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Abstract: This paper describes new tar removal augmentation method by adding water that en-
hances the steam reformation reactions and converts tar contamination in the gas into combustible 
gases. The hydro-catalytic tar removal method was experimentally evaluated in a microwave-
heated reactor with toluene and naphthalene as tar models. The reactor was tested in a wide tem-
perature range with flow residence time through the reactor in the range of 0.12-0.24s. Dolomite and 
nickel catalysts were tested at 700-900°С while Y-zeolite, ruthenium, and rhodium were tested at 
500-700°С temperature ranges. Steam-to-carbon ratio (S/C) was tested in the range of 0.11-0.55. Tar 
removal efficiency of 98.88% was achieved with ruthenium catalyst at 700 °С cracking temperature 
and S/C ratio range of 0.32-0.33. The gas product from tar cracking was analysed using gas chroma-
tography and it consisted mostly of H2, CH4 and some higher hydrocarbon gases. 

Keywords: Hydro-catalytic tar removal; Microwave irradiation; Thermal tar cracking; Naphthalene 
conversion; Toluene conversion 
 

1. Introduction 

The conversion of solid biomass fuel into more convenient synthesis gas (syngas) with its 
neutral effect on global warming has been elaborately investigated for many decades [1,2]. 
Biomass syngas, unlike another type of renewable energy resources, can be utilized 
directly in most of the existing power plants without major modification by co-firing with 
fossil fuels. This option has been considered in many countries due to its positive effect 
on large scale electrical generation carbon footprint reduction. However, one of the major 
obstacles in syngas utilization is its high tar contamination that can cause blockage and 
fouling in fuel-feeding equipment. Moreover, tar has negative effect on fuel cells, 
reciprocating internal combustion (IC) engine and gas turbines in the long-term operation 
causing corrosion and fouling that can reduce engines life and increase maintenance cost 
[3,4]. Although steam boilers have higher tolerance to tar contamination, IC engines and 
gas turbines are sensitive to tar contamination and can accept only below 100 and 5 mg 
Nm⁻3 respectively [5]. Therefore, in subsequent utilization of syngas fuel, tar must be 
eliminated by converting it into useful gases.  

Tar removal technology can be divided into two groups: removal inside the gasifier 
known as the primary method and the removal after the gasifier known as the secondary 
method [6]. Primary method is one of the oldest techniques of tar cracking and it has the 
advantage of eliminating any tar removal equipment after the gasifier, but with limited 
tar elimination capability [7,8]. On the other hand, heating, catalytic reaction and 
mechanical separation using a cyclone, filter and scrubber are common means of the 
secondary tar removal method.  
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Catalytic tar cracking with steam reforming during the gasification process is widely 
investigated [9,10]. Wide range of catalytic materials were tested in the primary method 
such as Ni, Al, Ru, Rh, Pt, Pd, Al2O3, ZrO2, TiO2, SiO2, MOR1, CeO2, ZrO2 and MgO [11,12]. 
Dolomite is widely used as a non-metallic catalyst for the conversion of tar [13-15]. 
Dolomite calcination treatment is essential to achieve good tar conversion activity [16], 
and the effect also depends on the source of the natural dolomite [17,18]. However it has 
a low friction resistance and is easy to be carried away making it unfit for use in fluidized 
bed reactors. Olivine is another natural mineral which has shown higher activity in tar 
conversion [13,19]. When compared with dolomite, olivine has a high friction resistance 
which allows its direct use as the primary catalyst in fluidized bed gasifiers. The use of Y-
zeolite for the conversion of biomass tar has also been reported but to a lesser extent [20-
22].  

As for the secondary tar removal in a separate reactor after the gasifier, the use of catalysts 
require temperature range of 500-900 0C making it more attainable both technically and 
economically. Also, tar is converted into combustible gases such as H2, CH4 and CO that 
enhances the quality of syngas. Various catalyst types such as Fe, Cu, Co and Ni based 
catalysts, dolomite, olivine and Y-zeolite were widely investigated [23-25].  

Microwave irradiation is an alternative heating method which has been successfully 
applied to biomass pyrolysis [26,27]. Compared with conventional heating where heat is 
transferred from the surface to the core of the material by conduction driven by the 
temperature gradient, microwaves induce heat at the molecular level by direct conversion 
of electromagnetic energy into heat [28]. and results in uniform heating for particulate 
material. Another advantage is instantaneous response for fast microwave start-up and 
shutdown.  

Microwave assisted thermal and catalytic syngas tar cracking has been widely 
investigated as well. Dolomite, Y-zeolite [29,30], bio-char [31] and bio-char with K and Ca 
[32] catalysts, as well as silicon carbide (SiC) [29, 30, 33] as micro wave radio frequency 
absorbing material have been studied. Most of the studies used tar model materials to 
simulate the different grades of biomass tar for better control over the quantities of tar 
with only few studies on actual tar from biomass gasification [30]. Common materials 
used as tar models are toluene, naphthalene, phenol, benzene, and 1-Methylnaphthalene 
[29-36].  

In the current study, a new concept of hydro-catalytic tar removal in a post-gasification 
syngas treatment was experimentally investigated. The combined effect of water and 
catalytic materials in microwave assisted thermal cracking is fully characterized. Wide 
range of catalysts: dolomite, Y-zeolite, nickel, ruthenium, and rhodium were tested 
separately with different water-tar ratios to obtain maximum tar removal.     

2. Materials and Experiment Methods 

2.1. Materials and Catalytic Calcination 

In this study, actual syngas from biomass gasification was not used to evaluate the meth-
ods of tar removal due to the continuous fluctuation in tar concentration. Therefore, tolu-
ene and naphthalene (commercial grade) tar models were used for better control and ac-
curate measurement of tar removal. Naphthalene (C10H8) is a lightweight poly-aromatic 
hydrocarbons (LPAH) consists of two fused benzene rings and it is a class 4 tar while 
toluene (C7H8) is a light aromatic hydrocarbon (LAH) with a ring compound which is a 
class 3 tar. Both classes 3 and 4 tar are classified as the main tar products from biomass 
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gasification in fluidized bed and downdraft gasifiers. Purified nitrogen (99.999%) was 
used as a carrier gas to transfer tar model vapours through the tar cracking reactor.  

Tar formed in the pyrolysis zone inside the gasifier is one of the main sources of tar, thus, 
catalytic pyrolysis has attracted much attention as a promising potential in tar reduction 
[35]. However, catalytic materials have to go through calcination process at elevated tem-
perature to achieve the desired effect. In this study, five catalytic materials: dolomite, Y-
zeolite, nickel, ruthenium and rhodium were investigated for tar removal. Commonly, the 
use of support materials for nickel catalyst such as alumina, zeolite, dolomite and olivine 
has been widely studied in literatures due to their positive effect on tar removal as well as 
increasing the pore size and surface area. However, pure nickel was used in this study to 
provide more controlled environment to test its effect on tar cracking without any support 
materials. Dolomite has a particle size of 600 µm with a bulk density of 1.33 g cm-3. It is 
mainly composed of 34.69 wt.% CaO, 15.06 wt.% MgO and 2.34 wt.% SiO2. Y-zeolite is a 
commercial catalyst powder (CBV720) with a bulk density of 0.26 g cm-3 and SiO2/Al2O3 
of 30. Commercial nickel 257 553, Aldrich is a mix of metal, with a thickness of 0.5 mm, 
bp 2733 0C, mp 1453 0C and density of 8.9 g/ml at 25 0C. Commercial ruthenium 246047-
72-3 with C46H65Cl2N2PRu, and 848.97 g.mol-1. Commercial rhodium C17H18NORh 33409-
86-3, and has a molecular weight of 355.24 g.mol-1. The process of making natural dolo-
mite included grounding and sieving with output particle sizes in the range of 0.2-0.5 mm, 
followed by calcination. Calcination of dolomite is needed for high tar decomposition ac-
tivity since it has large surface area and oxide content on the surface. H2 content in the 
producer gas can be more improved with the use of calcined dolomite as downstream 
catalytic steam gasification compared to that of uncalcined dolomite [37]. The effect of 
calcination was widely in literatures as reviewed by Anis and Zainal [6] and has shown a 
positive improvement in catalyst activity. A muffle oven with air flow was used for dolo-
mite and nickel calcination at 900 0C for 1 hour and at 600 0C for 2 hours for Y-zeolite, 
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ruthenium and rhodium. Table 1 shows the catalytic materials specifications and calcina-
tion processes. 

Table 1. Characteristics of catalysts	

	

Carbon based susceptor materials has the ability to absorb radio frequency and convert it 
into heat. Charcoal is one of the commonly used susceptor materials. However, it was not 
used in this study due to its additional effect as a catalyst that will interfere with the meas-
urement of the catalytic effect of other materials. Silicon carbide (SiC) was used instead as 
the susceptor material. Four SiC particle sizes were compared: 2.085mm (F10), 1.765 mm 
(F12), 1.470 mm (F14) and 1.230 mm (F16) to investigate the effect of particle sizes on radio 
frequency penetration depth and heat generation. 

2.2. Experimental Procedures and Equipment  

The experimental test rig was developed in a previous study to investigate the hydro-
thermal cracking of tar without catalysts. The experimental test rig consists of the tar va-
pour/steam generator, mixing chamber, ceramic tube reactor, microwave oven and tar/gas 
sampling train. Four type-K thermocouples are used for temperature measurement at dif-
ferent parts of the system as shown in Figure 1. A predetermined tar/water mass is placed 
in a stainless steel (SS) insulated container for tar evaporation and steam generation. LPG 
stove is used to provide the required heat for boiling, and the temperature is maintained 
at 250°C throughout the test to achieve homogenous mixing between tar and steam. Pres-
surized nitrogen is used as a carrier gas to control the flow residence time through the 
reactor. In order to insure the mixture homogeneity, tar vapour/steam flow is mixed with 
nitrogen in a SS insulated mixing chamber, and the temperature is maintained at 200°C 

Properties  Value   Properties  Value   
Y-zeolite   Ruthenium   
SiO2/Al2O3  30  assay    

 

99.98% trace 
metals basis 

Na2O  0.03% (wt.%) form powder and chunks 
Unit cell size (Ǻ)  24.28  Calcination  600 °C for 2h 

under air flow 
Surface Area  780 (m2/g) Rhodium   
Pore size (Ǻ)  7.4  assay    99.95% trace 

metals basis  
density  0.26 (g m-3)   form    powder  
Calcination  600 °C for 2 h under air flow  resistivity    4.33 μΩ-cm at 20 °C  
Dolomite   density    12.41 g/cm3 
Composition (wt.%)  34.69% CaO, 15.06% MgO, 2.34% 

SiO2, 1.07% Al2O3, 0.61% Fe2O3  
Calcination  600 °C for 2 h 

under air flow  
Particle size  600 (μm)   
density  1.33 (g m-3)     
Calcination  900 °C for 1h under air flow    
Nickel     
assay    99.7% trace metals basis    
form    powder    
resistivity    6.97 μΩ-cm, 20 °C    
particle size    <50 μm    
density    8.9 g/mL at 25 °C   
Calcination  900 °C for 1h under air flow   
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using hot-plate induction heater. Details of the system design and the tar/gas sampling 
train were published [38]. 

 

Figure 1. Schematic diagram of the experiment test rig 

In this investigation, three sets of experiments were performed. First, the rector was char-
acterised with SiC as the reactor bed material by passing N2 carrier gas only without the 
addition of water, tar and catalytic materials. Four main variables were compared: SiC 
particle size, bed height, N2 flow rate, and microwave electrical input power. Power ab-
sorption efficiency of the microwave oven was calculated as the ratio of the actual ab-
sorbed power by the bed material to the electrical power input. The absorbed power 
(Pabs) is calculated according to Equation (1) [39]:   

𝑷𝒂𝒃𝒔 = 𝝆𝒄𝒑
(𝑻,𝑻𝒊𝒏𝒍𝒆𝒕)

𝒕
𝑽 + 𝒉𝒊𝑨(𝑻 − 𝑻𝒊𝒏𝒍𝒆𝒕) + 𝜺𝝈𝑨𝑻:𝟒                    (1) 

where T, Tinlet and T ̅ are the reaction temperature (K), reactor inlet temperature (K) and 
the average temperature within the reactor (K), respectively whilst t is the irradiation time 
period (s), r is the density of absorber material (kg m-3), cp is the heat capacity of absorber 
material (J kg-1 K-1), hi is the convective heat transfer coefficient (W m-2 K-1), � is the emis-
sivity of absorber material and � is Stefan-Boltzman constant (5.67 x 10-8 W m-2 K-4) and 
A is the reactor wall surface area.  

The second set of experiments investigated the effect of water addition on tar cracking 
with different types of catalytic materials. In order to provide a controlled environment, 
all the catalysts were used in their pure form as an active catalyst without the addition of 
any promoter or support materials to increase the pore size or surface area and enhance 
tar cracking. Therefore, nickel and other metals were used in their pure form without any 
support materials. This will reduce naturally their performance due to their non-pours 
nature and lower surface area.  

Tar cracking efficiency was calculated as the ratio of mass of the tar model obtained from 
the tar sampling train before and after passing the reactor. Main investigated variables for 
each catalyst were the steam-to-carbon (S/C) mass ratio and cracking temperature in the 
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range of 500-900 0C. S/C ratio was chosen over the water-to-tar ratio used in other studies 
[38] due to the variation in carbon mass % in tar as it presents 93.8% in naphthalene com-
pared to 91.3% in toluene. The tested S/C ratio values for toluene were 0.11, 0.22, 0.33, 0.44, 
0.55 and for naphthalene were 0.1, 0.21, 0.32, 0.43, 0.53. 

The third set of experiments included the analysis of the gas product from the reactor at 
different cracking temperatures. Different types of catalytic materials were tested with the 
optimum S/C ratio obtained from the second set of experiments. The gas product is basi-
cally generated by the thermal catalytic cracking of the tar model additional to the steam 
reactions. Gas compositions and heating value were determined using gas chromatog-
raphy (GC). The experiments provided the optimum operation conditions to achieve max-
imum heating value of the gas product.     

2.3. Tar Hydro-Catalytic Cracking 

The use of thermal cracking as the only mean for tar cracking is not efficient due to the 
lack of oxygen content in the light aromatic and light poly-aromatic hydrocarbons that are 
classified into classes 3 and 4 tar mainly from downdraft gasifiers. Thus, using catalysts 
containing free oxygen has shown positive effect on tar cracking and preventing coke for-
mation [40]. Other than the free oxygen, CO2 can also be used as an agent but in highly 
endothermic reactions. Equations (2�6) show the common reactions associated with the 
reduction of tar using O2 and CO2 agents [41,42]. 

Oxidation: C + O2 ↔ CO2 + 393 kJ.mol-1                     (2) 

Partial oxidation: C + 1/2O2 ↔ CO + 110  kJ.mol-1               (3) 

Boudouard reaction: C + CO2 ↔2CO −  173.8 kJ.mol-1              (4) 

Dry reforming:  CH4+CO2↔2CO+2H2 −  247.3 kJ.mol-1              (5) 

Methanation: C + 2H2 ↔CH4 +74.82 kJ.mol-1                    (6) 

Steam gasification can produce syngas with a considerably higher heating value com-
pared to air gasification which is mainly cause by the increment in H2 concentration in 
the product gas. Similarly, the addition of water at elevated temperature inside the reac-
tor initiates steam reaction with tar that produces H2 [43] as illustrated in Equations 
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(7�11) [36]. Tar model also cracks into methane that reacts with water in steam reform-
ing reactions as shown in Equations (12, 13) forming H2 as part of the gas product from 
the reactor. Toluene and naphthalene steam reforming reactions:  

C7H8 +7H2O → 7CO + 11H2                                      (7) 

C10H8+10H2O↔10CO+14H2                                      (8) 

Heterogeneous water gas reaction:  C +H2O ↔ CO + H      − 118.9 kJ.mol-1         (9) 

C + 2H2O ↔CO2 + 2H2 − 90.2 kJ.mol-1                                   (10) 

Homogeneous water gas shift reaction: CO + H2O ↔CO2 + H2 + 40 kJ.mol-1         (11) 

Methane steam reforming reactions: 

Primary:         CH4 +H2O ↔CO + 3H2 − 206.3 kJ.mol-1                (12) 

Secondary:        CH4 + 2H2O ↔CO2 + 4H2 −165 kJ.mol-1           (13) 

It can be noticed that CO formation is mainly through endothermic reactions either by the 
steam or dry reforming reactions or the Boudouard reaction. Thus, reaction sustainability 
and equilibrium is highly dependent on the heat supply to the reaction and reaction tem-
perature. 

 

2.4. Tar and Product Gas Analysis  

Tar samples before and after the passing the reactor were condensed at 22 0C in the sam-
pling train while gas product after the reactor was collected in gas sampling bags.  Gas 
product was analysed using GC model CP 4900 with a thermal conductivity detector 
(TCD). Tar samples were analysed using gas chromatography/mass spectrometry (GC-
MS) model 7890-5975C Agilent with HP-5 MS capillary column. Helium was used as car-
rier gas at a flow rate of 1.2 mL/min. The size was 1 µL injection with a split ratio of 1:10.40 
0C initial oven temperature was held for 3 minutes and then increased to 290 0C at a rate 
of 5 ºC/min, and held at 290 0C for 5 minutes while the injector and detector were main-
tained at a constant temperature of 230-250 0C.  

For gas product, H2, CO, CO2, CH4 and N2 gas concentrations were detected by GC while 
the C2-C3 hydrocarbons were not detected. Nitrogen flow rate was always fixed during 
the tests, thus, the change in the average N2 concentration was determined by calculating 
the results of H2, CO, CO2 and CH4 concentration in each time trial. Based on the product 
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gas, the conversion of toluene (xC7H8) was calculated according to Equation (14) in terms 
of carbon in the product gas (CO, CO2, CH4)p divided by the carbon in toluene. 

				𝐗𝒄 =
[𝑪𝑶]𝒑	A	[𝑪𝑶₂]𝒑A[𝑪𝑯₄]𝒑

𝟕[𝑪₇𝑯₈]𝒊𝒏𝒍𝒆𝒕
                            (14)

  

An example of the calculation of hydrogen product by the potential stoichiometry corre-
sponding to the total conversion of toluene into H2 is shown in Equation (15), where hy-
drogen concentration [H2] is taken from GC results. Other gases are calculated similarly. 

		[𝑯₂]𝒑 = [𝑯𝟐] × 𝟏𝟖[𝑪₇𝑯₈]𝒊𝒏𝒍𝒆𝒕                           (15) 

Sulfur-compounds contamination in gas product such as H2S are prominent in coal gasi-
fication with sulfur deposits issues on the catalyst surfaces that can lead to catalyst deac-
tivation. However, this issue is nearly prevented by biomass gasification with low sulfur 
contamination, thus, sulfur-compounds were not considered in this study.    

 3. Results and Discussion 
Preliminary set of experiments included the thermal characterization of the reactor and 
the optimum operation conditions of the reactor were utilized for tar removal optimiza-
tion. The most effective catalyst and the optimum S/C ratio were used subsequently to 
characterize the tar reduction and product gas quality.  

3.1. Thermal Characteristic of Microwave Reactor  

The aim of these set of experiments was to obtain the optimum thermal cracking condi-
tions for the reactor without including tar models and catalytic materials. The main tested 
reactor variables were: SiC particles sizes, SiC bed height, N2 gas flow rate, microwave 
input power.  

 

3.1.1. Effect of absorber material particle size 

Four SiC particle sizes were tested while fixing other variables at 700 W input power, 10 
LPM N2 flow rate, and maximum bed height of 120 mm. Figure 2a shows the power ab-
sorption efficiencies for each absorber bed material particle sizes. Results showed that the 
average absorption efficiencies were 87%, 88%, 91% and 93% for F10, F12, F14 and F16 
sizes, respectively. In general, the difference was less than 5% on average, indicating that 
for all particle sizes, the microwave energy was enough to penetrate into the particles and 
might only focus on one hotspot. Since SiC absorber particle size of F16 provided good 
efficiency and temperature, this size was used in subsequent experiments. 
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Figure 2. Power absorption efficiency for different: (a) SiC particle size, (b) SiC bed height, (c) gas 
flow rate, and (d) microwave input power 

3.1.2. Effect of bed height  

 The effect of SiC bed height on the microwave oven power absorption efficiency was 
further characterized while fixing other variables at 10 LPM N2 flow rate, F16 SiC particle 
size and 700 W power input. The absorption efficiencies were calculated with three bed 
heights as shown in Figure 2b. As expected, the absorption efficiency improved signifi-
cantly as the volume of absorber bed material increased. It was found that the average 
power absorption efficiencies for bed heights of 40, 80 and 120 mm were 15%, 43% and 
87%, respectively. Thus, it can be concluded that for lower bed height/volume, only a 
small portion of the emitted microwave power to the absorber material can be absorbed 
and converted into heat. On the other hand, increasing the height of the bed materials is 
limited by the reactor geometry and also by the elevation in flow pressure drop. SiC bed 
height of 120 mm was used in all subsequent experiments. Further increase of bed height 
was not possible due to the limitation of reactor size used in this work. 

3.1.3. Effect of gas flow rate 

Another significant variable is the gas flow rate through the reactor since it governs the 
residence time. Bed particle size or bed porosity usually affects directly the flow rate when 
low-pressure blower is used, due to the flow restriction. However, with pressurized N2 

used as the carrier gas, the pressure drop effect was eliminated. The effect of various N2 
flow rates in the range of 5 - 15 LPM were investigated while fixing other variables such 
as the maximum bed height of 120 mm, F16 SiC particle size and 700 W power input as 
shown in Figure 2c. It can be noticed that lower gas flow rate resulted in higher power 
absorption efficiency. This phenomenon can be explained by the heat balance within the 
reactor in which the microwave power dissipation into heat from the absorber material 
surface was still able to overcome the heat losses especially by convection. On the other 
hand, for high flow rates the flow cooling effect was significant causing a drop in temper-
ature and absorption efficiency. The results show that the average power absorption effi-
ciencies for gas flow rates of 5, 10 and 15 LPM were 92%, 87% and 66%, respectively. In 
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general, the required residence time for tar cracking will be the main factor that deter-
mines the suitable gas flow rate. However, these results give an insight on the flow rate 
effect on absorption efficiency where gas flow rates below 15 LPM is recommended to 
obtain better heating.  

3.1.4. Effect of microwave power  

The input power of the microwave is the primary variable that dictates the absorption 
power hence the absorption efficiency. Other variables were fixed at optimum values of 
120 mm bed height, 10 LPM N2 flow rate, and particle size of F16. Figure 2d shows the 
power absorption efficiency for different microwave input powers. The average absorp-
tion efficiencies for 135, 444, 590 and 700 W input powers were respectively around 41%, 
54%, 67% and 87%. The rapid heating effect and fast temperature elevation at higher input 
powers resulted in a significant enhancement of the absorption efficiency compared to the 
low power operation.     

It can be concluded that input power and bed height have more influence on power ab-
sorption efficiency followed by the gas flow rate then the bed particles sizes. Also a slight 
reduction in the absorption efficiency with time was noticed as a common trend for all the 
variables due to the slight changes in the absorber material properties with temperature 
elevation. 

3.2. Effect of Catalyst and Water Addition on Tar Removal  

Sufficient removal of tar contamination in biomass syngas using only heat supply from 
the microwave oven will require a significant temperature elevation up to 1200 0C. This 
might be not feasible both technically and economically in many large scale gas cleaning 
applications. Adding water has shown a considerable enhancement in tar removal effi-
ciency, but high temperature was still a requirement [36]. Adding catalysts has been 
proven to achieve good tar cracking at much lower temperatures and hence, lower power 
input requirement. In this study, dolomite, Y-zeolite, nickel, ruthenium, and rhodium cat-
alytic materials were all tested separately with S/C ratios in the range of 0.1- 0.5 and tem-
perature range of 500-700 0C.  

Figure 3 shows the removal efficiency for toluene and naphthalene with the various cata-
lysts. The optimization temperature was limited to a relatively low cracking temperature 
of 700 0C rather than the maximum tested temperature of 900 0C. The lower temperature 
is more attainable from the practical point of view since the catalytic materials can be 
placed right after the throat in downdraft gasifiers where gas temperature is still around 
700 0C before it cools down at the gasifier exit. This eliminates the need for external heating 
for the tar cracking purpose. Steam addition triggers the water-gas shift reaction, even at 
lower reaction temperatures due to the low energy required for the activation, and the 
reaction increases H2 and CH4 concentrations in the gas. On the other hand, steam reform-
ing reaction requires higher energy for the activation and the inclusion of this reaction in 
the overall reaction equilibrium is limited and depends on the local temperature of the 
reactants.  

Increasing S/C ratio contributed positively to the tar removal for all the catalysts up to 0.33 
ratio. However, further increase in steam flow showed the opposite effect on tar cracking. 
This could be attributed to the coke formation at higher steam flow rates as early studies 
in literature reported the increase of coke deposits on catalyst surface resulted from the 
steam reforming reaction at lower temperatures [44]. The type of catalyst also plays a ma-
jor role in the resistance toward coke formation on the surface that can lead eventually to 
the catalyst deactivation. 
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Therefore, an adequate presence of steam to initiate tar cracking through the water-gas 
shift as the main reaction and partially through the steam reforming reaction was found 
to be at S/C ratio in the range of 0.32-0.33 for toluene and naphthalene. Further increase of 
steam flow increased the steam reformation activation in the global equilibrium. This re-
sulted in the formation of coke deposits on the catalysts surfaces with noticeable degra-
dation in the tar cracking performance. The most effective catalyst was ruthenium fol-
lowed by nickel. Average toluene removal efficiencies for the optimum condition for the 
catalysts were: 97.27% for dolomite, 96.04% for Y-zeolite, 96.55% for rhodium, 98.76% for 
nickel, and 98.88% for ruthenium. As for naphthalene, the effect of the catalyst type was 
nearly identical to that of toluene with both having similar number of hydrogen atoms. 
However, with naphthalene being heavier than toluene, the maximum naphthalene re-
moval efficiency was slightly lower of 96.9%. 

 

Figure 3. The effect of water addition on tar removal efficiency with various types of catalysts for 
toluene and naphthalene 
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Tar removal efficiencies were compared for the cases with S/C ratio range of 0.32-0.33 and 
without any water addition with all the catalysts at 700 0C as shown in Figure 4. It can be 
noticed that naphthalene which is class 4 tar was much harder to crack compared to the 
lighter toluene, a class 3 tar in all the cases. Also, up to 4.9% enhancement in removal 
efficiency for both naphthalene and toluene were achieved by adding the optimum 
amount of water to the reaction with ruthenium. 

 

Figure 4. Removal efficiency of tar models with different type of catalysts at 700 0C and residence 
time of 0.24s 

Most of the tar model was converted into a gas product inside the reactor, while the re-
maining condensable tar was collected in the sampling train and analysed using GC-MS. 
Table 2 shows the species mass concentrations of the remaining condensable tar reduced 
from toluene after the catalytic thermal treatment with ruthenium and water in the tem-
perature range of 500-700 0C. It was found that most of toluene mass was converted into 
different tar species during thermal treatment except for the samples treated at 700 0C 
where 45% of toluene remained in the sample. This finding is slightly different to the de-
tected tar species in the case of dolomite at 700 0C in which phenanthrene, styrene and 
chrysene were not identified in the case of ruthenium at 500 0C. In addition, most of the 
heavy PAHs were decomposed at reaction temperature of 500 0C, meaning that the ruthe-
nium catalyst inhibited the formation of high-ring tar compounds. This activity was due 
to Y-zeolite catalyst contained sufficient acidic active sites on its surface thereby acceler-
ated tar cracking reaction. Moreover, by increasing the catalytic reaction temperature up 
to 700 0C, it can be seen that the catalytic activities of ruthenium increased significantly. 
At this condition, benzene, toluene, o-xylene, indene, methylindene and naphthalene 
were the only major compounds identified. 
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Table 2. Tar sample compound and composition resulting from ruthenium catalytic treatment of 
model tar toluene 

 

3.3. Gas Product Characteristics 

The last set of experiments included the optimization of the gas product from toluene and 
naphthalene tar model compounds. Different types of catalysts were tested in the temper-
ature range of 500 - 700 0C, gas residence time in the range of 0.12 - 0.24 seconds and 
optimum S/C ratio range of 0.32-0.33. It was found that dolomite and rhodium showed 
low toluene removal efficiency compared to Y-zeolite, nickel and ruthenium at the condi-
tions investigated. Same goes for the removal of naphthalene that showed similar behav-
iour which is also in a good agreement with the findings of other researchers [27].   

Differences in the catalyst activity were mainly due to the differences in their physical and 
chemical properties shown earlier in Table 1. The literature suggests that the average pore 
diameter of dolomite is generally above 600 µm while Y-zeolite has a pore size of about 
7.4 µm [16]. On the other hand, toluene and naphthalene molecules are in the range of 
0.49-0.73 µm. Thus, the porous structure of Y-zeolite, ruthenium and rhodium catalysts 
with larger pore size allows toluene and naphthalene to diffuse into the pores causing 
higher catalytic activity. Moreover, the high activity of these catalysts can also be contrib-
uted by its higher contact surface area, additional to the acidic nature of the catalysts that 
can also promote the removal of toluene and naphthalene. On the other hand, dolomite 
and nickel suffered from the non- porous structure that limited the contact surface area.   

Toluene removal efficiency with different catalysts and gas products yield mainly H2, CH4 
and higher HCs as shown in Figures 5 a-e. The removal of toluene was carried out in the 
temperature range of 700 - 900 0C for dolomite and nickel and 500-700 0C for Y zeolite, 
ruthenium, and rhodium. The lower removal efficiency with dolomite and nickel need 

Compound name 
Molecular 
weight  

Boiling 
point 
(°C) 

Tar sample composition after cracking 
Ruthenium catalyst reaction temperature (°C)  
500 550 600 650 700 

Benzene  78  80  11.45  9.57  14.35  10.69  7.08  
Toluena  92  110.6  13.63  11.19  12.15  16.93  45.0

4  
Ethylbenzene  106  145  0.85  0.87  -  -  -  
p-Xylene  106  138.3  1.31  1.80  1.94  2.95  -  
o-Xylene  106  144.5  2.87  3.62  4.65  6.59  9.85  
Benzene, (1-methylethyl)-  120  172.8  0.19  0.16  -  -  -  
Indene  116  182  6.54  6.50  7.27  2.82  6.01  
Methylindene  130  199  7.87  11.04  4.88  4.69  8.54  
Naphthalene  128  217.9  4.27  6.39  6.54  7.90  23.4

8  
2-Methylnaphthalene  142  241.1  3.01  5.84  4.88  5.66  -  
1-Methylnaphthalene  142  244.7  2.10  5.88  4.33  2.61  -  
4-Butyl-1,1'-biphenyl  210  318  2.54  -  -  -  -  
Anthracene  178  339.9  4.50  10.33  6.96  -  -  
Methylenephenanthrene  190  353  4.03  5.71  7.17  -  -  
Fluoranthene  202  384  3.23  5.71  4.44  -  -  
Pyrene  202  404  6.29  8.22  11.75  26.00  -  
11H-Benzo|b|fluorene  216  405  7.56  7.15  8.70  13.17  -  
Pyrene, 1-methyl-  216  405  6.25  -  -  -  -  
Acepyrene  226  448  11.48  -  -  -  -  

Total   100 100 100 100 100 
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temperature elevation up to 900 ⁰C to get higher efficiency comparable to the other cata-
lysts. Soot was observed on dolomite and nickel surfaces with a small portion of the cata-
lysts turned black, especially at the bottom. This can be explained by the higher pore size 
with less contact surface area for the reaction resulting in concentrated reaction hot spots. 
Also, Y-zeolite requires lower temperatures (maximum 700 0C) while the other catalyst 
materials have low Si/Al ratios such as A-, X and high ratio of Si/Al such as ZSM-5 that 
requires higher temperatures up to 1300 0C. Further increase in temperature showed no 
significant improvement in toluene removal for all the cases. The black grains and soot 
products decreased significantly with the increase in temperature during the toluene and 
naphthalene removal with Y zeolite, ruthenium, and rhodium. This is mainly due to the 
larger contact surface area for reaction and the acidic nature the catalysts. 

Removal of toluene showed a significant improvement at higher temperatures for all cat-
alysts. As for the gas production, a steady elevation in H2 was noticed mainly due to the 
water addition through the steam reforming and water gas shift reactions. On the other 
hand, significant elevation in CH4 production was noticed at higher temperatures mainly 
due to the cracking of higher HCs that converted eventually to H2 and CH4. This could 
also be partially attributed to the slower methane dry reforming reaction compared steam 
reactions [45] that reduced CH4 conversion into H2 and CO. The effect of catalytic materi-
als used here on tar cracking can be put in the order from highest to lowest as following: 
ruthenium, nickel, dolomite, rhodium, and Y zeolite. In conclusion, the main factors con-
tributed to the high efficiency tar removal were the intensive radio frequency heating, 
long residence time, high temperature and catalytic materials.  

The use of catalytic materials inside the gasifier chamber for tar cracking has the ad-
vantage of the elevated temperature and the availability of steam released from the raw 
materials during the initial drying phase. However, this method suffers from the frequent 
deactivation of the catalysts caused by the coke and alkaline materials deposits on the 
catalyst surface. Tar contamination in gas product from updraft gasifiers occurs when gas 
passes through the relatively cooler pyrolysis and drying zones. Thus, tar contains mainly 
heavy oxygenated-based compounds and heterocyclic compounds presenting classes 1 
and 2 which can be efficiently removed using second stage thermal cracking reactor. On 
the other hand, the oxygenated light tar compounds are cracked when the gas passes 
through the hot throat in downdraft gasifiers, leaving only tars of classes 3 and 4 in the 
gas. A combination of a catalyst with oxygen carrier materials can be placed at the gasifier 
throat exit with external steam stream at an adequate S/C ratio can be a promising solution 
since the gas temperature is still above 700°C. This will not only reduce the tar contami-
nation, but also enhance the quality of the gas product by elevating the H2 and CH4 con-
centrations in the gas. 
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Figure 5. The final product during catalyst removal tar model of toluene with catalysts: (a) dolo-
mite and (b) nickel (c) Y-zeolite, (d) ruthenium and (e) rhodium 

 
4. Conclusions 
Microwave assisted hydro-catalytic biomass tar cracking was experimentally investi-
gated.  The microwave reactor optimum operation condition were found to be 700 W 
input power, 120 mm bed height and 5LPM carrier gas flow rate with maximum power 
absorption efficiency of 87%. Optimum S/C ratio was in the range of 0.32-0.33 for naph-
thalene and toluene tar models with maximum tar removal efficiency of 98.88% with ru-
thenium catalyst at 700 °С. Gas product from tar cracking was characterized in the tem-
perature range of 500‒700 °С. CH4 yield was above 50% with most of the catalysts and 
dropped with dolomite, while H2 was about 20% for most of the catalysts and dropped 
with nickel. 
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