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ABSTRACT

Production of synthesis gas by gasification is still a challenge due to the tar in the synthesis gas (syngas). This tar needs
to be eliminated by appropriate methods before using the syngas as a fuel. Moreover, the solid residue after gasification

also needs to be properly managed or destroyed. Therefore, the aim of this study was to investigate tar and solid residue
generated by gasification of rubberwood biomass, including rubberwood chips (RWC), rubberwood pellets (RWP),

rubberwood unburned char (UBC), and their blends, in a downdraft gasifier. Waste vegetable oil (WVO) and water were
used as scrubbing media. Properties of the biomass samples were characterized by proximate and ultimate analysis,

as well as for the higher heating value. The downdraft gasifier was operated at 850 °C and equivalence ratio (ER) of
0.25. The concentrations of tar in syngas both before and after passing through the wet scrubber were determined.

Chemical compounds in the tar were analysed by GC-MS. The solid residue remaining after gasification was separated
into biochar and ash. The biochar was characterized by CHNS/O analyser, FTIR, SEM, and for the iodine number. The
compounds in ash were determined by XRF. The results show that biomass type and scrubbing media affected the tar
removal efficiency. Scrubbing syngas with WVO had better tar removal efficiency than scrubbing with water. The highest
tar removal efficiency with WVO was 82.16%. The tar sample consisted of complex compounds as indicated by GC-MS,

and these compounds depended on type of biomass feedstock. The solid residue obtained after gasification process
contained biochar (unburned carbon) and ash. Some biochars can be used as solid fuels, depending on carbon content
and energy content. The biochar also had a highly porous structure based on SEM imaging, and a high iodine number
(930-1134 mg/g). The biochar contained the functional groups OH, C-O, and C-H, as indicated by FTIR. CaO, K 0O, SiO,,

and MgO were the major components in ash. The spent WVO, biochar, and ash need to be properly managed or utilized
for sustainable gasification operations, and these results support that pursuit.
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ABSTRAK
Penghasilan gas sintesis melalui proses pengegasan masih mencabar kerana kehadiran tar dalam gas sintesis
(singas). Tar ini perlu disingkirkan melalui kaedah yang bersesuaian sebelum singas digunakan sebagai bahan api.
Selain itu, sisa pepejal yang terhasil selepas proses pengegasan juga perlu diuruskan atau dimusnahkan dengan betul.
Oleh demikian, tujuan kajian ini adalah untuk mengkaji tar dan sisa pepejal yang terhasil daripada proses pengegasan
biojisim kayu getah, termasuk serpihan kayu getah, pelet kayu getah, arang kayu getah dan campuran kesemua bahan
dalam pengegas alir turun. Minyak sayur terpakai dan air telah digunakan sebagai media penggahar. Ciri-ciri sampel
biojisim telah dikaji melalui analisis proksimat dan muktamad, dan juga nilai pemanasan tinggi. Sistem pengegas
alir turun telah beroperasi pada suhu 850 °C and nisbah kesetaraan 0.25. Kandungan tar dalam singas sebelum dan
selepas melalui media penggahar telah diukur. Sebatian kimia dalam sampel tar telah dianalisis menggunakan GC-
MS. Sisa baki pepejal selepas proses pengegasan telah dipisah daripada arang bio dan abu. Arang bio telah dicirikan
melalui alat CHNS/O, FTIR, SEM, dan nombor iodin. Sebatian dalam abu dianalisis melalui XRF. Keputusan yang
diperoleh menunjukkan bahawa jenis biojisim dan media penggahar telah mempengaruhi keberkesanan penyingkiran
tar. Penggaharan singas menggunakan minyak sayur terpakai menunjukkan keberkesanan yang lebih baik berbanding
dengan air daripada segi penyingkiran tar. Setinggi 82.16% penyingkiran tar telah tercapai menggunakan minyak
sayur terpakai. Sampel tar mengandungi sebatian yang kompleks seperti yang ditunjukkan oleh GC-MS dan komposisi
sebatian ini bergantung kepada jenis biojisim. Sisa pepejal terhasil selepas proses pengegasan mengandungi arang
bio (karbon tak terbakar) dan abu. Sesetengah arang bio boleh digunakan sebagai bahan api pepejal yang bergantung
kepada kandungan karbon dan tenaga. Arang bio yang terhasil juga mempunyai struktur berongga berdasarkan imej
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SEM dan nilai iodin yang tinggi (930-1134 mg/g). Arang bio yang terhasil mengandungi kumpulan berfungsi OH, C-O
dan C-H seperti yang ditunjukkan oleh FTIR. CaO, K,0, SiO, dan MgO adalah kandungan utama dalam abu. Minyak
sayur terpakai, arang bio dan abu yang telah digunakan perlu diuruskan dengan betul untuk operasi pengegasan yang

mampan dan hasil ini menyokong usaha tersebut.

Kata kunci: Biojisim; biojisim kayu getah; pembersihan singas; pembuangan tar; pengegasan

INTRODUCTION

Rapid depletion of fossil fuel resources and environmental
issues caused by their fuel uses are major global challenges.
To overcome these issues, biofuels and bioenergy from
biomasses, such as wood, residues and wastes, are of
great importance in seeking to meet the increasing global
energy demands (Abdullahi et al. 2017; Plante et al. 2019;
Sikarwar et al. 2017). Moreover, biofuels and bioenergy are
economically beneficial to peoples and countries (Amin
et al. 2019). Biomass has several advantages among the
alternative renewable energy resources that include wind,
hydro and solar energy. This is because biomass can be
grown, stored, managed and transported, in addition to
being environmentally friendly (Kirubakaran et al. 2009;
Palamanit et al. 2019; Shrivastava et al. 2020; Sikarwar
et al. 2017; Werther et al. 2000; Yokoyama et al. 2000).
Generally, most biomasses are lignocellulosic, containing
hemicellulose, cellulose and lignin. The composition
of lignocellulosic biomass still varies by plant species,
maturity stage of the plants, and growth environment and
conditions (Anwar et al. 2014; Kumar et al. 2009). The
applications of lignocellulosic biomasses as biofuels for
bioenergy are of high interest partly because biomass is
abundant globally (Miiller-Langer & Kaltschmitt 2015;
Nanda et al. 2014; Rajendran et al. 2017).

Thailand is a developing country that heavily
relies on fossil fuels for energy, specifically on crude
oil, natural gas, and coal. Most of these fuels need to
be imported, contributing to low energy security and
sustainability, in addition to the environmental impacts.
Thus, Thailand has policies to improve the energy
security and sustainability and to reduce the greenhouse
gas emissions by increasing the utilization of renewable
and alternative energy sources. Biomass is among the
main candidate renewable energy resources in Thailand
and can be applied as biofuels (Khongphakdi et al. 2020;
Palamanit et al. 2019; Shrivastava et al. 2020). Thailand
has high availability of biomass due to the agro-industries
producing rice, palm oil, natural rubber, and rubberwood.
Producing these products provides biomass as side
products, in the forms of organic residues and wastes. In
2018, the plantation area of rubber trees in Thailand was
3.66 million hectares (Office of Agricultural Economics
2018; Rubber Authority of Thailand 2018) mostly in
southern region of the country. The replantation of
rubber trees and processing of rubber wood provide
many types of biomass, such as rubber tree roots, stumps,

branches, leaves, sawdust and bark. These can be applied
as feedstocks for bioenergy production. Aside from
rubberwood biomass in its raw or unprocessed forms,
unburned char or solid residue carbon that remains in
bottom ash after combustion of rubberwood in a fixed bed
combustor is also an alternative source of energy (James
et al. 2012).

Conversion of biomass into biofuels can be
performed by mechanical, thermochemical, biochemical,
and combined processes (Mckendry 2002a; Shrivastava
et al. 2020; Tanger et al. 2013; Tursi 2019). Gasification
is a type of thermochemical conversion that is widely
applied to produce synthesis gas (syngas) or producer gas
(Mckendry 2002b; Molino et al. 2016; Sikarwar et al.
2017; Watson et al. 2018; Widjaya et al. 2018). Such gas
is a high-grade fuel and it is relatively easy to use for heat
and power generation (Awais et al. 2018; Jia et al. 2017
Kate & Chaurasia 2018). Gasification is partial oxidation
that can be widely applied with many feedstocks, such as
biomass, coal, and plastic waste, for producing syngas.
The main components in syngas are CO, CO,, CH,, and
H, (Abdoulmoumine et al. 2015; Lopez et al. 2018;
Pereira et al. 2012; Rasmussen et al. 2020; Watson et al.
2018). The lignocellulosic components in biomass are
decomposed to syngas and tar during gasification. There
are many factors that influence the quality and quantity
of syngas, as well as tar concentration and composition,
for example biomass type and composition, type of
gasifier, and operating conditions (i.e. temperature and
equivalence ratio) (Farzad et al. 2016; Ku et al. 2017;
Molino et al. 2016; Pereira et al. 2012; Susastriawan et
al. 2017; Widjaya et al. 2018).

Tar is the main problem in commercial applications
of syngas. This tar is normally a sticky and black
substance containing complex compounds (Han & Kim
2008; Li & Suzuki 2009; Valderrama Rios et al. 2018).
Tar needs to be eliminated from syngas before use as a
gas fuel to prevent damage to pipes, blowers, burners or
engines (Valderrama Rios et al. 2018). There are many
methods that can be applied to reduce or eliminate tar
in syngas, for example thermal treatment, wet scrubbing,
bio-filtering, and catalytic treatment (Awais et al. 2018;
Fuentes-Cano et al. 2020; Islam 2020; Monir et al.
2020; Nakamura et al. 2015; Shen & Yoshikawa 2013;
Vecchione et al. 2016). These methods have varying tar
removal efficiencies. However, wet scrubbing is currently
widely applied as it is not too complex, has relatively high



efficiency, and is cheap and easy to maintain. Nakamura
et al. (2015) achieved 73.3% tar removal using bio-oil
as absorbent. Another study reported 80.4% tar reduction
with waste cooking oil (Tarnpradab et al. 2016). Awais
et al. (2018) studied gasification of wood chips and corn
cobs, and reported tar removal efficiencies in the range
35-74% when using cyclone, wet scrubber, filter and
auxiliary filter. Recently, Monir et al. (2020) showed that
tar reduction efficiency significantly increased from
81.87 to 97.25% when thermal treatment temperature
changed from 700 to 1000 °C. Fuentes-Cano et al. (2020)
reported that in long tests the catalytic conversion of
biomass-derived tars over char was 64-80%. Numerous
physical, thermal and chemical processes have been
applied for tar elimination, but the removal or elimination
of tar from syngas generated from rubberwood biomass
still needs studies clarifying alternative processes,
absorbing media and cleaning methods (Kaewluan
& Pipatmanomai 2011a, 2011b). Moreover, the solid
residue remaining after gasification needs to be properly
handled and managed. The recovery of solid residues
can be beneficial for economy and sustainability of
the gasification process. Therefore, the objectives of
this study were to investigate the tar concentration and
composition in syngas obtained from gasification of
rubberwood chips (RWC), rubberwood pellets (RWP),
unburned char (UBC), and their blends in a downdraft
gasifier; to determine the efficiency of tar removal using
water or waste vegetable oil (WVO) as scrubbing media;
and to characterize the solid residue remaining after
gasification for potential further applications.

MATERIALS AND METHODS

RAW MATERIAL PREPARATION

Isopropanol and acetone used in this study were analytical
grade (purity >99%). WVO, ice and salt were purchased
from a local market. The RWC was obtained from a factory
that produces rubberwood chips, located in Khlongngae,
Sadao District, Songkhla Province, Thailand. The size of
RWC was about 20 x 35 mm. The UBC was separated
from bottom ash by sieving and the size of UBC was
about 10-20 mm. The RWP was obtained from wood
pellet production factory located in Rattaphum District,
Songkhla Province, Thailand. The RWP had 8§ mm
diameter and 20-40 mm length. These biomass samples
were dried in a solar greenhouse dryer to reduce the
moisture content. The blended samples were prepared
by mixing UBC and RWC, or mixing UBC and RWP,
both in 50:50 (wt. %) blend ratio. The prepared samples
were kept in airtight bags until use in experiments.
The waste vegetable oil (WVO) was filtered to remove
suspended particles and was well stirred before use. The
overall scheme is presented in Figure 1. Representative
samples of biomasses and WVO are shown in Figure S1
(Supplementary data).
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SETUP OF DOWNDRAFT GASIFIER AND TAR REMOVAL
PROCESS

A schematic diagram of the downdraft gasifier equipped
with a tar removal system is shown in Figure S2
(Supplementary data). The downdraft gasifier type was
chosen because it provides a low tar concentration in
syngas, compared to an updraft or a moving bed gasifier.
The downdraft gasifier was fabricated and installed at
Prince of Songkla University (PSU), Hat Yai, Songkhla
Province, Thailand. The downdraft gasifier was made of
high grade steel and the major components of this gasifier
include feeding hopper, blower, air supply ring, gas
outlet, ignition point, cyclone, control valves, and solid
residue collector below the grate, as shown in Figure
S2 (a). A wet scrubber system was installed to eliminate
tar using water or WVO as scrubbing media. The syngas
leaves the gasifier chamber and flows to the cyclone that
removes solid particles. Then the syngas flows to the wet
scrubber in which it contacts tar absorbing medium that
is continuously sprayed through three spray nozzles. The
water or WVO is supplied to the nozzles on top of the wet
scrubber column by an electrical pump. The tar sampling
tray system shown in Figure S2 (b) consists of series of
impingement glass bottles. Hot (40 °C) and cold (-20 °C)
water baths were used to sample tar from the syngas both
before and after passing through the wet scrubber.

The experiment started by feeding 12 kg of biomass
into the gasifier via the hopper, then the lid was tightly
closed. The solid residue collection port and all the
valves were closed when burning was started at the
ignition port. The biomass was initially ignited and left
burning for approximately 5-10 min to make sure that the
burning was completed. Then, the cover of ignition port
was closed and the air supply valve was opened before
running the blower. Air was supplied to gasifier at the
equivalence ratio (ER) of 0.25 based on preliminary tests.
After supplying the air, the temperature in the combustion
zone continuously increased and the smoke was visible
at the flare pipe, and syngas was burning as a flame. The
gasifier was operated to maintain the temperature around
850 °C.

When the gasifier was stabilized at a specific
temperature, syngas both before and after passing
the wet scrubber was connected to the tar sampling
system. While running the gasifier, water or WVO was
continuously sprayed to the scrubber column. Each tar
sampling train had 6 impingement glass bottles to collect
tar before and after the wet scrubber. Hot and cold
baths were maintained at 40 °C and -20 °C, respectively.
The cold bath was prepared by mixing ice, salt and water
in an appropriate ratio. The tar sampling glass bottles
were filled with 50 mL of isopropanol, except for the
last bottle, which was empty. The collection of tar was
performed continuously for 60 min. The flow rate of
sampling syngas was maintained at 2 L/min. The amount
of tar in isopropanol was determined by evaporating in
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a rotary vacuum evaporator at 50 °C. The mass of tar
in syngas before and after passing the wet scrubber was
weighed and then tar removal efficiency was determined
from (1). The tar concentration in syngas was determined
by (2). The tar sample was diluted with 5 mL isopropanol
and it was analysed for chemical compounds in a GC-
MS. At the end of each experiment, the gasifier was left
to cool and the solid residue was collected. The solid
residue was sieved to separate ash and biochar.

weight of tar before scrubber(g)-weight of tar after scrubber(g) X100 ( 1 )

Efficiency(%) =
yo) weight of tar before scrubber(g)

Tar concertation in syngas (g/m?) = Weight of tar (g)/syngas flow rate (m?) (2)

ANALYTICAL METHODS

The determination of moisture content, volatile matter,
fixed carbon content, and ash content is known as
proximate analysis. These components of biomass were
determined using a thermogravimetric analyzer (TGA)
Marco TGA 701 (LECO, UK) according to the ASTM
D7582 procedure (Palamanit et al. 2019; Shrivastava et al.
2020). The elemental components carbon (C), hydrogen
(H), nitrogen (N), and sulphur (S) were determined by
Thermo Scientific FLASH 2000 Organic Elemental
Analyzer (Thermo Scientific, Italy), while the oxygen (O)
content was calculated as a difference (Palamanit et al.
2019; Shrivastava et al. 2020). The chemical compounds
in the tar were analyzed using Perkin Elmer 600T Gas
Chromatography-Mass Spectrometer (GC-MS) equipped
with NIST MS 2.0 software. The DB-5MS column used
in the GC was 30 m long, with 0.25 mm diameter and
0.25 mm film thickness. Helium was used as the carrier
gas at a flow rate of 1 mL/min. The oven temperature was
set at 65 °C for 2 min, then it was increased to 300 °C
with a heating rate of 8 °C/min, and it was maintained at
this temperature for 10 min. The injection volume of each
sample was 1 pL.

The functional groups of biochar were determined
with a Fourier transform infrared spectrophotometer
(FTIR Vortex Bruker, Germany). The samples were
scanned over the wavenumber range 400-4000 cm™'. The
iodine number, which was correlated to the surface area
of biochar, was determined by titrimetry. SEM imaging
of biochar was done using Quanta 400 SEM. Ash was
separated from biochar mechanically using a 1 mm sieve
and the ash was characterized using X-ray fluorescence
(XRF) spectrometry (XRF, Zetium, PANalytical,
Netherland).

RESULTS AND DISCUSSION

BIOMASS COMPOSITION

The proximate analysis results and elemental compositions
of biomass samples are listed in Table 1. It is seen that

the moisture contents of all biomass samples were below
10% due to drying in the solar greenhouse dryer. Biomass
with a low moisture content is appropriate feedstock
for syngas production via gasification (Demirbag 2005;
Pereira et al. 2012; Sikarwar et al. 2017; Susastriawan
et al. 2017). This is because the moisture content of
biomass not only influences syngas quality and tar
concentration, but it also affects thermal efficiency of the
gasifier. Previous studies have reported that gasification
of biomass with high moisture provided syngas with low
calorific value due to incomplete pyrolysis (McKendry
2002a; Susastriawan et al. 2017). Plis and Wilk (2011)
found that the content of CO in the syngas was higher
in the case of dried biomass, while the CO, content
increases with moisture in the feedstock. Additionally, a
higher moisture content in the biomass also reduces the
molar fraction of combustible components in the syngas,
consequently lower its heating value (Antonopoulos et
al. 2012). Schuster et al. (2001) showed that the gasifier
temperature and syngas yield decreased, while the tar
content was higher if the feedstock contained more than
30 wt. % moisture. Moreover, gasification of biomass
with high moisture content also consumes extra heat to
evaporate moisture (Brammer & Bridgwater 2002). In
practice, gasification of biomass should be performed
with feedstock that has a suitable moisture content to
reduce the losses of thermal energy from the gasifier. The
moisture content limits for gasifier feedstock depend on
the type of gasifier used. The highest moisture content for
a downdraft gasifier is generally considered to be 25%
wet basis, and not higher than 50% for an updraft gasifier
(Seggiani et al. 2012).

The volatile matter of RWC and RWP was 74.4% and
76%, respectively, while the UBC had very low volatile
matter content (19.0%) in comparison. This is because
the UBC was already decomposed during the combustion
of rubberwood in a boiler system. The volatile matter
of UBC used in this study was similar to the volatile
matter of biochar from pyrolysis (Palamanit et al. 2019).
The presence of volatile matter in biomass indicates
the degree of combustibility of a solid fuel and it also
indicates the gas and tar generation during gasification.
It is well known that high volatile matter in biomass
promotes gas and tar generation. Watson et al. (2018)
reported that agricultural residues tend to produce a
large amount of tar because they tend to have high volatile
matter contents. Considering the fixed carbon content of
biomass samples, the contents in RWC, RWP, and UBC
were 16.8%, 15% and 50.6%, respectively. The low
volatile matter in UBC led to a high fixed carbon content.
The fixed carbon of biomass is the component that can
be converted into biochar after devolatilization. The
fixed carbon content of biomass also indicates the rate
of gasification and the syngas yield (Basu 2010; Watson
et al. 2018). The inorganic components in biomass are
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TABLE 1. Composition and heating value of rubberwood biomass samples
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FIGURE 1. Overall processing scheme
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C
H
N

S
*O

HHV (MJ/kg)

RWC
6.4
74.4
16.8

24

45.50
5.80
0.20

0.02
39.68

17.80

RWP
7.0
76.0
15.0

2.0

44.80
5.70
0.20

0.08
40.22

17.40

UBC
8.2
19.0

50.6

222

58.50
1.20
0.20

0.05
9.65

19.30

# % wt. as received basis, *by difference (O = 100-(Moisture+Ash+C+H+N+S))
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considered ash. The RWC and RWP used in this study
had low ash contents (2-2.40%), while the ash content
of UBC was high (22.2%) due to loss of volatile matters.
Biomass with a high ash content not only provides high
ash amount after gasification, but also causes problems
such as reactor plugging, sintering of catalyst, and need
for proper management or disposal of ash residue. Di
Gregorio et al. (2014) also reported that when the ash
content of the feedstock increased from 17.2% to 25.1%,
the gasification efficiency decreased from 63% to 33%,
and the contents of H, and CO decreased significantly,
resulting in a loss of higher heating value (HHV) of
the syngas. Thus, proximate analysis helps choose
appropriate operating conditions, catalysts and gasifier
configurations (Watson et al. 2018).

Regarding the elemental composition of biomass
samples, ultimate analysis showed that the contents
of carbon, hydrogen, nitrogen Sulphur, and oxygen of
RWC, RWP, and UBC were 44.8-58.5%, 1.2-5.84%, 0.2,
0.02-0.08%, and 9.65-40.22%, respectively. The UBC
contained more carbon than RWC and RWP, while the
hydrogen content of UBC was the lowest. This is due
to the loss of volatile matter from the UBC. The results
of ultimate analysis are consistent with the proximate
analysis results. Ultimate analysis is generally performed
to assess the potential of a biomass as solid fuel for
bioenergy. Normally, biomass with high carbon and
hydrogen contents provides a high HHV. The results
of proximate and ultimate analysis of feedstocks in
this study are similar to previous studies (Abdullahi
et al. 2017; Garcia et al. 2013; Johari et al. 2014). For
gasification, high amounts of carbon and oxygen in the
biomass contribute to CO, and CO formation during
gasification, and also increase the yields of CH, and H,,
if the gasifier is operated at suitable conditions. Low
nitrogen and sulphur contents in biomass help avoid the
formation of NO_and SO_(Mishra & Mohanty 2018).
Most of the nitrogen during gasification is in the forms of
organic complexes and therefore, reacts with hydrogen,
forming ammonia and even hydrogen cyanide (Watson
et al. 2018). A small amount of nitrogen is retained in
the unreacted solid residues. In the case of sulphur,
it is often emitted in the form of H,S, which leads to
difficulty in gas treatment and separation (Watson et al.
2018). Regarding oxygen, it is seen that UBC had the
lowest oxygen content, due to thermal decompostion
of lignocellulosic components in the biomass. The low
oxygen content of UBC led to high HHV as seen in Table
1. The HHVs of RWC, RWP, and UBC were 17.80, 17.40,
and 19.30 MJ/kg.

TAR CONCENTRATION IN SYNGAS AND TAR REMOVAL
EFFICIENCY

In practice, condensation of tar on cool surfaces tends to
occur in ducts, heat exchangers, filters and blowers, and
is the big problem to commercial syngas applications.
Tar not only deposits on and fouls equipment, but it also

decreases the process efficiency and increases system
operational costs (Valderrama Rios et al. 2018). Thus, tar
in syngas needs to be reduced or eliminated to address
these problems. The amount of tar in syngas prior to its
application in an internal combustion engine or a gas
turbine should be below 100 and 5.0 mg/m?, respectively
(Valderrama Rios et al. 2018).

Table 2 shows the tar concentration in syngas
obtained from different biomasses by gasification, at inlet
and outlet of a wet scrubber using water and WVO as the
scrubbing media. The results indicated that gasification
of the selected biomass in a downdraft gasifier provided
tar concentrations of 1.61-20.66 g/m’. The type of
biomass affected tar concentration. Gasification of
RWP and RWC showed the most tar, followed by the
biomass blends. The syngas from UBC had lowest tar
concentration. The tar concentration in syngas from these
biomasses was attributed to their volatile matter, which
is emitted as both gases and vapors, and the latter ones
can be condensed. The UBC feedstock had low volatile
matter content, resulting in less tar formation during
gasification. When the tar was eliminated by wet scrubber,
it can be observed in Table 2 that the tar concentration
in syngas was significantly reduced both with water
and with WVO scrubbing media, for all the feedstocks.
Interestingly, syngas cleaned with WVO had less tar that
after water scrubbing. The scrubbing media had different
abilities to capture or adsorb specific compounds in the
tar. Although the tar components have low solubility
in water, the decrease in gravimetric tar due to water
scrubbing can be attributed to condensation of tar when
contacting sprayed water. The low temperature of water
scrubber with respect to the temperature of entering gas
condensed tar as a separate phase on water surfaces, and
this could be observed in the water container. The high tar
removal efficiency of WVO is due to the tar solubility in
oil. High efficiency of tar removal on using oil scrubber
has been found in many studies. Phuphuakrat et al. (2011)
reported 31.8% tar removal efficiency on using water as
scrubbing medium, whereas the efficiency was 60.4%
with vegetable oil. Moreover, the tar removal efficiency
of cooking oil or vegetable oil (fresh or waste) has been
investigated in many studies, such as Ahmad et al. (2016),
Bhoi et al. (2015), Nakamura et al. (2016), Pacthanom et
al. (2013), Tarnpradab et al. (2016), Thapa et al. (2017),
and Unyaphan et al. (2017). They indicate that these
oils provide high tar removal efficiencies ranging from
80% to 98%, depending on type of oil and operating
conditions.

In this study, the overall impact of tar removal
efficiency was calculated and the results showed that it was
in the range of 48.45-82.16%, as shown in Figure 2. The
highest removal efficiency of tar was obtained in case of
the mixture of RWP+UBC (50:50). These results showed
that wet scrubbing eliminated a large amount of tar when
RWP or RWC was used as feedstock. The wet scrubber can
also help remove metals and dust particles that remain
in the syngas stream (Stevens 2001). Considering the



tar removal efficiencies of water and WVO, it was clear
that the WVO was the more efficient choice. The high tar
removal efficiency of the oil-based scrubbing media is
attributed to lipophilicity characteristics of oil. This helps
dissolve the non-polar hydrocarbons of tar (Ahmad et al.
2016; Paethanom et al. 2012). Normally, tar compounds
are lipophilic in nature and can mix well with vegetable
oils, as these oils have saturated and unsaturated fatty
acids (Ahmad et al. 2016). Thus, WVO was more
efficient for the one-ring aromatic hydrocarbons and
other light tar components. According to the results of
this study, on employing WVO as the scrubbing medium
the gravimetric tar removal increased to 80.84% from
68.51% for water scrubbing, with RWC feedstock. Similar
efficiency in tar reduction was observed with every
rubberwood feedstock, as WVO adsorbed 76.62% of the
tar from RWP, which was 12% more efficient than with
water scrubbing. In the case of UBC, WVO could reduce
tar by 62% and was 13.79% more efficient than water.

CHEMICAL COMPOUNDS IN TAR
The sample of tar in syngas before passing through
the wet scrubber was subjected to GC-MS. The results
showed that the main tar compounds in syngas differed
by type of biomass. The main chemical compounds
in tar obtained from gasification of RWC and RWP
included aniline-1-(13)C, 13-docosenamide, (Z)-,
phorbol, naphthalene, 2-phenyl-, 3-bromobenzoic acid,
octadecyl, phenol, and benzothiazole. In the case of
UBC, the tar was mainly composed of 3,5-dimethoxy-
4-hydroxytoluene, phenol, 2-methoxy-4-(1-propenyl)-,
S-tert-butylpyrogallol, dimethoxy propyl and phenol,
2,6-dimethoxy-. These results showed that tar
components were complex compounds, such as amines,
furans and aromatics, and phenols, depending on biomass
type. The composition of tar in syngas from UBC was
different from RWC and RWP, because UBC had low
volatile matter content as seen in proximate analysis.
Some previous studies have indicated that there are five
classes of compounds in tar, including GC-undetectable
tar, heterocyclic, light aromatic (1 ring), light PAHs
compounds (2-3 rings) and heavy PAHs compounds (4-7
rings) (Han & Kim 2008; Li & Suzuki 2009; Valderrama
Rios et al. 2018). However, Corella et al. (2003)
classified tar compounds to 6 categories, including
benzene; one-ring compounds (excluding benzene):
toluene, xylenes, styrene, indene, methyl-indene, indan,
thiophene, ethyl-benzene, methylbenzene; naphthalene;
two-ring compounds (excluding naphthalene): methyl-
naphthalenes, biphenyls, acenaphthene, acenaphthylene,
fluorene, benzofurans, methyl-benzofurans; three
and four-ring compounds: Anthracene, phenanthrene,
fluoranthene, pyrene, dibenzofuran; and phenolic
compounds such as phenols and methyl-phenols. Milne
et al. (1998) reported that the primary tar compounds
are generated during pyrolysis stage in gasification
by the thermal decomposition of biomass, which
produces acids, sugars, alcohols, ketones, aldehydes,
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phenols, catechols, guaiacols, syringols, furans, and
oxygenates. When the temperature increased beyond
500 °C, secondary tar was formed as a result of primary
tar rearrangement, forming heavier molecules such
as phenols and olefins. The tar alkyl tertiary products
include methyl derivatives of aromatic compounds, such
as methyl acenaphthylene, methyl naphthalene, toluene
and indene. The condensation of tertiary aromatics
form PAHs without substituent atoms, such as benzene,
naphthalene, acenaphthylene, anthracene, phenanthrene,
and pyrene (Milne et al. 1998). Normally, the tar chemical
compounds depend on many factors, such biomass
type and compositions, gasifier type, and operating
conditions (such as temperature and ER). Knowing the
tar composition helps select appropriate tar removal
methods.

ELEMENTAL COMPOSITION OF BIOCHAR

The solid residue remaining after gasification was
separated into biochar and ash. These solid residues
were characterized to identify potential applications. The
elemental compositions of biochar samples are presented
in Table 3. It can be observed that biochar of UBC and
blended biomasses had higher carbon contents than
biochars from RWC and RWP. This high carbon content
indicates high potential for use as solid fuel. A high
carbon content is also suitable for carbon sequestration.
When UBC is already free from volatiles, the carbon in
UBC and blended samples is expected to become higher
on heating for gasification. Biochars can be categorized
into three classes based on carbon content: 10-30%;
30-60%; and more than 60%. The biochars from UBC
and blended samples are in class 3, while biochars from
RWC and RWP are in class 2. The high carbon contents
remaining in biochar after gasification are similar to
those in biochar from pyrolysis (Palamanit et al. 2019).
The H/C ratio explains the degree of aromatization and
bonding arrangement in biochar. A low value H/C ratio
leads to stronger aromatization, where the carbon in
biochar is predominantly unsaturated and C atoms are
bonded with other carbon atoms.

The higher heating value (HHV) of a biochar is
a crucial factor that needs to be considered for further
biochar applications. It can be seen that biochar obtained
from blends of UBC with RWC or UBC with RWP had
greater HHV than those from single feedstocks. The
heating value of biochar was in the range of 24-25 MJ/
kg, which is relatively high and appropriate for a solid
fuel. The heating values of biochars from RWC and RWP
were low but still good for solid fuel uses. However,
their applications to soil amendment or wastewater
treatment can be attractive alternatives.

CHARACTERIZATION OF BIOCHAR BY FTIR
The functional groups in biochar need to be identified if a
biochar is considered for use as adsorbent. The functional
groups in biochars from the various feedstocks were
determined by FTIR analysis, as shown in Figure 3. The
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FTIR spectra show many peaks from different functional
groups. The peak in the range of 3300-3400 cm™ is
for OH group (Jadhav et al. 2019; Liang et al. 2019).
The peaks at 2800-2900 cm™ are assigned to alkanes.
The peaks in the range 1900-2000 cm™ belong to NCS
compounds. The peaks at 1600-1700 cm™ are for amide,
secondary amines, and nitrates. The peaks at 1300-1400
cm’! belong to alcohols, while at 900-1000 cm™' the peaks
indicate C-O compounds (Guo & Bustin 1998). The peaks
at 700-800 cm™ correspond to aromatic C-H stretching
(Hossain et al. 2011). It is observed that all biochars had
some variation in the spectra, which is attributed to the
gasification process. However, all biochars exhibited
similar trends as regards the functional groups. The
biochar surface was rich in O-containing functional
groups, which are highly desired for pollutant adsorption
such as in treatment of wastewater, dyes or oil (Jindo et
al. 2014).

SURFACE FEATURES AND IODINE NUMBERS OF BIOCHARS

Figure 4 shows SEM images of the biochar samples
from gasification of RWC, RWP, UBC, RWC+UBC, and
RWP+UBC. It is seen that the surfaces of biochar are
rough and porous, which indicates good potential for
application as adsorbents. The surface of biochar from
UBC clearly shows large pores, which may be due to two
high-temperature treatments. The UBC was already heated
in a boiler system, which generated pores. The surface
features of biochars in this study are similar to those in
Bensidhom et al. (2018) and Palamanit et al. (2019).
Moreover, the biochar can also be used as tar absorbing
medium after treatment. Regarding the iodine number,
it is another biochar property important for application
as adsorbents (Bamdad et al. 2018). This property is
strongly related to specific surface area. lodine numbers
of the biochars from gasification of RWC, RWP, UBC,
RWC+UBC, and RWP+UBC were 925, 1022, 1018, 1130,
and 934 mg/g, respectively. The biochar from RWC+UBC
showed the highest iodine number suggesting this
possibly had the highest surface area among the biochar
samples. A high iodine number suggests that the biochar

can be an excellent adsorbent and possibly has high
specific surface. The results indicate that biochars from
all types of biomass tested may be good as adsorbents,
and these results are well supported by a previous study
on biochar preparation and activation for use as an
adsorbent (Saad et al. 2019).

CHEMICAL COMPOSITION OF ASH

The ash that was separated from biochar after finished
gasification of the different feedstocks was analyzed
for chemical composition, and the results are shown in
Table 4. It is seen that the main chemical components in
the ash samples were CaO (24.28-41.78%), SiO (7.34-
14.87%), K,O (5.64-12.85%), and MgO (3.70-5.47%),
while the Cl content was low (0.03-0.08%). These results
indicate that rubberwood biomass has a high content of
mineral elements, including K, Ca, Si, and Mg. High
contents of these elements are found in many biomasses,
of both wood-based and herbaceous types, such as
wood pellets, olive husks, wheat straws, corn stalks, and
eucalyptus bark (Chen et al. 2015; Li et al. 2015; Nunes
et al. 2016; Yao et al. 2020; Yu et al. 2014). The major
and minor elements in biomass normally come from the
minerals in soil or feeding nutrients. High contents of the
mentioned elements are disadvantageous to combustion
or gasification. A high concentration of K in the biomass
tends to cause formation of chemical compounds with
low melting points, which leads to severe slagging and
fouling on the heating surfaces, limiting attractiveness of
the biomass (Nunalapati et al. 2007; Zhu et al. 2014). In
biomass gasification, operation of the gasifier at a high
temperature is also risk potentially causing slagging and
fouling in reaction chamber, syngas pipe, and cooling
system. However, the results of ash analysis showed that
most of the major and minor elements in biomass still
remained in the forms of oxides (SiO,, Al,O,, & TiO,) and
alkaline oxides (CaO, MgO, Na,O, & K,0). The presence
of these compounds in ash indicates that this ash can be
applied in construction materials or it can be applied as
bio-fertilizer. Such potential applications would need to
be properly tested.

FIGURE 2. Tar removal efficiency of water and WVO scrubbing

for syngas from different biomasses



TABLE 2. Tar concentration in syngas before and after wet scrubbing system

Water scrubbing Oil scrubbing
Feedstock
BS (g/m?) AS (g/m®) BS (g/m®) AS (g/m®)
RWC 10.83 3.41 20.41 391
RWP 10.85 3.83 20.66 4.83
UBC 1.61 0.83 2.41 0.91
RWC+UBC 2.75 0.84 11.66 2.08
RWP+UBC 5.01 2.50 5.41 2.25

BS= before scrubber, AS=after scrubber

TABLE 3. Elemental compositions of biochars and higher heating values

Biochar C H N S H/C HHV
RWC 46.1 2.1 0.9 2.3 0.55 10.5
RWP 24.1 0.5 0.1 0.07 0.28 7.5
UBC 77.6 1.0 0.2 0.52 0.15 14.0
RWC+UBC 75.9 1.6 0.3 1.4 0.25 25.6
RWP+UBC 74.2 1.0 0.3 0.3 0.17 242

Unit of HHV was MJ/kg

FIGURE 3. FTIR profiles of biochar obtained after gasification of
different feedstocks
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FIGURE 4. SEM images of biochar derived from gasification of
different feedstocks

TABLE 4. XRF analysis results of ash obtained after gasification of different feedstocks

Compound Feedstock

RWC RWP UBC RWC + UBC RWP + UBC
Na,0 0.13 0.10 0.06 0.07 0.07
MgO 4.34 5.47 3.70 5.29 5.19
AlLO, 0.58 1.15 0.91 1.28 1.07
Sio, 7.34 10.27 9.34 14.87 11.18
PO, 2.02 2.65 1.79 2.90 2.61
SO, 1.07 1.10 0.60 0.68 1.11
Cl 0.08 0.07 0.03 0.03 0.05
K.,O 12.12 12.85 5.64 6.01 8.64
CaO 34.53 28.77 24.28 41.78 35.57
TiO, 0.09 0.14 0.10 0.13 0.11
Cr,0, 0.02 0.02 0.01 0.01 0.01
MnO 0.65 0.43 0.41 0.68 0.57
Fe,0, 4.10 3.81 2.02 1.61 1.24
NiO 0.02 0.02 0.01 0.02 0.02
CuO 0.03 0.02 0.02 0.02 0.02
ZnO 0.21 0.08 0.03 0.07 0.07
Rb,O 0.08 0.07 0.03 0.04 0.04
SrO 0.15 0.09 0.08 0.14 0.11
ZrO 0.01 0.01 0.01 0.01 0.01

BaO 0.08 0.05 0.04 0.08 0.06




CONCLUSION

Tar and solid residues were investigated, generated
from gasification of rubberwood biomasses of various
types in a downdraft gasifier. The biomasses tested were
rubberwood chips (RWC), rubberwood pellets (RWP),
rubberwood unburned char (UBC), and some blended
samples. Waste vegetable oil (WVO) and water were used
as alternatives in wet scrubbing. The downdraft gasifier
was operated at 850 °C and an equivalence ratio (ER) of
0.25. The tar concentration in syngas before and after
wet scrubbing were determined and the tar compounds
were analysed by GC-MS. The remaining solid residue
from gasification was separated into biochar and ash
by sieving. The biochar was investigated for chemical
elements, surface features (SEM imaging), functional
groups (FTIR), and iodine number. The ash components
were determined by XRF. The results indicate that
biomass type and scrubbing medium choice affected
the tar removal efficiency. WVO provided the highest
tar removal efficiency (82.16%). The main chemical
compounds in tar were complex compounds that depended
on biomass feedstock. The solid residue remaining after
gasification had both biochar (unburned carbon) and
ash. Some of the biochars had potential for use as solid
fuels, as indicated by carbon content and energy content.
The biochars also had highly porous structures seen in
SEM images and iodine numbers (930-1134 mg/g). The
biochars had O-H functional groups indicated by FTIR.
The oxides CaO, K 0O, SiO,, and MgO were the major
components in ash. These results support beneficial
use rubberwood biomass via gasification to syngas, by
applying WVO to eliminate tar in the syngas, as well as
contributing to the management of spent WVO, biochar,
and ash.
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FIGURE S1. Biomass feedstocks for gasification and WvVO for
scrubbing to remove tar
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FIGURE S2. Schematic diagram of gasifier and tar removal
system used in this study
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