product biochar

Group Wavenumber (cm ')  Class of compounds
Alcohols/Phenol 3,640-3,800 O-H Stretch
Alkanes 2,924-2,969 C-H Stretch
Carboxylic 1,600-1,630 C-O Stretch
Alkynes ~1,500 C-H Stretch
Aromatics ~840 C-H Stretch

from PS pyrolysis at 400, 500 and 650 °C along with their func-
tional group identifications as shown in Table 11. The FTIR spec-
trum of by-product biochar at 400 °C showed significant O-H stretch
intensity in the range of (3,640-3,800 cm™"), while an increase in
temperature caused a significant decrease in phenolics. Hamza et
al. also reported a similar trend and attributed it to the greater
extent of hemicellulose and cellulose breakdown at higher pyroly-
sis temperature [59]. At higher pyrolysis temperature, the higher
volatilization of PS biomass causes the carbon content to be con-
centrated in the bio-oil instead of bio-char, causing a decrease in
the carbon content of biochar. Thus, the selection of pyrolysis tem-
perature must be based on the desired pyrolytic product phase.
Based on Fig. 5, Table 12 and 13, the primary weight loss at tem-
perature range of 25-200 °C is attributed to moisture and volatiles
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Fig. 5. (a) TGA analysis and (b) DTG analysis of by-product biochar obtained at 400, 500 and 650 °C.

Table 12. Weight loss of by-product biochar samples obtained at different temperatures

Pyrolysis Weight loss (%) Total weight Residue
temperature (°C) 1(25-200°C) 2 (200-700 °C) 3 (700-900 °C) loss (%) (%)
400 12 25 10 36 64
500 10 3 20 80
650 2 2 9 91
Table 13. DTG analysis of by-product biochar obtained at different temperatures
Temperature (°C)
Peak 400 500 650 Temprature range Content
No. 4©)
Derivative weight loss (%)
1 0.05 0.04 - 25-200 Moisture and volatile
2 0.02 0.02 0.003 200-430 Hemicellulose, cellulose and lignin
3 0.06 0.03 0.005 430-700 Hemicellulose, cellulose and lignin
4 0.05 0.01 - 700-750 Lignin

evaporation within biochar. The second major weight loss in tem-
perature range of 200-700 °C corresponds to hemicellulose and lig-
nin decomposition. The third major weight loss at temperature
range of 700-900 °C corresponds to the further decomposition of
lignin in biochar. The second major weight loss shows the decom-
position of hemicellulose, cellulose and lignin over a broad tem-
perature range with smaller distinct DTG peaks, which can be ac-
counted for the respective decomposition of such components within
this temperature range. Earlier studies also revealed the major weight
loss of hemicellulose takes place from 400-430 °C [60,61]. Biochar
sample obtained at 650 °C has the least weight loss since most of
the biomass components have been converted to pyrolytic prod-
ucts within the bio-oil.
4-2. Effect of Feed Rate on Physicochemical Properties of Biochar
Table 14 shows that the carbon, hydrogen content and heating
values decreased when feed rate was increased. Higher feeding rate
was indicated in the previous sections to improve volatilization of
biomass components to form bio-oil, which in turn reduces the
available components within the biochar. A similar trend was also
shown in FTIR spectra (Fig. 6), where hydrocarbon functional
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Table 14. Ultimate and proximate analysis of by-product biochar

with different feed rates
Feed rate (g/min)
Characteristics
5 15 25

Ultimate analysis (wt%)

C 60.98 57.45 54.64

H 8.73 8.21 6.57

N 0.42 1.28 1.97

S 0.03 0.67 0.02

O* 29.84 32.39 36.8
Proximate analysis (wt%)

Moisture content 10.20 10.94 11.90

Volatile matter* 67.45 67.21 65.85

Fixed carbon 20.46 19.51 19.50

Ash 1.89 2.34 2.75

HHV (MJ/kg) 27.83 2543 2132

LHV (M]/kg) 25.92 23.64 19.88

*=by difference
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Fig. 6. FTIR spectra of the by-product biochar attained at different
feed rates.

groups within biochar generally decreased in amount as feed rate
increased. This is in corroboration with GC-MS analysis of bio-oil
sample (Table 9) where most of the hydrocarbons were produced
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within bio-oil phase. The increase in oxygen content of biochar at
higher feed rate could also indicate the retention of oxygen during
its catalytic cracking of oxygenates in bio-oil yield [62].

Based on Fig. 7, Table 15 and 16, the primary weight loss in the
temperature range of 20-150 °C is attributed to moisture and vola-
tiles evaporation within biochar. The second and third major weight
losses intemperature ranges of 200-390 °C and 390-550 °C corre-
sponds to the decomposition of hemicellulose, cellulose and lignin.
The fourth major weight loss at temperature range of 550-800 °C
corresponds to the further decomposition of lignin in biochar. Simi-
lar weight loss trends were also reported in Section 3.4.1. When
feed rate is increased, the greater extent of biomass causes most of
the biomass components to be converted to pyrolytic products
within the bio-oil instead of in biochar.

CONCLUSION
We performed a parametric study on the effects of pyrolysis tem-

perature and biomass feeding rate on the production of PS-derived
bio-oil by helical screw fluidized bed reactor. The results show that
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Fig. 7. (a) TGA analysis and (b) DTG analysis of by-product biochar attained with 5 g/min, 15 g/min and 25 g/min.

Table 15. TGA analysis of by-product biochar samples obtained with different feed rates

Feed rate Weight loss (%) Total weight Residue
(g/min) 1 (20-150°C) 2 (200-390 °C) 3 (390-550 °C) 4 (550-800 °C) loss (%) (%)
5 3 10 10 2 25 75
15 2 4 3 - 9 91
25 1 1 2 - 4 96
Table 16. DTG analysis of by-product biochar obtained with different feed rates
Feed rate (g/min)
Peak Temprature range
1 2
No. 5 5 5 CC) Content
Derivative weight loss (%)

1 0.05 0.04 0.05 20-150 Moisture and volatile
2 0.24 0.07 0.03 200-390 Hemicellulose, cellulose and lignin
3 0.05 0.03 0.01 390-550 Hemicellulose, cellulose and lignin
4 0.03 0.01 - 550-800 Lignin
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the temperature and the feed rate have significant effects on the
bio-oil yield and physicochemical properties of pyrolytic products.
When pyrolysis temperature or feed rate was increased, the yields
of bio-oil and gas were increased while biochar yield was decreased.
The increase in these parameters enabled better heat transfer rate
and reactant mixing to promote biomass volatilization. FTTR and
GC/MS analyses indicated the presence of aromatics, alkanes, alkenes,
alcohols, phenols, ketones, aldehydes, acids and esters within the
bio-oil and the biochar. The enhanced biomass volatilization at
higher feed rate and pyrolysis temperature also resulted in greater
extent in oxygenate cracking to produce bio-oil of higher heating
values, carbon, hydrogen contents and lower oxygen content. With
the production of bio-oil at higher quantity and quality at these
settings, the biochar was noted to decrease in its yield and quality
as most of the pyrolytic products were volatilized and concentrated
in the liquid product. The presence of oxygenate residue within
bio-oil also indicates the necessity of subsequent oxygen removal
process such as hydrodeoxygenation to further reduce the oxygen
content and increase the heating value of bio oil so as to be com-
parative with the properties of conventional liquid fuel.
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