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Abstract: The composition of gas produced by the gasification of refuse-derived fuel (RDF) can
be affected by the content of individual components of RDF and their mutual interactions. In this
work, plastics, paper, wood, textile and RDF were gasified in a two-stage gasification system and
the obtained tar yields and product gas quality were compared. The two-stage reactor consisted
of an air-blown gasifier and a catalytic reactor filled with carbonized tire pyrolysis char as the
tar-cracking catalyst. Tire pyrolysis char is a promising alternative to expensive catalysts. The impact
of temperature and catalyst amount on the tar yield and gas composition was investigated. Theoretical
oxygen demand for all material classes was calculated and its effect on gas composition and tar yield
is discussed. The results indicate that the gasification of plastics produces the highest amount of
tar and hydrocarbon gases, while the CO2 content of the product gas remains the lowest compared
to all other materials. On the other hand, the paper fraction produced hydrogen-rich gas with low
tar content. The gasification of RDF at 700 ◦C provided the lowest tar yield compared to all other
materials, indicating positive synergic effects of lignocellulosic biomass and plastics in tar reduction.
The significance of these interactions was suppressed at the highest temperature of 900 ◦C, as the
thermal cracking of tar became dominant. For CO2 content, a negative synergic effect (higher CO2

concentration) was observed.
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1. Introduction

Around 130 Mt of municipal solid waste (MSW) are incinerated in waste-to-energy plants
worldwide every year. However, this amount corresponds to only 10% of produced MSW [1]. In many
countries, most produced MSW ends up in landfills or open dumping sites, which represent a serious
environmental and health hazard [2]. By the removal of inorganic matter and biodegradables, MSW
can be transformed into refuse-derived fuel (RDF), which increases its calorific value from 9.1 MJ/kg
to 18 MJ/kg (or more, depending on the plastics fraction) [3]. Thus, MSW/RDF can be utilized as
alternative solid fuel [4]. However, the calorific value, ash and moisture content of MSW vary across
time and region, causing changes in the quality (especially heating value) of MSW/RDF incinerated
in waste-to-energy plants [3]. Plastics, foil, paper, textile, wood and rubber are the main fractions of
RDF [2]. The ratio of these fractions has a significant impact on the overall heating value of MSW and
RDF [3].

Gasification receives a lot of attention these days, as compared to combustion, as the stoichiometric
amount of oxidizer used is lower. Thus, not only are the final forms of oxidation like CO2 and H2O
produced, but reduced forms like H2 and CO also emerge. Product gas, also known as synthesis
gas, is the main product of gasification. It can be used as a gaseous fuel with a heating value of
6–8 MJ/m3 when air is used as a gasifying agent or up to 15 MJ/m3 when the feedstock is gasified by
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steam [5]. Additionally, product gas can be utilized as feedstock for the synthesis of organic compounds
like methanol and dimethyl ether [6]. However, product gas usually contains a certain amount of
condensable hydrocarbons, known as tar. Tar is an undesirable side product because its condensation
and polymerization cause fouling in downstream processing equipment [7]. For endpoint units like
combustion engines, tar concentration in the synthesis gas has to be decreased below 10 mg/m3 [7].
However, limits for gas tar content depend on the type of tar; for light tar, which condenses at a higher
concentration and lower temperature, a higher tar content in gas is allowed. Physical means like
condensation and absorption can be used to eliminate tar from product gas. However, these methods
are expensive and their application leads to the formation of additional waste streams.

As a more suitable alternative, catalytic tar removal, can be employed [8]. Tire pyrolysis char
is a suitable catalyst or catalyst support for tar removal from synthesis gas as it can be used at high
temperatures (900 ◦C), it has a relatively high specific surface area, about 70–80 m2/g [9], and it can
effectively remove tar, especially in the presence of steam [10]. Additionally, tire pyrolysis char contains
many metals, especially zinc in the form of zinc oxide (around 2.4 wt.%) [9]. That is an important factor,
as a high content of inorganics in the char structure increases the total tar-cracking potential of char [11].
The preparation of char-based catalysts usually includes their activation at temperatures above 700 ◦C
in the presence of CO2 or steam [12]. In our previous works, the tar-cracking potential of tire pyrolysis
char in cracking model tar components, such as toluene and para-xylene, was investigated [13,14].
The results showed high tar cracking activity of tire pyrolysis char, especially when char impregnated
with Ni and char pellets carbonized at 900 ◦C were used. As the content of individual fractions of
MSW and RDF varies, many studies are focused on the gasification of their individual fractions [3].
However, some papers focus on the co-gasification of plastics and biomass-based wastes to negate the
negative traits of both fractions, as the addition of plastics increases the overall calorific value of the
mixture and biomass addition decreases the possibility of molten plastics getting stuck on the reactor
wall [15]. As higher fractions of plastics lead to higher concentrations of hydrocarbons and tar in the
product gas [5], the application of a tar-cracking catalyst is necessary [16].

Interactions between fractions of RDF during co-gasification have been proved to have a significant
impact on the product distribution [17]. Additionally, these interactions cause a decrease in the total
tar and char yield as compared to the gasification of individual RDF fractions. Although plastics are
richer in hydrogen, their co-gasification with biomass produces a larger amount of higher quality
synthesis gas compared to the weighted sum of individual fractions [18]. Déparrios et al. [19] found
that a mixture of paper and polystyrene with a polystyrene content of 10–20 wt.% yielded the highest
synthesis gas yield and the lowest char yield, as char formed from paper slowed down polystyrene
decomposition. In order to accurately predict the yield of tar and hydrogen from the gasification of
MSW or RDF with a certain composition, yields from the gasification of pure components and their
mixtures have to be evaluated, as a variation in the composition of a heterogeneous feedstock like RDF
has a serious impact on the product yield [20]. Despite the mentioned papers, the effect of interactions
between RDF components on gas composition and tar yield and the effect of a tire pyrolysis char
catalyst in RDF gasification require more attention and additional experimental data.

In this paper, RDF and its components (paper, plastics, wood chips and textile) were gasified
at the same experimental conditions in a two-stage gasifier with compacted tire pyrolysis char as
a catalyst in the secondary stage. Compacted tire pyrolysis char prepared only by activation was
applied. This kind of catalyst can be easily used as raw material in the gasifier after its deactivation (no
additional waste streams are created). The gas composition and tar yield were observed at different
catalyst bed temperatures and catalyst to feed ratios.
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2. Materials and Methods

2.1. Raw Material Characterization

The gasification of RDF and its main components: plastics, paper, textiles and wood chips,
was studied in this work. Other RDF components, such as cardboard and rubber, were not studied as
the RDF samples studied did not contain measurable fractions of these components. RDF was supplied
by Ecorec, Pezinok, Slovakia. Components of RDF were extracted by hand separation. In the first
step, each material type was milled to a particle size below 2 mm. The properties of materials were
characterized by proximate, ultimate and calorimetric analyses. Volatiles and fixed carbon contents
were determined by thermogravimetric analysis according to the following procedure. The samples
were heated to 800 ◦C with a heating rate of 10 ◦C/min in a nitrogen atmosphere. The temperature was
held at 800 ◦C for 30 min, then oxygen was introduced. For these analyses, a thermogravimeter STA
409 PC Luxx (NETZSCH, Selb, Germany) was used. Moisture content was determined by drying the
materials at 105 ◦C until sample mass stabilization. For this purpose, a moisture analyzer MB163L
(VWR International, Aurora, CO, USA) was used. Ash content was determined according to the Slovak
Technical Standard STN ISO 1171. Approximately 10 g of the sample were heated to 500 ◦C over a
period of one hour. The sample was kept at this temperature for 1 h, then it was increased to 815 ◦C
over a period of one hour and the sample was kept at this temperature for 6 h. Ash content analysis
was carried out in a muffle furnace L9/11B410 (Nabertherm, Lilienthal, Germany). During this analysis,
the free flow of air through the furnace was enabled. Elementary analysis of materials was provided
by a Vario Macro Cube® (Elementar, Langenselbold, Germany) elemental analyzer. The lower heating
value of materials was determined by a bomb calorimeter (Fire Testing Technology Ltd., East Grinstead,
UK). Properties of raw materials are shown in Tables 1 and 2. The values of theoretical oxygen demand
(TOD) for dry feedstock were calculated from ultimate analysis according to Equation (1). Theoretical
oxygen demand represents the amount of oxygen needed for the complete oxidation of feedstock to
final products, CO2 and H2O; it does not consider moisture in feedstock. Therefore, H and O contents
had to be adjusted according to Equation (2). The content of C was adjusted according to Equation (3).
Material characterization showed that plastics had the most suitable properties for gasification with a
significantly higher heating value, low ash content, low moisture content, higher content of volatiles
and higher content of hydrogen.

Table 1. Ultimate analysis of raw materials (as received).

Material N (wt.%) C (wt.%) H (wt.%) S (wt.%) O 1 (wt.%)

Paper 0.250 ± 0.110 35.08 ± 0.19 5.28 ± 0.04 0.000 43.91 ± 0.20
Plastics 0.533 ± 0.061 78.40 ± 1.80 12.56 ± 0.25 0.003 ± 0.010 2.70 ± 2.00

Wood chips 0.303 ± 0.036 46.02 ± 0.21 6.38 ± 0.11 0.027 ± 0.080 45.35 ± 0.20
Textiles 0.597 ± 0.010 45.48 ± 0.32 6.59 ± 0.17 0.083 ± 0.027 43.23 ± 0.22

RDF 1.970 ± 0.700 50.60 ± 3.00 7.22 ± 0.82 0.310 ± 0.250 17.80 ± 4.10
1 Oxygen was calculated according to 1.0—mass fraction of ash, N, C, H and S.

Table 2. Proximate analysis, higher heating value (HHV) and theoretical oxygen demand (TOD) of
raw materials.

Material Moisture
(wt.%)

Volatiles
(wt.%)

Fixed Carbon
(wt.%)

Ash
(wt.%)

HHV
(MJ/kg)

TOD
(Mass Ratio)

Paper 2.69 ± 0.67 74.8 ± 2.8 7.40 ± 2.50 15.50 ± 1.80 10.2 ± 1.7 0.944 ± 0.006
Plastics 0.34 ± 0.09 93.7 ± 3.5 0.04 ± 0.02 5.90 ± 0.67 42.4 ± 4.1 3.079 ± 0.048

Wood chips 5.10 ± 1.30 77.3 ± 2.9 15.60 ± 5.20 1.92 ± 0.22 18.2 ± 0.4 1.353 ± 0.012
Textiles 3.05 ± 0.76 86.2 ± 3.2 6.70 ± 2.30 4.01 ± 0.45 18.4 ± 0.4 1.349± 0.020

RDF 2.00 ± 0.50 69.1 ± 2.6 6.80 ± 2.30 22.05 ± 2.50 21.0 ± 1.6 1.780 ± 0.100
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TOD =

wC
MC

MO2 +
wH

MH2
MO −wO

100
, (1)

wi,dry =
wi,raw −

wmoisture
Mwater

Mi

1−wmoisture
, (2)

For i = H, O,
TOD—theoretical oxygen demand,
wi,dry—mass fraction of element i in dry feedstock,
wi,raw—mass fraction of element i in raw feedstock,
Mi—molecular weight of element i (g/mol).

Subscripts: H—atomic hydrogen, H2—molecular hydrogen, O—atomic oxygen, O2—molecular
oxygen, C—carbon.

wC,dry =
wC,raw

1−wmoisture
, (3)

The material composition of the combustible fraction of RDF is shown in Table 3. RDF contains a
relatively high amount of ash because of the presence of inorganic materials. The properties of RDF
studied in this work were similar to those of RDF prepared from municipal solid waste in [20].

Table 3. Material composition of combustible fraction of RDF (refuse-derived fuel).

Name of the Component Quantity (%)

Plastics 75
Wood 5
Paper 5

Cardboard 2
Rubber 3
Textile 10

2.2. Experimental Apparatus

The scheme of the apparatus employed for the experiments is shown in Figure 1. The apparatus
consisted of a gasifying (2) and a catalytic reactor (1) which were connected during the experiment.
The reactor was composed of a steel tube heated by an electric furnace. Each tube had an inner diameter
of 17 mm and a wall thickness of 2.5 mm. The lengths of the tubes were 466 mm and 400 mm for the
gasifying and catalytic reactor, respectively. Segments of steel tubes located outside the heaters were
insulated with glass wool. Layers of hollow ceramic cylinders were placed at the bottom of each tube
to ensure the sample and catalyst were positioned in the region with the desired temperature. Air was
fed into the bottom of the gasifying reactor using a flow regulator to ensure constant air flow into the
reactor. Evolved gas from the catalytic reactor was passed through an isopropanol scrubbing system
where tar was captured. This system was designed according to the Energy Research Centre of the
Netherlands guidelines [21]. The system consisted of seven impinger bottles, where four bottles were
preheated to 37 ◦C and two bottles were cooled to −20 ◦C. The first bottle was at ambient temperature
and evolved gas from the catalytic reactor was directly fed into this bottle. From this bottle, gas was
passed through all preheated and cooled bottles. Each bottle, except for the last one, was filled with
isopropanol. In the last two bottles, glass beads were placed to ensure a higher contact area between
the purified gas and isopropanol.



Sustainability 2020, 12, 6647 5 of 14

Sustainability 2020, 12, x FOR PEER REVIEW 5 of 14 

 

Figure 1. Experimental apparatus for gasification, 1—catalytic reactor, 2—gasifying reactor. 

2.3. Experimental Procedure 

First, electric furnaces were preheated to desired temperatures, then the catalytic reactor 

containing the catalyst bed was placed inside the electric furnace. Then, the gasifying reactor filled 

with feedstock was placed inside the second electric furnace and both reactors were interconnected. 

In the next step, air was introduced into the gasifying reactor. This moment was considered as the 

beginning of the experiment. Gas produced in the gasifying reactor was passed through the catalytic 

reactor and then went on to the isopropanol system for tar to be absorbed. After this, pretreated gas 

was ready for the analysis. 

2.4. Experimental Conditions 

All experiments were carried out with 10 g of dried sample. In the first reactor, the temperature 

of the reactor and airflow were set to 700 °C and 15 dm3/h (dry air, ambient temperature), 

respectively. The low temperature allowed for using a reactor made of cheaper material with lower 

resistance. The temperature was high enough to run decomposition processes of the studied 

feedstocks. In a continuous process studied in our previous work [22], the optimum theoretical air to 

RDF mass flow ratio was estimated to be 2.1. The closest value of air flow rate to this optimum value 

in a semibatch system with 10 g of RDF is 15 dm3/h. This value, as well as the first reactor temperature, 

was kept constant during all experimental runs. In the second reactor, different conditions were 

examined. These conditions were divided into two sets. In the first set, the effect of different 

temperatures in the catalytic reactor was studied. For this purpose, experiments were carried out at 

temperatures of 700, 750, 800, 850 and 900 °C in the catalytic reactor. This temperature range is 

suitable for major gasification reactions [7,23]. In this set, 2 g of fresh catalyst, representing a catalyst 

to feed mass ratio of 0.2, were used in each experiment. This minimum catalyst loading was chosen 

to better visualize the effect of temperature. In the second set, the effect of different amounts of 

catalyst was tested while the temperature in the catalytic reactor was set to 750 °C. The largest 

difference between experiments with and without the catalyst was observed at this temperature. In 

these experiments, 10, 5, 2 and 0 g of fresh catalyst were packed into the catalytic reactor, representing 

Figure 1. Experimental apparatus for gasification, 1—catalytic reactor, 2—gasifying reactor.

2.3. Experimental Procedure

First, electric furnaces were preheated to desired temperatures, then the catalytic reactor containing
the catalyst bed was placed inside the electric furnace. Then, the gasifying reactor filled with feedstock
was placed inside the second electric furnace and both reactors were interconnected. In the next step,
air was introduced into the gasifying reactor. This moment was considered as the beginning of the
experiment. Gas produced in the gasifying reactor was passed through the catalytic reactor and then
went on to the isopropanol system for tar to be absorbed. After this, pretreated gas was ready for
the analysis.

2.4. Experimental Conditions

All experiments were carried out with 10 g of dried sample. In the first reactor, the temperature of
the reactor and airflow were set to 700 ◦C and 15 dm3/h (dry air, ambient temperature), respectively.
The low temperature allowed for using a reactor made of cheaper material with lower resistance.
The temperature was high enough to run decomposition processes of the studied feedstocks. In a
continuous process studied in our previous work [22], the optimum theoretical air to RDF mass flow
ratio was estimated to be 2.1. The closest value of air flow rate to this optimum value in a semibatch
system with 10 g of RDF is 15 dm3/h. This value, as well as the first reactor temperature, was kept
constant during all experimental runs. In the second reactor, different conditions were examined.
These conditions were divided into two sets. In the first set, the effect of different temperatures in
the catalytic reactor was studied. For this purpose, experiments were carried out at temperatures of
700, 750, 800, 850 and 900 ◦C in the catalytic reactor. This temperature range is suitable for major
gasification reactions [7,23]. In this set, 2 g of fresh catalyst, representing a catalyst to feed mass ratio of
0.2, were used in each experiment. This minimum catalyst loading was chosen to better visualize the
effect of temperature. In the second set, the effect of different amounts of catalyst was tested while
the temperature in the catalytic reactor was set to 750 ◦C. The largest difference between experiments
with and without the catalyst was observed at this temperature. In these experiments, 10, 5, 2 and 0 g
of fresh catalyst were packed into the catalytic reactor, representing a catalyst to feed mass ratio of 1,
0.5, 0.2 and 0, respectively. Each experiment lasted for 1 h. Experiments were carried out in duplicate.
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The relative deviations of the measured data in repeated experiments did not exceed 15%, although
their average value was below 10%.

2.5. Catalyst

The catalytic activity of the studied pyrolysis char was confirmed on model tar compounds in our
previous studies [13,14]. P-xylene conversion as a model tar component at 800 ◦C increased from 71.5%
in a process without any catalyst to 99.1% in a process with the char catalyst. However, after 180 min
of operation, p-xylene conversion decreased to 97% because of catalyst deactivation. Catalyst activity
was also confirmed through other experiments with RDF carried out using an inert replacement of the
catalyst. In this case, the tar yield in the experiment with the catalyst decreased by 45% compared
to the experiment with a non-catalytic replacement. Raw tire pyrolysis char came from a pyrolysis
unit in Slovakia. The pyrolysis of tires took place at a temperature of 550 ◦C. The char was compacted
using a roll compactor into particles of 3–5 mm. Then, the compacted pyrolysis char was dried at
105 ◦C for 6 h. The preparation of catalyst was finished by its carbonization, which was carried out at
800 ◦C in a continuous flow of CO2. This procedure took 4 h. The surface properties of carbonized and
raw pyrolysis char were determined by the nitrogen adsorption and BET (Brunauer-Emmett-Teller)
isotherm from our previous studies [13,14] and they are presented in Table 4. The studied catalyst in
this work had the same origin as the catalyst described in [14].

Table 4. Properties of carbonized pyrolysis char [14] and raw pyrolysis char [13].

Catalyst SBET (m2/g) νp (cm3/g) Dp (nm)

Raw pyrolysis char 28.30 0.279 34.05
Compacted and carbonized pyrolysis char 67.48 0.324 17.44

2.6. Gas Analysis Procedure

A gas sample for the analysis was captured 5 min from the beginning of the experiment because
this moment was correlated with the highest gas emission from the feed. The sample was taken from
the gas sampling spot located at the outlet of the isopropanol system. Around 50 cm3 (ca. 1 bar) of
the gaseous sample were injected into a gas chromatograph (Agilent 7890A, Agilent Technologies,
USA). The gas sample was injected into two columns: J&W W113-4362 260 ◦C: 60 m × 320 µm × 0
µm, and Agilent PLOTQ + MOLSIEVE 260 ◦C: 65 m × 530 µm × 50 µm. An oven heated the columns
according to the following procedure:

1. Initial temperature of the oven was 40 ◦C, hold time was 2 min.
2. Increased temperature of the oven to 60 ◦C at a heating rate of 20 ◦C/min, hold time was 7.5 min.
3. Increased temperature of the oven to 200 ◦C at a heating rate of 25 ◦C/min, hold time was 2 min.

The concentration of methane, ethane, ethylene, propane, propylene, n-butane and i-butane in the
gas sample was determined by a flame ionization detector (FID), while the concentration of CO, CO2

and H2 was determined via a thermal conductivity detector (TCD). Argon was used as the carrier gas.

2.7. Tar Analysis Procedure

Tar yields were determined by the vacuum distillation of 100 cm3 samples of collected isopropanol
from scrubbers [21]. All samples were distilled in a vacuum rotary evaporator (Hei-VAP Advantage,
Heidolph Germany) at a temperature of 55 ◦C and a pressure of 10 kPa. Each distillation lasted 53 min,
obtained residue was dissolved in 25 mL of pure isopropanol and the solution was placed in a Petri
dish. In the next step, isopropanol was evaporated to a constant mass at low temperature, which varied
between 20–32 ◦C, in a chemical fume hood. In the end, a Petri dish with residual tar was weighed and
the amount of total tar produced in each experiment was calculated. Tar measurement was done for all
gasification runs, including duplicate measurements.
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3. Results and Discussion

3.1. Gas Composition

The results obtained from gas analysis are presented in Figures 2–7, which compare the effect
of catalyst/feed ratio and the temperature of the catalytic reactor on the concentration of selected
products. The concentration of H2 indicated that the paper fraction has the highest tendency of
hydrogen generation (up to 20.1 ± 1.8 vol.%; catalyst/feed ratio = 1) in the studied range of conditions
(Figure 2). Inorganic species based on alkali metals present in paper could catalyze the secondary
reactions of emitted volatiles, which could increase the hydrogen content [24]. However, an increased
temperature reduced the difference between the H2 concentration of paper and other materials
(Figure 2b). Concentrations of H2 have achieved similar values at 900 ◦C in the case of paper, plastics
and RDF (16.4 ± 1.5, 15.7 ± 1.4 and 16.2 ± 1.4 vol.%, respectively), probably due to approaching the
equilibrium H2 concentration for all material types.
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H2 concentration.

Figure 3 depicts different CO concentrations due to different materials. Plastics and RDF show
especially low concentrations of CO in comparison to the other materials. Different O2 contents in
the materials are the reason for different CO contents in gas. There was a low CO content in gas from
plastic gasification, as plastics contain a small amount of oxygen (Table 1) compared to other materials.
However, the constant air flow rate in these experiments for all material types has to be considered.
These results indicate that to achieve higher CO concentrations in plastics gasification, a higher air to
feed mass ratio is required. In the case of plastics, the CO concentration was between 2.17 ± 0.24–3.63
± 0.40 vol.%.
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Table 5 shows that plastics provided the highest values of H2/CO ratios, above 2 and up to 6.32.
This makes the synthesis gas suitable for chemical synthesis. Relatively high H2/CO values were
also reported in [25], where the authors used steam as the gasification agent for plastics. However,
the application of steam led to synthesis gas with a higher hydrogen content than in the case of air
gasification. The RDF also achieved an H2/CO ratio above 2 in three cases, whereas it was below 2 for
the other studied materials. According to the H2/CO ratio displayed in Table 5, it can be stated that
elevated temperatures and increased catalyst to feed ratios led to increased H2/CO ratios.

Table 5. Calculated H2/CO ratios and net heating values of emitted gases.

Catalyst/Feed Ratio 0 2 5 10 2 2 2 2 2

Catalytic reactor temperature (◦C) 750 750 750 750 700 750 800 850 900

H2/CO

Wood chips 0.269 0.273 0.256 0.390 0.123 0.273 0.197 0.222 0.343
Paper 0.648 0.706 0.673 1.110 0.827 0.706 0.867 0.873 0.811
Textiles 0.165 0.203 0.300 0.444 0.181 0.376 0.255 0.429 0.496
Plastics 2.240 3.210 4.020 5.650 2.450 3.210 3.820 5.420 6.120
RDF 0.911 1.110 2.250 1.850 0.688 1.110 1.176 2.630 3.440

Net heating value (MJ/Nm3)

Wood chips 6.82 7.12 6.80 6.27 6.15 7.12 6.97 6.90 7.11
Paper 3.85 4.40 5.23 5.00 4.20 4.40 5.40 5.52 6.34
Textiles 6.31 5.57 5.81 5.57 5.61 5.50 6.40 6.34 6.32
Plastics 18.90 19.00 18.1 17.7 14.70 19.00 17.70 20.60 17.50
RDF 8.82 9.17 7.71 8.62 7.71 9.17 10.00 10.10 10.90

Similar results were obtained for CO2 (Figure 4a). Plastics provided CO2 concentrations between
2.84 ± 0.22 and 6.69 ± 0.53 vol.%. In the case of RDF, the CO2 concentration was much higher compared
to plastics and it noticeably decreased with increasing temperature (Figure 4b). A similarly low CO2

content at high temperatures was reported in [25], where the authors additionally concluded that CO2

originated from hydrocarbon steam reforming and water–gas shift reactions. In this study, a low CO2

and CO content is a result of insufficient hydrocarbon decomposition.
Figure 5a shows that a change in the catalyst/feed ratio did not affect the concentration of

methane noticeably and only small variations were observed. On the other hand, the concentration of
methane was significantly affected by the catalytic reactor temperature (Figure 5b) and it increased
with increasing temperature for each studied material. RDF showed the highest methane concentration
of 23.6 ± 2.0 vol.% at 900 ◦C. Higher methane concentrations were observed for plastics at lower
temperatures than for RDF. Both materials, RDF and plastics, have a higher tendency of methane
generation than the other studied materials. Aluri et al. [26] measured similar concentrations of
methane during RDF pyrolysis using a thermogravimetric device. Lower concentrations of methane
were reported in our previous work, where an Ni-doped clay catalyst was used [27]. These observations
indicate that the content of methane can be significantly affected by the equivalence ratio and the
catalyst type.

The concentrations of light hydrocarbons (ethane, ethylene, propane, propylene, i-butane and
n-butane) showed a similar trend. Figure 6 shows that the highest production of light hydrocarbons
came from plastics rather than the other studied materials. RDF has also a high tendency of light
hydrocarbon production, but it is lower compared to plastics. Synthesis gas with a high hydrocarbon
content, hence a high heating value, is suitable as fuel. The calculated net heating value of gas produced
from plastics varied between 14.7 and 20.6 MJ/Nm3 (Table 5). According to Figure 6a, an increased
catalyst/feed ratio led to a noticeable reduction in the concentration of light hydrocarbons. Figure 6b
shows the influence of increased temperature on light hydrocarbon concentration. A comparison
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of these concentrations at 700 ◦C and 900 ◦C indicated that elevated temperatures led to increased
concentrations of light hydrocarbons.

In case of plastics, the distribution of light hydrocarbon concentration is shown in Figure 7,
where it can be seen that ethylene was the main component of light hydrocarbons. This synthesis gas is
therefore a possible new source of ethylene, which is a valuable petrochemical feedstock. The highest
ethylene concentration of 23.8 ± 2.0 vol.% was achieved without the catalyst. This value was even
higher than the methane concentration (17.0 ± 1.4 vol.%) obtained in the same experiment. On the
other hand, a methane concentration of 22.6 ± 1.9 vol.% was above the ethylene concentration of
20.4 ± 1.7 vol.% in the experiment carried out at 900 ◦C. RDF also showed a relatively high content of
ethylene (13.4 ± 1.1 vol.%) at 900 ◦C at a catalyst to feed ratio of 0.2.

3.2. Tar Yields

The results of tar yields are presented in Figure 8, which shows that plastics produce higher
amounts of tar in comparison to the other materials. When no catalyst was used, the highest value of
tar yield of 90.4 ± 9.9 mg/g was achieved for plastics and the lowest tar yield value of 18.9 ± 2.1 mg/g
was obtained for textiles. In the case of plastics, high tar production could be a result of low
oxygen concentration and no char formation in the gasifying reactor. The results of fixed carbon
in Table 2 indicate that the decomposition of plastics in gasification runs without char formation,
which has a crucial impact on tar decomposition. An additional reason could be the absence of
metals in plastic-based feedstock. Paper contains a noticeable amount of calcium, which promotes tar
decomposition [28] reactions, whereas plastics contain only traces of metals from their production and
transport. The introduction of a catalyst led to reduced tar yields (Figure 8a). However, an unexpected
increase in the tar yield was observed when the catalyst/feed ratio was increased from 0.5 to 1.0 in
the case of plastics. The same ratios were used for the other materials but increased tar yields were
not observed. This phenomenon could be caused by the emission of tar from the catalyst, which
is combustible and produces tar at temperatures above 800 ◦C. The formation of additional tar is
supported by the low efficiency of its dry reforming caused by a low concentration of CO2. It is
interesting to note that the gasification of RDF produced a small amount of tar in comparison to
the other materials, although it contained a high amount of plastics. RDF is a mixture of plastics
and lignocellulosic biomass and the results in Figure 8 indicate that the co-gasification of plastic-
and lignocellulose-based materials can produce a gas with a lower tar content than the separate
gasification of plastics and biomass, especially at temperatures below 800 ◦C. A similar synergic effect
was reported by Burra and Gupta [18] when observing gas yields in the co-gasification of different
plastics with biomass.Sustainability 2020, 12, x FOR PEER REVIEW 11 of 14 
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The tar removal efficiency of the catalyst differed for different materials and the highest tar yield
decrease was observed for paper (72.5% at 1.0 catalyst/feed ratio). A temperature increase in the
catalytic reactor led to the reduction of tar yields (Figure 8b). In these experiments, a catalyst/feed ratio
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of 0.2 was used. At 700 ◦C, RDF showed the lowest tar yield of 22.4 ± 2.5 mg/g in comparison with the
other materials. However, an increased temperature had a different effect on the tar yield. At 900 ◦C,
the lowest tar yield of 5.93 ± 0.65 mg/g was achieved in the case of paper gasification. The form of
catalyst particles (pelleted or compacted) and catalyst bed temperature seemed to have a significant
effect on the catalyst tar removal activity. In a previous work, tire pyrolysis char in the form of pellets
with a similar specific surface area to the compacted char used in this work showed the higher tar
removal efficiency in a preliminary test at 800 ◦C [13]. Additional experiments are therefore required
to estimate the effect of catalyst particle size and other process conditions on the tar removal activity of
tire pyrolysis char.

3.3. Effect of Theoretical Oxygen Demand

The calculated theoretical oxygen demand (TOD) displayed in Table 2 shows that plastics required
the highest amount of oxygen for combustion in comparison to the other materials. Based on the
assumption that all materials are decomposed at the same rate, it can be stated that plastics were
gasified in very low-oxygen environment. In this environment, only a small amount of tar and
hydrocarbons were decomposed by direct reactions with oxygen. It should also have led to low CO2

concentrations. Ultimately, an insufficient amount of CO2 for the dry reforming of hydrocarbons and
tar was available [29]. On the contrary, the paper fraction, with the lowest TOD value, provided the
lowest tar content and the highest hydrogen content. It should be noted that paper contains additives
based on alkali metals that are considered as strong tar-cracking catalysts [29,30]. It is clear that a
higher air flow has to be applied for plastics gasification. Assuming negligible differences in material
properties, air flow can be adjusted according to TOD values to maintain a similar oxygen environment
for different RDF compositions.

3.4. Process Mass Balance

During the process, the mass of solids removed from the reactor and liquid phase captured in
isopropanol were recorded. Table 6 shows the mass yields of solid, liquid and gas products.

Table 6. Mass balance of products.

Catalytic Reactor Temperature (◦C) 700 750 800 850 900

Gas (wt.%)
Wood chips 85.6 ± 1.5 90.7 ± 0.8 88.5 ± 1.1 91.1 ± 0.9 93.0 ± 0.6

Paper 75.9 ± 1.6 77.2 ± 1.5 81.8 ± 1.0 79.7 ± 1.2 81.5 ± 1.0
Textile 89.3 ± 1.0 91.7 ± 0.5 90.7 ± 0.9 90.7 ± 0.9 93.2 ± 0.6
Plastics 78.7 ± 2.0 84.0 ± 1.4 84.3 ± 1.4 85.3 ± 1.2 87.2 ± 1.0

RDF 70.4 ± 2.0 70.8 ± 1.9 72.5 ± 1.7 72.8 ± 1.8 73.9 ± 1.5

Liquid (wt.%)
Wood chips 12.4 ± 1.4 6.2 ± 0.7 8.6 ± 1.0 7.2 ± 0.8 4.6 ± 0.5

Paper 7.2 ± 0.8 7.1 ± 0.8 2.3 ± 0.3 4.4 ± 0.5 2.5 ± 0.3
Textile 7.9 ± 0.9 5.9 ± 0.7 6.9 ± 0.8 7.1 ± 0.8 4.6 ± 0.5
Plastics 15.6 ± 1.7 10.0 ± 1.1 9.8 ± 1.1 8.5 ± 0.9 6.7 ± 0.7

RDF 9.2 ± 1.0 8.4 ± 0.9 5.7 ± 0.6 5.2 ± 0.6 4.6 ± 0.5

Solid (wt.%)
Wood chips 2.0 ± 0.1 3.1 ± 0.2 2.8 ± 0.2 1.7 ± 0.1 2.4 ± 0.2

Paper 17.0 ± 0.8 15.7 ± 0.8 15.9 ± 0.8 15.9 ± 0.8 16.1 ± 0.8
Textile 2.8 ± 0.2 2.3 ± 0.2 2.4 ± 0.2 2.2 ± 0.2 2.2 ± 0.2
Plastics 5.7 ± 0.3 6.0 ± 0.3 5.9 ± 0.3 6.2 ± 0.3 6.1 ± 0.3

RDF 20.4 ± 1.0 20.8 ± 1.0 21.8 ± 1.0 22.0 ± 1.2 21.5 ± 1.0
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Table 6. Cont.

Catalyst/Feed ratio 0 0.2 0.5 1

Gas (wt.%)
Wood chips 84.3 ± 1.6 90.7 ± 0.8 91.1 ± 0.9 93.0 ± 0.6

Paper 77.3 ± 1.4 77.2 ± 1.5 80.2 ± 1.2 78.8 ± 1.3
Textile 92.7 ± 0.6 91.7 ± 0.8 93.7 ± 0.6 93.7 ± 0.6
Plastics 74.3 ± 2.4 84.0 ± 1.4 83.5 ± 1.5 83.0 ± 1.9

RDF 67.0 ± 2.0 66.8 ± 1.9 67 ± 2.0 66.2 ± 2.1

Liquid (wt.%)
Wood chips 13.1 ± 1.4 6.2 ± 0.7 7.7 ± 0.9 4.7 ± 0.5

Paper 4.8 ± 0.5 7.1 ± 0.8 4.5 ± 0.5 5.0 ± 0.6
Textile 4.6 ± 0.5 5.9 ± 0.7 3.7 ± 0.4 3.7 ± 0.4
Plastics 18.8 ± 2.1 10.0 ± 1.1 11.0 ± 1.2 11.2 ± 1.7

RDF 6.7 ± 0.7 7.4 ± 0.9 7.3 ± 0.8 8.0 ± 0.9

Solid (wt.%)
Wood chips 2.7 ± 0.2 3.1 ± 0.2 1.2 ± 0.1 2.4 ± 0.2

Paper 17.9 ± 0.9 15.7 ± 0.8 15.4 ± 0.7 16.2 ± 0.8
Textile 2.7 ± 0.2 2.3 ± 0.2 2.6 ± 0.2 2.6 ± 0.2
Plastics 6.9 ± 0.4 6.0 ± 0.3 5.5 ± 0.3 5.9 ± 0.3

RDF 26.3 ± 1.3 25.8 ± 1.0 25.8 ± 1.2 25.8 ± 1.2

The mass flow of produced gas was not measured. It was only calculated to 100%. From these
measurements, product losses in the system cannot be estimated. However, the apparatus was tested
under different conditions to estimate product loss in the past [13]. At all conditions, the maximum
mass loss was below 10%.

4. Conclusions

The gasification of RDF and its fractions (plastics, paper, textile and wood chips) was investigated
in a two-stage batch gasification system with tire pyrolysis char as a catalyst. The obtained results
showed that an increased temperature and catalyst/feed ratio led to an increased hydrogen content
and reduced tar yield. It can be stated that the product gas composition was mostly influenced by tar
decomposition with increased temperature in the catalytic reactor. Tar was decomposed primarily to H2

and hydrocarbons, which diluted CO and CO2 in the product gas. The highest hydrogen concentrations
were achieved for the paper fraction (11.02 ± 0.98 to 20.1 ± 1.8 vol.%). An increased temperature
decreased the differences between hydrogen concentrations originating from paper, plastics and RDF,
and it also led to higher methane concentrations, while an increased catalyst/feed ratio did not affect the
methane concentration noticeably. Plastics and RDF produced significantly higher concentrations of
methane and other light hydrocarbons than the other studied materials, which makes RDF and plastics
suitable feedstocks for high calorific value fuel gas production. Both studied materials provided high
H2/CO ratios, which makes them interesting feedstocks for chemical synthesis and electric energy
production. However, the high tar yield from plastics must be reduced. Gas obtained from plastics
had a low CO2 concentration (2.84 ± 0.22–6.69 ± 0.53 vol.%) compared to other components (more
than 13.8 ± 1.1 vol.%, RDF 900 ◦C, 0.2 catalyst to feed ratio), however, the CO2 content in the gas from
RDF gasification did not correspond to its plastic content. Plastics also provided the highest tar yields
due to a lower oxygen concentration environment in comparison to the gasification of other materials.
On the contrary, the paper fraction was gasified in an environment with an oxygen amount closest
to the TOD value (0.9439 ± 0.0059), which led to the highest hydrogen concentrations and lowest tar
yields. The TOD value of plastics (3.079 ± 0.048) was more than threefold that. Increasing the oxygen
content in air more than threefold should thus provide the same oxygen environment for plastics as for
paper. The effect of catalytic bed temperature and the form of the prepared catalyst particles on their
catalytic activity needs additional experimental investigation.
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