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" A new effective tar thermocatalytic treatment using radio frequency energy is proposed.
" The reactor temperature of 1200 �C can be reached quickly at 700 W.
" RF non-thermal effect contributes for generating radical reaction for tar removal.
" Y-zeolite has better catalytic activity than dolomite, even at temperature of 550 �C.
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A new effective RF tar thermocatalytic treatment process with low energy intensive has been proposed to
remove tar from biomass gasification. Toluene and naphthalene as biomass tar model compounds were
removed via both thermal and catalytic treatment over a wide temperature range from 850 �C to 1200 �C
and 450 �C to 900 �C, respectively at residence time of 0–0.7 s. Thermal characteristics of the new tech-
nique are also described in this paper. This study clearly clarified that toluene was much easier to be
removed than naphthalene. Soot was found as the final product of thermal treatment of the tar model
and completely removed during catalytic treatment. Radical reactions generated by RF non-thermal
effect improve the tar removal. The study showed that Y-zeolite has better catalytic activity compared
to dolomite on toluene and naphthalene removal due to its acidic nature and large surface area, even
at lower reaction temperature of about 550 �C.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Tar as one of the undesirable byproducts produced during bio-
mass gasification processes is a major problem that has not been
completely solved yet. Due to its high concentration, upon conden-
sation tar can block downstream pipelines and foul engines and
turbines. Typically tar contents of producer gas produced from
downdraft, updraft and fluidized bed gasifiers are about 1 g Nm�3,
100 g Nm�3 and 10 g Nm�3, respectively (Milne et al., 1998).
Meanwhile tar content tolerances of downstream applications
are very strict where tar contents up to 100 mg Nm�3 and less than
5 mg Nm�3 are allowed for internal combustion engines and gas
turbines, respectively (Milne et al., 1998).

The present tar reduction methods comprise of gasifier design,
mechanical, thermal and catalytic (thermocatalytic) treatment.
Gasifier design has not yet resulted in satisfactorily solution
because of the limits in feedstock flexibility, decrease in cold gas
efficiency, and complex gasifier constructions (Bergman et al.,
2003). It has not significantly reduced the tar content. The amount
of tar produced during steam gasification in a fast internally circu-
lating fluidized-bed gasifier (FICFB) of about 1 g Nm�3 has been ob-
tained (Hofbauer et al., 1997). Mechanical treatments can
potentially reduce energy conversion efficiency, clogging of appa-
ratus, and uneconomic sludge treatment (Anis and Zainal, 2011;
Lee et al., 2008). Meanwhile thermocatalytic treatments especially
in secondary reactor are rather promising because of the complete
tar reduction instead of creating a waste stream (Anis and Zainal,
2011).

Many literatures regarding tar thermal treatment have been
performed, mostly done below 1100 �C with relatively low tar re-
moval efficiency. Only few works were concerned at temperature
higher than 1100 �C (Jess, 1996; Zhang et al., 2010) that provides
high tar removal efficiency. Previous study showed that the tem-
perature of 1200 �C and residence time less than 10 s are needed
to achieve high tar removal efficiency (Jess, 1996). Certainly, the
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Table 1
Properties of catalysts.

Y-zeolite
SiO2/Al2O3 30
Na2O (wt.%) 0.03%
Unit cell size (Å) 24.28
Surface area (m2/

g)
780

Pore size (Å) 7.4
Calcination 550 �C for 2 h

Dolomite
Composition

(wt.%)
34.69% CaO, 15.06% MgO, 2.34% SiO2, 1.07% Al2O3, 0.61%
Fe2O3

Particle size (lm) 600
Calcination 900 �C for 1 h
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high reaction temperatures require high energy that impacts to
overall energy efficiency make it uneconomically feasible for prac-
tical application. The catalytic treatment of tar using various cata-
lysts also has been reported in many literatures. The most widely
used catalysts are basic and acid catalysts such as dolomite, olivine,
zeolite and silica–alumina. Calcined dolomite is a very well-known
catalyst for tar removal that is inexpensive and prevents agglomer-
ation (Corella et al., 2004). Its activity becomes important at tem-
perature above 800 �C. While zeolite is a commercial catalytic
cracking (FCC) catalyst and has been proven as an active tar re-
moval catalyst, improves the gaseous quality with relatively low-
price. However, the fine particle size of zeolites makes it unsuitable
for high flow rate catalytic tar decomposition (Corella et al., 2004).
On the other hand, very limited research has been performed
regarding application of zeolites especially Y-zeolite for tar
model compounds removal such as benzene (Radwan et al.,
2000), 1-methylnaphthalene (Dou et al., 2003) and naphthalene
under steam reforming at relatively high temperature of 750 �C
(Buchireddy et al., 2010).

In general, although thermocatalytic treatment of tar is very
effective for tar removal at high temperatures, but the overall pro-
cess is expensive and high energy demand. This is because majority
of thermocatalytic treatment of tar research is directed at conven-
tional heating mechanism using an external high electrical source
where heat transfer occurs from the surface to the core of the
material. Another drawback is the lack of rapid heating, heat trans-
fer resistance, heat losses to surrounding and damage to reactor
walls due to continuous electrical heating (Salema and Ani,
2011). Accordingly, there is a need for a more economical method.

In order to support the development and operation of a com-
mercial tar thermocatalytic treatment method, it is desirable to
have a simple and rapid test technique that is economically feasi-
ble. For this reason, the use of radio frequency (RF) energy in this
research is believed to be an alternative method to solve the limi-
tations of conventional heating method. In this method which
commonly utilizes microwave, the transfer of energy into the
material occurs instantaneously through molecular interaction
with the electromagnetic field (Thostenson and Chou, 1999). The
volumetric heating of materials using RF can result in significant
energy savings, reduce process time, increase process yield and
environmental compatibility (Bykov et al., 2001; Jones et al.,
2002). The additional advantages of RF heating in the field of waste
treatment including off gas treatment are: (1) rapid heating, (2)
high temperature capabilities, (3) selective heating, (4) enhanced
chemical reactivity, (5) rapid and flexible process that can also be
made remote, (6) ease of control, (7) process equipment availabil-
ity, compactness, cost, maintainability, (8) portability of equip-
ment and process, (9) cleaner energy source compared to some
more conventional systems, and (10) overall cost effectiveness/
savings (Wicks et al., 1998). A more comprehensive review on
the unique characteristics of RF heating and its application for bio-
mass pyrolysis has been reported (Yin, 2012).

Therefore, in the present research, thermal characteristics of a
modified RF system and its application for thermocatalytic treat-
ment of tarry materials are developed. This research has high pros-
pect in providing basic knowledge into the fundamentals of tar
thermocatalytic treatment via RF irradiation that is cost effective,
clean energy source, simplicity and potential for process scale up.
In addition, it is expected that the high electromagnetic irradiation
intensity not only provide rapid heating and high temperature but
also increase radical reactions that are responsible for tar removal.

With the aim to obtain optimal conditions and achievable tech-
nical performance for the proposed new RF tar thermocatalytic
treatment process in term of temperature evolution within the
reactor, various parameters including susceptor material particle
size, bed height, gas flow rate and power were tested. Moreover,
in order to remove the tar effectively during thermocatalytic treat-
ment, two catalysts (dolomite and Y-zeolite), various temperatures
and residence times were also investigated using toluene and
naphthalene as tar model compounds.
2. Methods

2.1. Materials

Toluene and naphthalene (commercial grade) were used as tar
model compounds and are good representative for biomass tar
(El-Rub, 2008; Simell et al., 1997). Toluene (C7H8) is a light aro-
matic hydrocarbon (LAH) with single ring compound which is a
class 3 tar, whilst naphthalene (C10H8) is a light poly-aromatic
hydrocarbon (LPAH) with two rings compound which is a class 4
tar. Biomass tar produced by fluidized beds and downdraft gasifi-
ers typically is classified as class 3 and 4 tar (Milne et al., 1998).
Purified nitrogen (99.999%) was used as a carrier gas to purge
the evaporated tar model and to keep the atmosphere inert. Two
catalytic materials: dolomite and Y-zeolite were used to remove
tar compounds in this study. Dolomite is a naturally occurring
mineral whilst Y-zeolite is a commercial catalyst. The properties
of both catalysts are presented in Table 1. Four particle sizes of sil-
icon carbide (SiC): F10, F12, F14 and F16 were used as susceptor
materials. The physical properties of SiC in accordance with
FEPA-Standard 42-GB-1984 R 1993 and 42-GB-1986 R 1993 are
shown in Table 2. SiC is known as a good RF susceptor material that
can absorb and convert the RF energy into heat by conduction due
to the high dielectric loss and a relaxation time according to the
changes of RF dipole directions (Thostenson and Chou, 1999). Be-
sides, SiC also does not have any catalytic effect in the decomposi-
tion of tar (Simell et al., 1997).
2.2. Experimental apparatus

The experimental apparatus consists of a modified RF oven,
reactor, tar generator, mixing chamber, tar collector, and measur-
ing systems. A schematic diagram of the experimental apparatus
is presented in Fig. 1(a).

A modified domestic RF oven (Panasonic, NN-SM330 M) with a
maximum output power of 700 W and frequency of 2450 MHz,
equipped with variable power and time was used in the experi-
ments. A reactor (25.4 mm i.d. and 160 mm length) vertically in-
stalled in the RF chamber and constructed of a ceramic material
(alumina) is able to withstand temperature up to 1600 �C. An insu-
lating material (asbestos blanket) covers the reactor to prevent
excessive temperature inside the RF chamber from damaging the
RF oven. A K-type thermocouple was used to monitor the
temperature inside the RF chamber. Both the reactor and insulating



Table 2
Bulk density and grain size distribution of the SiC particles.

Grit designation (FEPA
standard)

Bulk density (g/
cm3)

Grain size distribution

(lm) (%) Mean
(lm)

F10 1.48 3350 0 2085
2360 19
2000 52
1700 78
1400 81
<1400 0

F12 1.53 2800 0 1765
2000 8
1700 48
1400 87
1180 91
<1180 1

F14 1.55 2360 0 1470
1700 11
1400 64
1180 85
1000 89
<1000 0

F16 1.56 2000 0 1230
1400 17
1180 48
1000 78
850 83
<850 0
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materials are transparent to RF irradiation. The reactor contains
susceptor material (SiC) and a moveable temperature detector
(K-type thermocouple) at the center of the reactor. The susceptor
material was supported on a stainless steel grate. The system
was designed such that the susceptor material inside the reactor
can be easily handled.

Tar generator (100 mm i.d., 120 mm height) and mixing cham-
ber (50 mm i.d., 100 mm height) were made of stainless steel. Tar
generator was designed to evaporate toluene and naphthalene
whereas mixing chamber was used to ensure homogeneity of the
evaporated tar and carrier gas mixture. The tar generator was
heated by a gas stove for rapid tar evaporation at temperature of
250 �C. The mixing chamber was heated by an induction heater
to ensure the temperature of the insulated piping system was
above the tar models dew point. An analytical micro balance model
TB-413 with accuracy of 0.001 g was used to determine the mass of
toluene or naphthalene evaporated before thermocatalytic treat-
ment and mass of condensed product after process.
Fig. 1. A schematic diagram of the experimental apparatus (a); temperature
profiles and some reference temperatures for catalytic treatment of tar models (b).
2.3. Thermal heating experiment

The thermal effect of various RF powers (135–700 W), gas flow
rates (5–15 LPM), bed heights (40–120 mm) and particle sizes of
susceptor material (F10–F16) on temperature profile inside the
reactor were investigated. The purified nitrogen was passed
through the system from the bottom of the reactor and regulated
using a flow meter and a valve.

During the experiment, temperatures within the reactor and RF
chamber were recorded every 5 s for 20 min of irradiation using a
12 channel Digi-Sense temperature data logger model 69292-30.
Temperature was measured using a 3 mm o.d. K-type stainless
steel sheathed thermocouple that satisfies measurement of tem-
perature in electromagnetic field. Grounding of the metallic sheath
to the chamber is required to avoid arcing. After the designated
irradiation time, the RF oven was automatically switched off and
the gas turned off. Then, the system was allowed to cool to ambient
temperature. This procedure was repeated for each set of reaction
conditions investigated.
2.4. Thermocatalytic treatment of tar model compounds

Experimental activities were focused to remove the tar model
compounds via both thermal and catalytic treatment process. For
each experiment, the tar model compound was evaporated in the
tar generator and carried with purified nitrogen gas into the RF
tar treatment reactor. During the experiment, the purified nitrogen
gas was continuously supplied at a particular flow rate to give the
desired residence time as well as to maintain inert atmosphere to
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prevent oxidation of the products. Part of the purified nitrogen flo-
wed through the tar generator containing toluene or naphthalene
and then mixed with the main nitrogen in the mixing chamber
to obtain the desired initial concentration of the evaporated tar
model.

In case of thermal treatment, the initial concentration of the
evaporated tar model was fixed at 100 g Nm�3, whereas the resi-
dence time in the susceptor bed material with respect to the empty
bed volume at standard temperature and pressure (s.t.p.) condition
was varied from 0 to 0.7 s. Temperature for toluene removal in this
work was conducted between 850 �C and 1050 �C, whereas for
naphthalene removal process was operated between 900 �C and
1200 �C based on Evans and Milne (1997). For catalytic treatment,
the bed was arranged into three layers: SiC, catalyst + SiC mixture,
and SiC particles at top layer as shown in Fig. 1(b). In each exper-
imental run 10 g of dolomite or 6 g of Y-zeolite was mixed with
25 g of SiC for preparing the bed with a height of 30 mm. The initial
concentration of the evaporated tar model and the residence time
within the catalyst bed were fixed at 50 g Nm�3 and 0.24 s (s.t.p.),
respectively. The catalyst bed temperature for toluene or naphtha-
lene removal was conducted at a lower temperature between
450 �C and 900 �C due to catalyst thermal stability (Gates, 1992)
and to avoid the thermal treatment effect. Temperature profiles
and some reference temperatures measured in the reactor for cat-
alytic treatment of tar model compounds are given in Fig. 1(b).

Before and after leaving the reactor, the gas flow was led into a
tar collector and a cotton filter to condense the tar as well as to
capture the soot produced during thermocatalytic treatment pro-
cess. The tar collector consists of three glass bulbs with volume
of 250 mL each. They were immersed in a mixture of ice and salt
bath with temperature of about �22 �C which is enough to con-
dense the light and heavy tar compounds (Bergman et al., 2003).

The clean gas product was collected using gas sampling bag and
then analyzed in a Gas Chromatography–Thermal Conductivity
Detector (GC–TCD) to quantify the amount of H2 and C1–C2 hydro-
carbons. The condensed products in this work refer to the con-
densed residual tar model compounds and the higher
hydrocarbons produced during polymerization and condensation
reactions whereas soot refers to the solid carbonaceous product.
Total condensed product and soot remained in the tar collector,
cotton filter and connecting tube were determined via weight dif-
ference of the equipments before and after the experiments. The
equipments can be easily dismantled in order to weigh them indi-
vidually and reconnect back for further experiments. After that, the
condensable products were carefully washed and collected by
using acetone. The solutions were then filtered through pre-
weighed qualitative filter paper (Whatman, 90 mm diameter) into
a preweighed flask to separate the solid particles (soot). The sol-
vent was evaporated and dried at 40 �C for 1 h in a drying oven.
The amount of soot remaining in the equipments and filter paper
was weighed at the end of the experiments to investigate the yield.
Whilst, the yield of soot deposited on catalysts was determined by
means of combustion method using a Thermogravimetric Analyzer
(TGA). Finally, tar samples were analyzed by Gas Chromatography–
Mass Spectrometry (GC–MS) analyzer with NIST MS 2.0 software.
The mass spectrum was acquired using a quadrupole instrument
with an electron voltage of 70 eV. The GC column was a DB-5MS
column, 30 m long, 0.25 mm diameter, with a film thickness of
0.25 lm, and helium flow rate of 1 mL min�1. The column oven
temperature was programmed from 65 �C (held for 2 min) to
300 �C at 8 �C min�1 and then held for 10 min. Each sample volume
is 1 lL. Three samples were taken to obtain the average. In general
more than 95% mass balance in thermocatalytic treatment of tar
models was obtained.
3. Results and discussion

3.1. Temperature profiles

3.1.1. Effect of susceptor material particle size
A series of studies were performed in order to determine the ef-

fect of particle sizes of SiC as susceptor material on the perfor-
mance of RF thermal heating. Fig. 2(a) shows the temperature
evolutions of four particle sizes, 2.085 mm (F10), 1.765 mm
(F12), 1.470 mm (F14), and 1.230 mm (F16), at RF power of
700 W, gas flow rate of 10 LPM, and height of susceptor material
within the reactor of 120 mm. It can be seen that smaller particle
size produces higher reactor temperature and heating rate. The
temperatures of each particle sizes at irradiation time of 20 min
reach 1206 �C, 1196 �C, 1179 �C, and 1168 �C for F16, F14, F12,
and F10, respectively. The heating rates were in the same order
i.e. 54.82 �C min�1, 54.54 �C min�1, 54.06 �C min�1, and
52.56 �C min�1, respectively. It was also shown that at the first
5 min of irradiation, the reactor temperature of the larger sample
size increased slowly and become significant at further irradiation
time. Based on the penetration depth of RF power the incident
power is reduced to 1/e (e = 2.718) of its initial value at the surface
of particles. When RF energy transmits through an absorber mate-
rial, a part of the RF energy is converted into heat and the remain-
ing power decreases with distance from the surface of material.
Lambert’s law describes clearly that RF power reduction is a func-
tion of distance (z) as shown in Eq. (1) (Tang et al., 2002):

PðzÞ ¼ Poe�2az ð1Þ

where Po is incident RF power at the surface, P(z) is RF power at dis-
tance z in the direction of RF propagation within the absorber mate-
rial, and a is the attenuation constant.

From Eq. (1), the RF power decreases exponentially with the
depth of absorber material. This means that absorber material with
smaller size reaches faster and higher temperature. Moreover, the
RF power requirement can also be reduced with smaller particle
size (Huang et al., 2008). Nevertheless, in this study, both the reac-
tor temperature and heating rate were only slightly different for all
particle sizes tested during 20 min of irradiation. The differences of
the reactor temperature as well as the heating rate of each sample
were less than 5%. For this particle size range, the RF energy is en-
ough to penetrate into the particles and might only focus on one
hotspot.

3.1.2. Effect of bed height
Effect of bed height on the performance of RF thermal heating

was studied by varying the height of susceptor material at
40 mm, 80 mm, and 120 mm under RF power of 700 W, gas flow
rate of 10 LPM, and susceptor material particle size of F10.
Fig. 2(b) describes the increase of reactor temperature with the in-
crease of bed height. The system with lower bed height have lower
absorbed RF power therefore the reactor temperature is also lower
than that of the system with higher bed height. It can be seen that
the reactor temperature increased sharply for the first 2 min of
irradiation for both 40 mm and 80 mm. Beyond 2 min, the reactor
temperature remained constant for bed height of 40 mm but in-
creased slowly for 80 mm. While for bed height of 120 mm, the
reactor temperature increased significantly during 20 min of irra-
diation tested. As shown in Eq. (2) (Sutton, 1989), the absorbed
RF power increases as the volume of the susceptor material in-
creases, which is concurrent with this study (Salema and Ani,
2011):

Pabs ¼ 2pf eoe00E2V ð2Þ
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where Pabs is the absorbed RF power (W), f is frequency (Hz), eo is
the permittivity of free space (8.85 � 10�12 F m�1), e00 is dielectric
loss factor, E is electric field (V m�1), and V is volume of material
(m3).
Fig. 2. Temperature profiles within the reactor: (a) effect of susceptor material
particle size; (b) effect of bed height; (c) effect of gas flow rate; (d) effect of RF
power.
3.1.3. Effect of gas flow rate
Gas flow rate was varied at 5 LPM, 10 LPM and 15 LPM to study

its effect on thermal heating in the RF system under RF power of
700 W, bed height of 120 mm, and susceptor material particle size
of F10. The result of thermal heating indicated by the reactor tem-
perature during 20 min of irradiation is shown in Fig. 2(c). Appro-
priate gas flow rates need to be selected for optimal performance of
the system. It was found that the gas flow rate of 10 LPM has the
highest heating rate compared to the other two flow rates. The fig-
ure also shows that the reactor temperature increased significantly
for the first 5 min of irradiation and then increased gradually for
gas flow rate of 5 LPM and 10 LPM. This is because the rate of heat
convection to heat up all the particles of susceptor material was
lower, therefore needing longer time to obtain uniform tempera-
ture within the reactor. Conversely at 15 LPM gas flow rate, the
reactor temperature increased more significantly for the first
5 min of irradiation, beyond which, the reactor temperature in-
creased slowly and finally constant. The heat generated by the ab-
sorbed RF power in the susceptor material can quickly be
distributed to other particles along the reactor. Nevertheless, after
optimum condition was reached, the high gas flow rate with lower
temperature caused cooling effect or convective cooling at the
material surface. The convective cooling in some circumstances
may be described by Newton’s law of cooling.

3.1.4. Effect of RF power
The temperature profiles within the reactor under different RF

power are shown in Fig. 2(d). In this study, other parameters were
kept constant i.e. bed height was 120 mm, gas flow rate was
10 LPM, and particle size of susceptor material was F10. As shown,
the reactor temperature increases as the RF power increases. At RF
powers of 135 W and 444 W, the temperatures increased signifi-
cantly for the first 2 and 4 min of irradiation, respectively. Beyond
these times, the temperatures became constant for RF power of
135 W but increased slowly for 444 W. At irradiation time of
20 min, the maximum temperatures were only 283 �C and
743 �C, respectively. More promising results were obtained at
590 W and 700 W where the temperatures increase significantly
and reach 943 �C and 1168 �C, respectively at 20 min of irradiation.
These cases show that the absorbed RF power into the material in-
creases as the incident RF power increases, therefore temperature
within the reactor will also increase. The results were in compli-
ance with Eq. (2) as expressed before where the absorbed RF power
is strongly affected by the electric field. In addition, the increase of
the electric field will also result in more rapid heating inside the
reactor so reduce the required heating time. In this study, the reac-
tor temperature of 900 �C can be reached in 8 min irradiation for
700 W while 15 min was required with 590 W.

Heating rates at different time intervals are shown in Table 3.
They were calculated from the slope of linear regression of temper-
atures every 5 min of irradiation interval. It was observed that for
RF powers of 590 W and 700 W, the heating rates reduced gradu-
ally during 20 min of irradiation. In contrast, for lower RF powers
(135 W and 444 W), a lower heating rates were observed. Gener-
ally, the highest heating rates were reached in the first 5 min of
irradiation i.e. 25.99 �C min�1, 98.80 �C min�1, 98.83 �C min�1,
and 120.10 �C min�1 for 135 W, 444 W, 590 W, and 700 W, respec-
tively. While, at irradiation intervals of 15–20 min, the heating
rates were only 0.39 �C min�1, 4.28 �C min�1, 10.27 �C min�1, and
15.51 �C min�1, respectively. The similar behavior was also re-
ported by Huang et al. (2010). The heating rate reduction is attrib-
uted to the penetration depth of RF power decreases when
temperature of the material rises. The penetration depth of RF
power (Dp) can be determined using the following equation (Clark
and Sutton, 1996):



Table 3
Heating rates (�C min�1) under different RF power.

RF power (W) Time interval (min)

0–5 5–10 10–15 15–20

50 25.991 4.098 0.618 0.394
380 98.805 15.927 8.174 4.275
540 98.837 32.071 17.013 10.271
700 120.141 50.877 24.334 15.513

Fig. 3. Products yields during thermal treatment of tar models as a function of
temperatures: (a) toluene and (b) naphthalene.
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where k0 is free space wavelength of the RF radiation, e0 and e00 are
the relative values of the dielectric constant and loss factor,
respectively.

As shown in Eq. (3), the penetration depth of RF power depends
on the dielectric properties of the susceptor material. On the other
hand, at a fixed frequency, the dielectric properties of both the rel-
ative values of the dielectric constant and loss factor depend
mainly on temperature. In general, the behavior of these two prop-
erties of absorber materials would increase when temperature in-
creases. For instance, SiC used in this study has a loss factor of 1.71
at room temperature at frequency of 2.45 GHz, while at 695 �C for
the same frequency is 27.99 (Sutton, 1992). Therefore, the penetra-
tion depth of RF power into material changes during processing.

3.2. Thermal treatment of tar model compounds

Thermal treatment of toluene and naphthalene as a function of
temperature at a constant residence time of 0.5 s is shown in Fig. 3.
As shown, the reactivity of toluene was higher than that of naph-
thalene. This confirms the study of Jess (1996) that the order of
reactivity was obtained as toluene� naphthalene > benzene. In
this study, toluene removal was studied at various temperatures
of 850–1050 �C as given in Fig. 3(a). Organic soot as a treatment
product appeared immediately at 850 �C. The yield of condensed
product at temperature of 1000 �C reached 16% accompanied by
black soot formation. Further increase of temperature increases
soot formation and reduces the condensed product, in which at
temperature of 1050 �C about 22% of soot and 9% of condensed
product were found. The gas species also increase significantly as
temperature increases. At the highest temperature tested, CH4

formed as the major product. In another case, naphthalene seems
thermally stable and hard to be removed at temperatures below
1100 �C where 77% of condensed product was obtained at temper-
ature of 1050 �C as shown in Fig. 3(b). Study showed that naphtha-
lene removal increases significantly with the increase of
temperatures from 1100 �C to 1200 �C. At these conditions,
although the formation of gaseous products increased considerably
especially H2, however soot appeared as the main product during
thermal treatment of naphthalene. The lowest yield of condensed
product of 9% and the highest yield of soot product of about 68%
were obtained at 1200 �C. The main reactions during thermal treat-
ment of tar models (CxHy) are shown below:

– Cracking reaction:
pCxHy ! qCnHm þ rH2; n < x and m < y ð4Þ
– Carbon formation:
CxHy ! xCþ ðy=2ÞH2 ð5Þ
– Hydrogen–carbon reaction (methane formation):
pCþ qH2 ! rCH4 ð6Þ
– Hydrocracking:
CxHy þ pH2 ! qCH4 ð7Þ
Tar species and soot for three different temperatures during RF-
assisted thermal treatment of toluene and naphthalene are de-
picted in Fig. 4. As shown, the yield of LPAH (2–3 rings compounds)
and heavy PAH (HPAH, more than three rings compounds) for tol-
uene removal are obviously different with that of naphthalene. In
case of toluene removal, the hydrocarbon will grow to form PAHs
and ultimately forming soot. From the results, the formation pro-
cess of PAHs began at temperature of 850 �C while the formation
of soot appeared at temperature of about 950 �C. The yield of LPAH
reached a maximum as the increase of reaction temperature to
1000 �C as shown in Fig. 4(a). Further increase in temperature,
the yield of LPAH decreased and the formation of HPAH took on
more prominent role due to polymerization. The figure also
showed that both LPAH and HPAH contribute in soot formation.
Fig. 4(b) indicates that the yield of both LPAH and HPAH produced
from naphthalene removal decreased with the increase of reaction
temperature. This result is contradictory with soot formation
which increases as the temperature increases. It means that at very
high temperature naphthalene can be kinetically converted into
soot. This is confirmed also by Jess (1996) that practically only soot
was left at temperatures of higher than 1200 �C.

Based on the reaction temperature, the following two mecha-
nisms are possible for thermal treatment of tar models (toluene
and naphthalene) in pure N2 stream used in this study: (1) at



Fig. 4. Tar compounds contained in condensed products during thermal treatment
of tar models as a function of temperatures: (a) toluene and (b) naphthalene.
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relatively lower reaction temperature, the tar model is only con-
verted into LAH and LPAH (1–3 rings compounds), hydrogen and
hydrocarbon gases; and (2) at relatively higher reaction tempera-
ture, the tar model is converted into hydrogen, hydrocarbon gases,
LAH, LPAH, HPAH and soot. From those two mechanisms given, tol-
uene and naphthalene removal in this study comply the hydrogen
abstraction carbon addition (HACA) method proposed by Frenklach
and Wang (1994). This method has also been adopted in other
studies to define the reaction scheme of thermal conversion of
aromatic hydrocarbons and biomass gravimetric tar (Jess, 1996;
Namioka et al., 2009).

Effect of gas residence time on thermal treatment of biomass tar
model compounds is also studied. The experiments were conducted
at residence time of 0–0.7 s and at a constant temperature of 950 �C
for toluene and 1100 �C for naphthalene. The results showed that the
removal efficiency of both toluene and naphthalene increased with
the increase of gas residence time. Longer residence time favors
thermal treatment of tar as reported in other studies (Fassinoua
et al., 2009; Jess, 1996). Conversely, for shorter residence time the
reaction rate limits the removal of toluene and naphthalene. It was
observed that the removal efficiency of toluene reached only 38%
at 0.2 s and about 75% at 0.7 s whereas for naphthalene the removal
efficiency were obtained only 30% at 0.2 s and about 68% at 0.7 s.

Although toluene and naphthalene can be removed by thermal
treatment, however the production of a lot of soot particularly
from naphthalene becomes a new problem that must be solved.
Several efforts have been demonstrated for reducing soot produc-
tion (Boroson et al., 1989; Jess, 1996; Zhang et al., 2010). The first
is the presence of H2, O2 or CO2 that can kinetically inhibit soot for-
mation by hydrogenation, partial combustion or dry gasification
reaction, respectively. The second is the use of steam as a reform-
ing agent that converts the soot into CO and CO2 via either water
gas shift reaction or carbon gasification reaction. The third is the
use of catalysts where the soot is trapped on the catalyst surface
and decomposes into valuable gases at lower temperature, and
the fourth is the combination of these methods. Therefore, in order
to remove tar as well as soot simultaneously, the third way was
chosen and tested in this study. Details of experimental results
are described in the following section.

3.3. Catalytic treatment of tar model compounds

Effect of catalysts (dolomite and Y-zeolite) on tar removal effi-
ciency was tested at two different temperatures (650 �C and
700 �C) using toluene and naphthalene as tar model compounds.
The results found that dolomite showed lower tar removal effi-
ciency in comparison with Y-zeolite in all investigated condition.
Toluene removal efficiency of about 30% and 82% were observed
for dolomite and Y-zeolite, respectively at temperature of 650 �C
and gas residence time of 0.24 s. As is the case in toluene removal,
the activity of dolomite on naphthalene removal is also inferior to
that of Y-zeolite. The naphthalene removal efficiencies of about
33% and 79% were obtained at temperature of 700 �C for dolomite
and Y-zeolite, respectively. The difference in activity is mainly
caused by the differences of physical and chemical properties of
both catalysts as shown in Table 1.

Literatures showed that the average pore diameter of dolomite
is commonly above 7 nm (Gusta et al., 2009) whilst Y-zeolite has a
pore size of about 0.74 nm (see Table 1). On the other hand, molec-
ular dimension of toluene and naphthalene are in the range of
0.49–0.73 nm (Gates, 1992). This indicated that the pore sizes of
both catalysts allow toluene and naphthalene to diffuse into their
pores. In most cases, the higher catalytic activity of Y-zeolite com-
pared to dolomite is, however, due to its acidic nature that sup-
ports removal of toluene and naphthalene. Moreover, the high
activity of Y-zeolite is also due to its higher surface area
(780 m2 g�1) than dolomite. Similar behaviors to the activity of
Y-zeolites toward other tar models conversion were obtained in
conventional heating (Buchireddy et al., 2010; Dou et al., 2003).

The removal of toluene and naphthalene using dolomite as a
catalyst at various tested temperatures are shown in Fig. 5. In this
case, the removal of toluene and naphthalene were conducted in
the temperature range of 650–850 �C and 700–900 �C, respectively,
in order to minimize the effect of thermal treatment of the tar
models as already been described previously. As shown, tempera-
ture plays an important role in the removal of the tar models. In
general, the yield of gas products increases with increase in tem-
perature, whereas condensed product and soot decreased.
Fig. 5(a) indicates that almost a third of condensed product was re-
moved from 650 �C to 850 �C during catalytic treatment of toluene
using dolomite. This result corresponds to the yield of condensed
product of about 70% and 24% at 650 �C and 850 �C, respectively.
Meanwhile, the amount of condensed product provided from cata-
lytic treatment of naphthalene can be reduced about twofold from
700 �C to 900 �C in which the yield of condensed product of about
67% and 33% were obtained at 700 �C and 900 �C, respectively as
shown in Fig. 5(b). The comparison of toluene and naphthalene re-
moval using dolomite is also pointed out in the figure. Under the
same operating condition (700–850 �C), the reactivity of toluene
is higher than that of naphthalene. The removal of toluene showed
significant improvement at higher temperature in which H2 and
CH4 appeared as the important products. According to previous
studies, naphthalene is the most stable and difficult compound to
be removed using dolomite as a catalyst (Devi et al., 2005). Soot
upon dolomite surface was also observed under the experimental
conditions. A small portion of dolomite turned black particularly
at the bottom part and the remainder turned grey. This is due to



Fig. 5. Products yields during catalytic treatment of tar models using dolomite as a
function of temperatures: (a) toluene and (b) naphthalene.

Fig. 6. Products yields during catalytic treatment of tar models using Y-zeolite as a
function of temperatures: (a) toluene and (b) naphthalene.
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dolomite, having higher pore size allows reaction of tar models
on the surface, although its surface area is smaller than that of
Y-zeolite.

The removal of toluene and naphthalene using Y-zeolite as a
catalyst at various tested temperatures are shown in Fig. 6. Both
toluene and naphthalene removal experiments were performed
in the temperature range of 450–700 �C. The consideration of using
relatively low temperature experiments with Y-zeolite as a catalyst
in this study is based on the thermal stability of zeolites which var-
ies from700 �C for low Si/Al ratios such as A-, X- and Y-zeolites to
1300 �C for high Si/Al ratios such as ZSM-5 (Gates, 1992). The re-
sults in Fig. 6(a) and (b) demonstrate that the removal of tar mod-
els increased significantly as the temperature increase to 550 �C for
toluene and 650 �C for naphthalene. Further increase in tempera-
ture does not remove toluene and naphthalene significantly. The
figure also evinced the different reactivity of toluene and naphtha-
lene removal over Y-zeolite as a catalyst. Under the same operating
condition (450–700 �C), toluene is easier to remove than naphtha-
lene as also found in tar models removal with dolomite. At temper-
ature of 750 �C, the lowest yields of condensed product of about
17% for toluene and 21% for naphthalene were obtained.

The decrease in condensed product with increase in tempera-
ture during toluene and naphthalene removal suggests the increas-
ing role of cracking reaction and soot formation as shown in Eqs.
(4)–(7). The large surface area, pore size and acidic nature of
Y-zeolite also support cracking reaction and soot formation under
condition investigated. As a result, the yield of gaseous products
increases with temperature. CH4 shows an exponential increase
in its yield for both toluene and naphthalene removal. Moreover,
at the highest temperature studied it became as the major product
during catalytic treatment of toluene using Y-zeolite. Soot depos-
ited onto the catalyst surface also increases with temperature
especially for naphthalene removal whilst for toluene removal,
the yield of soot start to decrease above 600 �C. At high tempera-
ture region, soot deposited mainly in the channels of catalyst,
thereby lowering the surface area (Radwan et al., 2000). In addi-
tion, The TGA test results in general showed that the majority of
soot formed on catalysts was heavy soot (high C content) that only
can be burned at temperature above 550 �C. This is the reason for
the insignificant removal of toluene and naphthalene at tempera-
ture above 550 �C and 650 �C, respectively. Another reason is due
to the loss of catalytic surface area by thermal degradation which
occurs at temperatures above 500 �C (Buchireddy et al., 2010).

The relatively high removal of toluene and naphthalene via both
thermal and catalytic treatment in this study is not only caused by
the long residence time, high temperature and catalysts activity
but also due to increase of energy content of the tar molecules
due to high intensity of electromagnetic radiation as mentioned
also by Vreugdenhil and Zwart (2009). For instance, toluene as a
model tar used in this study has ability to absorb electromagnetic
energy with a loss tangent of 0.04 (Yin, 2012). The enhancement of
reaction rates during RF irradiation has been broadly called the RF
non-thermal effect. Compared to conventional heating, RF
processing can increase the reaction rates of organic reactions
about 10–1200 times (Gedye and Wei, 1998). In addition, although
soot produced during thermocatalytic treatment of toluene and
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naphthalene in this study can reduce the catalysts activity, how-
ever it also has a positive effect in RF processing which is able to
absorb RF energy, resulting in the high frequency vibration of mol-
ecule and motion energy, and thus, self-heating.

4. Conclusions

A radio frequency tar treatment system which is low energy
intensive, fast, and effective has been successfully developed for
thermocatalytic treatment of tar model compounds. Temperature
of 1200 �C can easily be obtained after 20 min of irradiation under
power of 700 W, bed height of 120 mm and gas flow rate of
10 LPM. Thermal treatment processes of toluene and naphthalene
become important at temperatures higher than 950 �C and
1100 �C, respectively. Soot appeared as the main product during
thermal treatment of naphthalene. Soot free-gases were obtained
with the use of catalysts. Y-zeolite has better catalytic activity
compared to dolomite.
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