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INTRODUCTION

With an increasing demand for fuels and their 
decreasing resources at the same time, a much 
higher pressure is put on alternative, renewable 
energy sources. Biomass is definitely one of them 
and nowadays it is one of the most important new 
energy resources. Significance of biomass comes 
from the fact that it is easy to obtain, widely and 
relatively evenly available all over the world and 
it is relevantly cheap. In addition, biomass is con-
sidered to be neutral with respect to CO2 emission.

There are a few ways of biomass utilization 
in a field of energy production i.e. fermenta-
tion, combustion, pyrolysis and gasification. 
Gasification is a process that has recently at-
tracted high interest, mainly because of the 
fact, that it allows to transform solid biomass 
into much more useful (in the meaning of trans-
port and diversity of application) products. As 
a result of gasification mostly gaseous products 
are obtained. Their concentration depends on 
the type of gasifier, a sort of biomass and pro-
cess parameters. The produced gas may be used 
for a production of heat, electricity or as a raw 
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ABSTRACT
The paper refers to the main problem connected with biomass gasification - a presence 
of tar in a product gas. This paper presents preliminary results of tar decomposition in 
a microwave plasma reactor. It gives a basic insight into the construction and work of 
the plasma reactor. During the experiment, researches were carried out on toluene as 
a tar surrogate. As a carrier gas for toluene and as a plasma agent, nitrogen was used. 
Flow rates of the gases and the microwave generator’s power were constant during the 
whole experiment. Results of the experiment showed that the decomposition process 
of toluene was effective because the decomposition efficiency attained above 95%. 
The main products of tar decomposition were light hydrocarbons and soot. The article 
also gives plans for further research in a matter of tar removal from the product gas.
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chemical material for synthesis of liquid fuels 
or other chemicals.

The major drawback related to the biomass 
gasification is a presence of solid particulates and 
tar in a produced gas. While the solid particles can 
be easily separated, the main problem is tar, which 
at a high temperature, is in a vapor state – what 
makes it difficult to separate. Upon condensation, 
tar blocks downstream pipelines and foul engines 
and turbines (1). Tar is a product of high tempera-
ture reactions of a cellulose, hemicellulose and lig-
nin depolymerization. Tars are characterized and 
classified by few, similar classification’s systems 
(1). All of them state that tar is a mixture of hetero-
cyclic, aromatic and poly-aromatic hydrocarbons. 

The amount of produced tar strongly de-
pends on a gasification process (type of gas-
ifier and work parameters) and it is in the 
range of 0.5 to 100 g/Nm3 (2). At the same time, 
the allowed concentration of tars for a gas used in 
ICE (internal combustion engines) is stated on a 
level of 50 to 100 mg/Nm3 and below 5 mg/m3 for 
gas turbines (1). As a result, the presence of tar in 
the product gas precludes one of the most impor-
tant applications of biomass gasification. 
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Although it is clear that the gasification pro-
cess is promising, its application in larger and 
wider scale requires a reliable and efficient way 
of removal/conversion of tar from a produced gas.

Many attempts have been made in order to 
develop methods which allow the purification 
of gasification products from tar. These include 
primary methods, which are based on a gasifier 
design and biomass properties (2) and second-
ary methods i.e. mechanical (3), thermal (4), 
catalytic (5), and plasma methods (6), (7), (8). 
The last two methods show the highest efficien-
cy of tar removal (9), (10). It is also worth to 
mention that these two methods can be matched 
together, showing even a higher efficiency in 
consequence (11) – that is a further goal for the 
authors of this article. 

Plasma is a high temperature, strongly ionized 
medium with high concentration of electrons, 
ions, radicals and excited molecules and atoms. 
Such a composition makes plasma a highly reac-
tive medium. Therefore, plasma may be consid-
ered as a coupling of a temperature source and a 
catalytic medium. The chemical reactions taking 
place during the high temperature tar decomposi-
tion can be described as follows (10):

 Tar cracking  
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matched together showing in consequence even a higher efficiency (11) – that is a further goal 
for the authors of this article.  

Plasma is a high temperature, strongly ionized medium with high concentration of 
electrons, ions, radicals and excited molecules and atoms. Such a composition makes plasma 
highly reactive medium. Therefore, plasma may be considered as a coupling of a temperature 
source and a catalytic medium. The chemical reactions taking place during the high 
temperature tar decomposition can be described as follows (10): 

 
Tar cracking 𝑝𝑝𝐶𝐶𝑛𝑛𝐻𝐻𝑥𝑥 → 𝑞𝑞𝐶𝐶𝑚𝑚𝐻𝐻𝑦𝑦 + 𝑟𝑟𝐻𝐻2 {1} 

Carbon formation 𝐶𝐶𝑛𝑛𝐻𝐻𝑥𝑥 → 𝑛𝑛𝐶𝐶 + (𝑥𝑥2)𝐻𝐻2 {2} 

where CnHx represents tar and CmHy represents  a hydrocarbon with a carbon number smaller 
than that of CnHx. 

The lab-scale investigations were carried out on the microwave plasma application for 
decomposition of toluene as a tar surrogate. The preliminary results were to show the 
efficiency of the applied method and to identify products of the decomposition process. 
 
THE LABORATORY SET-UP 
 

Błąd! Nie można odnaleźć źródła odwołania. presents a scheme of the laboratory 
research installation. The most important part of the installation is a microwave plasma 
reactor of the tubular type (4) presented in Figure 2. The main two reactor’s elements are 
microwave generators (1) and quartz tube. Three microwave generators (Promis), each of 2 
kW power, provided microwaves of 2.45 GHz frequency. Microwaves radiation was absorbed 
by gas providing energy into it and as consequence, exciting and ionizing gas molecules and 
creating plasma. Plasma was generated at the top of the quartz reactor and transported down 
the reactor by the carrier gas flow. A length of the quartz tube was 1200 mm and depending 
on the gas flow, the plasma can reach up to one third of the tube’s length. The inner diameter 
of the tube was 60 mm. It is worth to notice that this type of the reactor, in opposite to plasma 
arc for example, was hardly ever used in a tar removal process in other research and therefore, 
its impact on tar decomposition is not known very well. Its advantage is a simple and compact 
construction what might be a great convenience in coupling it with a catalyst bed.  

In this study, as a plasma agent nitrogen was used. It is not without a reason if we 
consider that nitrogen is the main ingredient in a generator gas obtained through gasification 
with air. It is planned to use a mixture of gases simulating syngas instead of pure nitrogen - 
this will prevent syngas dilution. Nitrogen was supplied from a steel bottle with pressured gas 
(1). Nitrogen was separated on three streams - all flow rates were controlled with a use of 
mass flow meters (2) (Aalborg GFM 67 and XFM 47). Two of the streams were used only for 
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where:  CnHx represents tar and CmHy represents a 
hydrocarbon with a carbon number small-
er than that of CnHx.

The lab-scale investigations were carried out 
on the microwave plasma application for decom-
position of toluene as a tar surrogate. The prelim-
inary results were to show the efficiency of the 
applied method and to identify products of the 
decomposition process.

 
THE LABORATORY SET-UP

Figure 1 presents a scheme of the laboratory 
research installation. The most important part 
of the installation is a microwave plasma reac-
tor of the tubular type (4) presented in Figure 2. 
The main two reactor’s elements are microwave 
generators (1) and quartz tube. Three microwave 
generators (Promis), each of 2 kW power, pro-
vided microwaves of 2.45 GHz frequency. Micro-
waves radiation was absorbed by gas providing 
energy into it and as a consequence, exciting and 

ionizing gas molecules and creating plasma. Plas-
ma was generated at the top of the quartz reactor 
and transported down the reactor by the carrier 
gas flow. A length of the quartz tube was 1200 
mm and depending on the gas flow, the plasma 
can reach up to one third of the tube’s length. The 
inner diameter of the tube was 60 mm. It is worth 
to notice that this type of reactor, in opposite to 
plasma arc for example, it was hardly ever used 
in a tar removal process in other research and, 
therefore, its impact on tar decomposition is not 
known very well. Its advantage is a simple and 
compact construction, what might be a great con-
venience in coupling it with a catalyst bed. 

In this study, nitrogen was used as a plasma 
agent. It is not without a reason if we consider 
that nitrogen is the main ingredient in a genera-
tor gas obtained through gasification with air. It 
is planned to use a mixture of gases simulating 
syngas instead of pure nitrogen – this will pre-
vent syngas dilution. Nitrogen was supplied from 
a steel bottle with pressured gas (1). Nitrogen 
was separated on three streams – all flow rates 
were controlled with a use of mass flow meters 
(2) (Aalborg GFM 67 and XFM 47). Two of the 
streams were used only for the reactor feeding 
purpose – one of them was to provide molecules 
for plasma creating (it had axial flow) and the 
purpose of the second one is to protect the quarts 
tube from a high temperature (it had swirl flow). 
The third stream was used as a carrier gas for 
toluene stored in a glass tank. The temperature of 
toluene was measured due to the fact that it has an 
influence on toluene vapors pressure. 

The products of the decomposition process 
of toluene were analyzed with a use of two de-
vices: gas chromatograph (6) and stationary gas 
analyzer (7). The chromatograph used in the re-
search was HP 6890 with a HP-5 (Crosslinked 
5% PH ME Siloxane) column and the flame ion-
ization detector (FID). The GC analysis required 
sampling with a syringe (5) at the outlet of the 
reactor. The gas analyzer was GAS 3000 (GEIT 
Europe) which evaluated concentrations of CO, 
CO2, CH4 and H2. The analyzer was connected 
with a computer and worked online through the 
whole experiment.

EXPERIMENTAL 

Toluene was used in many studies on tar de-
composition as a tar surrogate (11), (12). This de-
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cision was mainly justified by a significant con-
centration of toluene in a tar from biomass gasifi-
cation process – it is one of the main compounds 
that create tar (13). Approach like this, also 
simplifies analyses and clarifies measurements 
allowing for a more precise interpretation of re-
sults and comparison of them with other studies. 
Therefore, in our experiment toluene was used as 
a model compound.

The first step in research was to find out what 
concentration of toluene could be achieved with 

a different flow of carrier gas. During scaling, as 
well as in the main experiment, the plasma agent 
and protective gas flows were on a level of 15 l/min. 
With this flow the plasma work was stable, the 
toluene concentration was not diluted and nitro-
gen consumption was on a low level. Flow of the 
carrier gas was regulated on the following levels: 
3, 5, 10, 15 and 20 l/min. The results achieved 
for different carrier gas flow are given in Table 1. 
As it can be seen in Figure 3, the relationship 
between carrier gas flow and toluene concentra-
tion/amount is not linear. It is assumed that at the 
beginning of increasing gas flow, velocity of gas 
is too high to be saturated with toluene vapors. 
With further flow increase, however, the entrain-
ment mechanism may have a greater influence on 
toluene transport - but at the same time it also had 
an impact on toluene dilution. Thus, although the 
amount of toluene may have slightly increased, 
its concentration kept decreasing. Despite that, 
the results show clearly that the highest concen-
tration/amount of toluene was achieved for the 
lowest gas flow – that is 3 l/min. During the scal-
ing samples were taken from an inlet port at the 
top of the reactor through which toluene is in-
troduced into the reactor. During the scaling the 
toluene had an ambient temperature of 22 °C. 

For the decomposition experiment, a carrier 
gas flow rate of 5 l/min was chosen. This choice 
was dictated by two reasons: a demand of testing 
the installation in conditions of high toluene con-
centration and a problem with stabilizing the gas 
flow on a lower level where every deviation may 
have an impact on the results. During decompo-
sition investigations toluene stored in the bottle 
had an ambient temperature of 20 °C. Only two 

Figure 1. Scheme of the installation for plasma tar decomposition

Figure 2. The microwave plasma reactor: 1 – micro-
wave generators, 2 – quartz tube, 3 – power supply
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microwaves generators were used in these experi-
ments. Their power was set up on a maximum, 
which was 2 kW for each one. 

In both, scaling and decomposition research, 
from three to five samples of gas were taken, de-
pending on a repeatability of measurements. 

For the determination of toluene decomposi-
tion efficiency the samples were taken at the out-
let of the reactor. The temperature at the outlet of 
the plasma reactor was about 22 °C. Just before 
the principal toluene removal process, the mea-
surements similar to those for feeder scaling were 
carried out in a purpose of evaluating inlet tolu-
ene concentration (C0) – it was 131 g/m3.

Additionally, during the toluene decomposi-
tion process the GAS 3000 analyzer was measur-
ing concentrations of CO, CO2, CH4 and H2. The 
chromatograph program was set up on 70 °C (the 
column temperature) and 3 minutes (previous re-
search shown that after the toluene’s peak none 
other were shown up to 15 minutes). Identifica-
tion of decomposition products was done with a 
use of GC (HP6890) with MS (HP 5973) by an 
external laboratory (Laboratory of Gas Chroma-
tography, Department of Polymer and Carbon 
Materials, Wroclaw University of Technology).

RESULTS AND DISCUSSION

Preliminary investigations were performed to 
recognize a potential of the method. The carrier 
gas (5 l/min) was doped with toluene to bring its 
concentration to approx. C0 = 130 g/m3.The prod-
ucts of toluene decomposition were identified and 
the effectiveness of destruction was calculated for 
the selected experiment.

Figure 4 shows a chromatogram obtained 
from the analysis of toluene decomposition prod-
ucts. There are four main products and marginal 
amounts of other compounds. Qualitative ana-
lyzes allowed to identify three products: meth-
ane, benzene and toluene. The fourth product of 
toluene decomposition is some light compound 
(with retention time of 1.507 and peak’s area 
of 12.07 pA·s) that is hard to define because its 
identification is disturbed by the presence of other 
light compounds such as methane, nitrogen and 
carbon oxide. Some deeper and extended further 
analyses all required for identification of that 
compound, however, according to other observa-
tions (14), (15) it is suggested that it might be C2 
compound like ethane or ethylene. 

The retention times, average concentrations 
of toluene, organic products of its decomposition 
and conversion efficiencies are given in Table 2. 

The effectiveness of toluene conversion in the 
decomposition process was calculated with a use 
of the following formula:

 

 
 

Figure 4. Chromatogram of the toluene decomposition process  

The retention times, average concentrations of toluene, organic products of its 
decomposition and conversion efficiencies are given in Table 2.  

 
Table 2. Concentrations of toluene and selected products of decomposition and efficiency of 

conversion 

Compound 
 

Retention time  Peak’s area Concentration Cm Conversion 
min pA*s g/m3 % 

Toluene 2.309 42.75 5.89 95.50 
Benzene 1.832 5.96 0.08 0.06 
Methane 1.450 97.43 2.03 1.55 

 
The effectiveness of toluene conversion in the decomposition process was calculated with 

a use of following formula 
 
 𝑋𝑋 = (1 − 𝐶𝐶𝑚𝑚

𝐶𝐶0
) ∙ 100% {3} 

where  
X – toluene conversion efficiency, % 
Cm – concentration of toluene after decomposition, g/m3 
C0 – concentration of toluene before decomposition - 131 g/m3 

The conversion degree of toluene conversion into benzene and methane was calculated as a 
ratio of obtained product and introduced toluene 

 𝑋𝑋𝐶𝐶𝐻𝐻4,𝐶𝐶6𝐻𝐻6 = (𝐶𝐶𝑚𝑚𝐶𝐶0
) ∙ 100% {4} 

No hydrogen or carbon dioxide were detected by the Gas 3000 analyzer in the produce gas 
in the reactor outlet. Concentration of CO was on a level of 0.06%. A presence of CO is 
intrigue since no oxygen was introduced – this might be explained with a small, unavoidable 
leaks and air sucking. Also a lack of hydrogen might be surprising. This may be explained in 
few, not excluding ways. Firstly, hydrogen might have been adsorbed on soot. Secondly, 
considering air leaks, some of hydrogen might have been burned into water. At last, it is 
possible that hydrogen was used in a process of hydrocracking of toluene and benzene.  

Beside those products, it is also important to mention that noticeable amounts of soot were 
produced during the toluene decomposition, that is typical for that kind of process and was 

 (3)

where: X  –  toluene conversion efficiency, %
 Cm –  concentration of toluene after  

  decomposition, g/m3

 C0 – concentration of toluene before   
  decomposition – 131 g/m3

Table 1. Parameters obtained for toluene feeder scaling

qv
l/min

Toluene concentration F
g/minppm g/Nm3

3 49338 185.07 6.11

5 37092 139.13 4.87

10 31704 118.92 4.76

15 31291 116.31 5.28

20 27369 102.66 5.13

Explainations: qv – volumetric flow of carried gas, 
F – mass flow of toluene.

Figure 3. Relationships between carried gas flow and toluene mass flow and concentration
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The conversion degree of toluene conversion 
into benzene and methane was calculated as a ra-
tio of obtained product and introduced toluene:
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No hydrogen or carbon dioxide were detected 
by the Gas 3000 analyzer in the produce gas in the 
reactor outlet. Concentration of CO was on a level 
of 0.06%. A presence of CO is intrigue since no 
oxygen was introduced – this might be explained 
with a small, unavoidable leaks and air sucking. 
Also a lack of hydrogen might be surprising. This 
may be explained in a few, not excluding ways. 
Firstly, hydrogen might have been adsorbed on 
soot. Secondly, considering air leaks, some of hy-
drogen might have been burned into water. Finally, 
it is possible that hydrogen was used in a process 
of hydrocracking of toluene and benzene. 

Beside those products, it is also important 
to mention that noticeable amounts of soot were 
produced during the toluene decomposition, that 
is typical for that kind of process and was men-
tioned in other publications (16). Matching those 
concentrations of inorganic compounds with 
those for organic, shows that most of toluene was 
in fact transformed into soot.

If the structure of the toluene is considered, it 
seems reasonable and intuitive that such a com-
pound would convert into methane and benzene. 
However, the results show that the amount of 

benzene is far smaller than methane. This may 
suggest that benzene was converted into methane, 
soot and probably some other lighter hydrocar-
bons. Those reactions, explaining high concentra-
tion of soot, lack of hydrogen and disproportion 
between benzene and methane, might be present-
ed by the following simplified chemical formulas:
 

mentioned in other publications (16). Matching those concentrations of inorganic compounds 
with those for organic, shows that most of toluene was in fact transformed into soot. 

If the structure of the toluene is considered, it seems reasonable and intuitive that such a 
compound would convert into methane and benzene. However, results show that the amount 
of benzene is far less than methane. That may suggest that benzene was converted into 
methane, soot and probably some other lighter hydrocarbons. Those reactions, explaining 
high concentration of soot, lack of hydrogen and disproportion between benzene and methane, 
might be presented by following simplified chemical formulas: 

 𝐶𝐶7𝐻𝐻8 → 7𝐶𝐶 + 4𝐻𝐻2 {4} 
 𝐶𝐶7𝐻𝐻8 + 𝐻𝐻2 → 𝐶𝐶6𝐻𝐻6 + 𝐶𝐶𝐻𝐻4 {5} 
 𝐶𝐶6𝐻𝐻6 + 𝐻𝐻2 → 𝑥𝑥𝐶𝐶 + 𝑦𝑦𝐻𝐻2 + 𝐶𝐶𝑛𝑛𝐻𝐻𝑚𝑚 {6} 

where CnHm represents  a hydrocarbon with a carbon number smaller than benzene and which 
might be an unidentified compound that was previously mentioned. More precise chemical 
mechanism requires further researches including identification of more compounds. 

 
CONCLUSION  
 

The presented results of the initial lab-scale experiment leads to the following conclusions: 
 
1. The microwave plasma is highly effective in toluene decomposition (> 95%), which 

indicates that this type of an installation might be used for tar removal from a syngas. 
2. The main product of toluene conversion is soot, which can be easily separated from a 

gas with a use of mechanical devices like cyclones of fabric filters.  
3. In conversion process some small amounts of hydrocarbons lighter then toluene were 

also obtained, which can increase caloric value of syngas. 

Next steps in research will include water steam introduction into the reactor, what should 
allowed to transform soot into hydrogen and carbon monoxide, and use of a catalyst to 
increase conversion even more. Besides that, impact of plasma generator’s power and plasma 
agent gas composition on the decomposition process will be investigated.    
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where CnHm represents a hydrocarbon with a 
carbon number smaller than benzene and which 
might be an unidentified compound that was 
previously mentioned. More precise chemical 
mechanism requires further researches including 
identification of more compounds.

CONCLUSION 

The presented results of the initial lab-scale 
experiment leads to the following conclusions:
1. The microwave plasma is highly effective in 

toluene decomposition (> 95%), which indi-
cates that this type of installation might be 
used for tar removal from a syngas.

2. The main product of toluene conversion is 
soot, which can be easily separated from a gas 
with a use of mechanical devices such as cy-
clones of fabric filters. 

Figure 4. Chromatogram of the toluene decomposition process 

Table 2. Concentrations of toluene and selected products of decomposition and efficiency of conversion

Compound Retention time 
[min]

Peak’s area
[pA·s]

Concentration Cm
[g/m3]

Conversion
[%]

Toluene 2.309 42.75 5.89 95.50

Benzene 1.832 5.96 0.08 0.06

Methane 1.450 97.43 2.03 1.55
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3. In conversion process some small amounts of 
hydrocarbons, lighter thn toluene were also 
obtained, which can increase caloric value of 
syngas.

Next steps in research will include water 
steam introduction into the reactor, what should 
allowed to transform soot into hydrogen and car-
bon monoxide, and use of a catalyst to increase 
the conversion even more. Besides that, the im-
pact of plasma generator’s power and plasma 
agent gas composition on the decomposition pro-
cess will be investigated. 
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