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Abstract: The aim of the study is to assess the influence of the atmosphere during pyrolysis on
the course of CO, gasification of a tire waste char. Two approaches were used: the pyrolysis step
was carried out in an inert atmosphere of argon (I) or in an atmosphere of carbon dioxide (II). The
examinations were carried out in non-isothermal conditions using a Rubotherm DynTherm ther-
mobalance in the temperature range of 20-1100 °C and three heating rates: 5, 10 and 15 K/min. Based
on the results of the gasification examinations, the TG (Thermogravimetry) and DTG (Derivative
Thermogravimetry) curves were developed and the kinetic parameters were calculated using the
KAS (Kissinger-Akahira-Sunose) and FWO (Flynn-Wall-Ozawa) methods. Additionally, the CO,
gasification of tire chars reaction order (1), was evaluated, and the kinetic parameters were calculated
with the use of Coats and Redfern method. Tire waste char obtained in an argon atmosphere was
characterized by lower reactivity, which was reflected in shift of conversion and DTG curves to
higher temperatures and higher mean values of activation energy. A variability of activation energy
values with the progress of the reaction was observed. For char obtained in an argon atmosphere, the
activation energy varied in the range of 191.1-277.2 k] /mol and, for a char obtained in an atmosphere
of CO;, in the range of 148.0-284.8 k] /mol. The highest activation energy values were observed at
the beginning of the gasification process and the lowest for the conversion degree 0.5-0.7.

Keywords: waste tires; pyrolysis; gasification; kinetics

1. Introduction

A significant increase in the population has resulted in the rapid development of the
automotive industry, resulting in the increasing use of car tires [1]. It is estimated that
about 17 million tons of tires are discarded annually [2]. Waste from car tires (without
metal and fabric cord) consists mainly of rubber (60-65%), i.e., vulcanized synthetic and/or
natural rubber, as well as additives and fillers (responsible for the strength and mechanical
resistance of the tire), such as carbon black (about 30%), plasticizers (7.5%), sulfur (about
1-2%) and zinc oxide (2-3%), used for vulcanization of rubber [3].

Tire dumps pose a large risk due to their high propensity to self-ignite, and gaseous
products of combustion pose a great threat to human and animal health, for instance, com-
pounds, such as phenols, polycyclic aromatic hydrocarbons, dioxins, furans, hydrochloric
acid, HCN, HBr and toxic elements, and heavy metals, such as arsenic, cadmium, nickel,
zinc, chromium, mercury and vanadium, as well as typical impurities such as CO,, CO,
NOx, SOy, etc. [4,5]. Their intrusion into groundwater, rivers and lakes can cause hazardous
consequences, and the huge amounts of carbon dioxide emitted in a fire contribute to the
increase of the greenhouse effect [6]. Moreover, the landfills have favorable conditions for
the development and reproduction of various pests, rodents and mosquitoes, which have a
negative impact on the environment and human health [7,8].

In response to the above problems, various methods of used tires management have
been introduced for many years. This waste is subject to material recycling, where it is
shredded and then used in civil engineering as a substrate for roads, for strengthening
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roadsides or for the protection of riverbanks and water reservoirs, and subjected to retread-
ing. Another way of managing this waste (according to the hierarchy of less desirable
waste management) is energy recycling, mainly in combustion processes as fuel in cement
plants and heating plants, and in pyrolysis and gasification. The advantages of conversion
by pyrolysis and gasification of wastes over traditional incineration are mainly related to
the increased energy efficiency, generation of valuable products and improved pollution
control. The intermediate products from thermochemical conversion may be suitable for
a wide range of applications, from high-quality fuels to fine chemicals. Lower operating
temperatures compared to those in incineration can also potentially reduce the risk of
alkali volatilization, fouling, slagging and bed agglomeration. Furthermore, systems for
gasification and pyrolysis are commonly equipped with product-cooling collection units,
which may enable improved control of emissions of organic and inorganic pollutants [9]
Gaseous products and oil from pyrolysis can be used as a fuel or chemical feedstock [10,11],
but the char is not fully used and can be an interesting energy source. One of the ways
to utilize the tire char can be the gasification process, which may have great potential to
produce products with a wide range of applications. Gasification is a low-emission method
of converting solid fuels to gas that allows production of chemicals or liquid/gaseous fuels,
as well as high-efficiency electricity production.

This char is composed primarily from carbon black, which is a component of the tire,
because the rubber subjected to high temperature turns mainly into liquid and gaseous
fractions, which translates into a low char yield. Nevertheless, the produced char is
characterized by a very high content of elemental carbon (up to about 90%), low content
of heteroatoms and a high amount in ash aluminum and silica oxides and a developed
microporous specific surface (45-90 m?/g) [12,13]. Tire char seems to be a good raw
material for the gasification process, which is a well-established and flexible technology
that provides a multitude of possible products. In the case of tire char waste, gasification
should be conducted in fluidized bed gasifiers that enable partial binding of ecotoxic
substances. In this type of gasifier, high reactivity is required. One of the factors influencing
this parameter is the conditions of pyrolysis. For the design of the process, it is important
to precisely know the properties of the raw material used.

It is known that, for other carbon-bearing materials, one of the factors determining the
gasification process is the conditions in which pyrolysis takes place and in which the char
is formed. Pyrolysis conditions have a substantial impact on the properties of the resulting
char and, consequently, on the kinetics of the gasification process [14,15]. Char reactivity
largely depends on its properties, particularly on porosity, which is affected by the porosity
of parent material, as well as the conditions of the pyrolysis process [16]. During pyrolysis,
the porosity and the specific surface area significantly increase [17]. The conditions under
which the char is formed, including pressure and temperature, heating rate, atmosphere
and the manner of cooling, affect the properties of the char [18-20].

In the authors’ previous work [21], a greater reactivity of the char from coal obtained
in an atmosphere of carbon dioxide than in an atmosphere of argon was observed, but the
heating rate during pyrolysis in the range between 3-20 K/min did not affect the course
of gasification. In turn, the paper [22] shows that, during direct gasification of coals, they
are more reactive than chars prepared from the parent coal and, thus, the gasification of
coals progresses much faster and, consequently, with a higher formation rate of gaseous
products. Due to the different structure of coal and tire waste, differences in the gasification
of these materials can be expected, mainly in the share and duration of individual stages,
i.e., pyrolysis and gasification of the formed char. Hence, the influence of the conditions
of pyrolysis on the gasification process obtained for coal and tire waste cannot be directly
compared. To the best of the authors” knowledge, the effect of pyrolysis atmosphere on
tire char gasification has not been the subject of published studies so far, and the presented
paper fills this gap.

The main purpose of this work is to determine whether similar relationships occur in
the case of gasification of tires, which, despite their elemental composition being similar to
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coal, differ in structure. In order to determine the influence of the atmosphere in which
the pyrolysis stage takes place on the subsequent gasification of the resulting char, two
approaches were used: pyrolysis under carbon dioxide and argon atmosphere.

2. Materials and Methods
2.1. Material Characteristic

Waste from an industrial plant producing tires was used to study the effect of pyrolysis
atmosphere on the kinetics of the gasification process. Scraps of rubber tires cut off as
excess material during production were comminuted to a particle size below 0.2 mm in
order to minimize the influence of diffusion effects on the gasification process. In order to
characterize the tested material proximate, ultimate analyses were performed, and the ash
composition was determined. Ultimate analysis was performed using an ELTRA CHS580
analyzer and proximate analysis using a TGA (Thermogravimetric Analyzer) Thermostep
by ELTRA, Hann, Germany, and the ash composition was determined using an AAS Z-2000
spectrophotometer by Hitachi, Tokio, Japan. Table 1 presents the results of the analyses.

Table 1. Characteristics of the tested tire waste.

Group of Analysis Parameter Value, %
C daf 89.9
Ultimate analysis H daf 7.48
S 9 1.78
wad 0.90
d
Proximate analysis Al 6.1
V daf 75.28
FCad 23.0
SiO, 59.9
Al,Oy 0.68
Fe203 5.73
CaO 3.54
MgO 0.74
- SO; 3.08
Ash composition 710 297
KO 1.27
P,05 1.06
TiO, 0.11
C0304 0.44
CuO 0.14

ad__air-dried state, 9f —dry and ash-free state, 4—dry state.

The tested material had a very high content of carbon (almost 90% dry and ash-free)
and hydrogen (almost 8% dry and ash-free). Due to the high content of volatile matter
(about 75% in a dry and ash-free state), the FC value was very low (23%), which resulted in
a low share of the char left after the pyrolysis process. Moreover, the tested material was
characterized by a relatively low ballast content: the ash content was about 6%, and the
moisture content was below 1%, while the sulfur content was quite high, reaching 2%. The
main ash components were silicon and zinc oxides, which constituted over 80% of the ash
mass. The composition of the ash, containing mainly inhibitors of the gasification process,
had a negative impact on the course of this process [23]. Comparing the ash content and
the sulfur content in the ash, it can be concluded that about 10% of the sulfur is ash sulfur,
while the rest goes to gaseous products.

2.2. Methodology of Measurements

Measurements of the gasification process were performed using a TGA Instruments
DynTherm thermobalance by Rubotherm, Bochum, Germany equipped with a magnetic
coupling which isolates the weighing system from the reactor. A single analytical sample
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of rubber tire waste with a particle size below 0.2 mm and a mass of approximately 10 mg
was placed in a crucible which was then hung on a hook in the center of the thermobalance
reactor. The non-isothermal measurements were made for three heating rates: 3, 10 and
15 K/min. Each measurement consisted of three successive stages.

Stage I involved stabilization of the initial conditions of the process. In this stage,
lasting about 30 min, the flow of carbon dioxide or argon (>99.99% purity) in the reactor
was started and stabilized at 100 mL/min. The gas pressure was set at 0.1 MPa.

Stage Il was the main stage, at which the sample was heated to 1100 °C at a constant
heating rate of 3, 10 or 15 K/min in order to ensure a complete degree of conversion.
During the measurement, the flow and pressure were constant and set at 100 mL/min and
at 0.1 MPa, respectively. The time of this stage was dependent upon the sample heating rate.

Stage IIl involved ending the measurement, the heating was turned off and the reactor
was flushed with argon in order to remove the remaining gasification reaction products.

Stage II was conducted in two ways. In the first approach, the entire measurement,
i.e., from ambient temperature to 1100 °C, was carried out in a CO;, atmosphere. In the
second approach, the CO, gasification step was preceded by pyrolysis in an inert gas
(argon) atmosphere. The char produced during pyrolysis was then gasified under a CO,
atmosphere in the same reaction space without removing the sample after the pyrolysis
step. The methodology of these measurements was carried out in an analogous manner
under the same temperature conditions, gas flow and pressure. In the second approach,
when the temperature in the reactor reached approximately 600 °C, the argon flow was cut
off, and the CO; flow was turned on so that the formed char could be gasified. The flow of
carbon dioxide in the reactor was turned on at a temperature lower than the gasification
start temperature (approximately 750 °C) to purge argon and residual pyrolysis gas from
the reaction area. The temperature at which the CO, flow was switched on was selected
based on the previously made measurements of the waste tire pyrolysis and a literature
analysis [24].

Before each measurement, blank tests were performed with an empty crucible under
conditions identical to those for each actual measurement with a sample. The repeata-
bility for the tested samples was assessed during the preliminary evaluation, and the
obtained results confirmed good convergence of the obtained measurement curves and
kinetic parameters.

2.3. Methodology of Calculation of Kinetic Parameters

Based on the sample weight loss due to increasing temperature, the gasification
reaction progress & (-) was determined:
a=1-"2 )
mo
where m stands for current sample mass (mg) and m stands for sample mass at the
beginning of the gasification stage (mg).

The kinetic parameters of the CO, gasification process were calculated using iso-
conversion methods, which assume that the same degree of conversion («) is achieved
for a given activation energy value regardless of the heating rate and that the activation
energy changes as the reaction progresses. Each chemical reaction is progressive, which
reflects the variability of the mechanism along the entire reaction path [17,21]. To perform
kinetic analysis with these methods, several TG measurements are required for different
sample heating rates. The kinetic parameters are determined from data from several ki-
netic curves and not, as in the case of only one fitting method, at different heating rates
for a specific constant conversion rate. Thanks to this, (E;) and (A) are obtained for any
progress of the reaction, which allows for a detailed analysis of the course of kinetics and
the reaction mechanism, as well as its complexity as it progresses [25-27]. Isoconversion
analysis of kinetics allows for obtaining precise, near actual values of activation energy and
the pre-exponential factor (A), limiting problems resulting from the effects of energy and
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mass transfer for different heating rates. This analysis also allows, to some extent, for the
avoidance of problems resulting from the ambiguous assessment of the reaction model. For
the isoconversion determination of kinetic parameters, the following methods were used:
Kissinger-Akahira-Sunose (KAS) and Flynn-Wall-Ozawa (FWO), which do not completely
reject the reaction model as they are used in conjunction with model-dependent methods.
The KAS method is used in conjunction with the Murray-White approximation, while the
FWO method uses the Doyle B approximation [23,25]. The linear form of the KAS method
is represented by Equation (2), while the linear form of FWO method is represented by the
Equation (3). The calculations were performed for the « range (0.1-0.9) and for the three
heating rate constants (5 = 3, 10, 15 K/min). In both equations, R stands for the universal
gas constant equal to 8.314 J/mol-K.

B\ AR E, 1
n(f2) = n(Egy) w7 ?
AEg Eﬂ 1
In(B) = ln(Rg(a)> 5331 - 10520 3)

Activation energy was determined from the slope of the linear regression function
In(8/T?) from 1/T and determined for three points with the same degree of conversion &
(g (v) = const.) for different heating rates, while the pre-exponential factor was obtained
from the abscissa of this function.

The reaction order (1) of CO, gasification of tire char gasification was evaluated and
the kinetic parameters (pre-exponential factor and activation energy) were calculated with
the use of Coats and Redfern method [28]. For n # 1 is expressed as:

1—(1— o)t AR 2RT\ E,
In——~+— =1 1-— - — 4
T A " BE, E, ) RT @)
and, for n = 1, the equation becomes:

1 AR 2RT E,

Inln—— —-2InT=1In 1-— - —
ningto—2mT - (1) - ©)
In most cases, Ea >> RT, thus the term In 1‘3% ( — %) may be taken as a constant. As

a result, Equations (4) and (5) may be put in a linear form, thus allowing the determination
of E; and A. Reaction order n equals 0,1/3,1/2,2/3,1 and 2 were used, since it has been
stated that these values have a chemical basis to be considered a reaction order [28].

3. Results and Discussion

When discussing the results, the following terms are used to simplify the nomenclature
of the two measurement conditions during the pyrolysis stage: approach I (Al)—the entire
measurement in CO, atmosphere and approach II (A2)—the pyrolysis stage in an argon
atmosphere and gasification in a CO, atmosphere.

3.1. Analysis of TGA Results

On the basis of the TG measurements, curves of the degree of char conversion during
CO, gasification were developed for all assumed heating rates and for both approaches,
as shown in Figure 1. One can observe that a higher heating rate shifted the conversion
curves towards higher temperatures, and gasification for the heating rate of 3 K/min
occurred earlier than for the heating rate of 10 and 15 K/min. The maximum degree of
conversion of the char for a heating rate of 3 K/min was achieved at a temperature of
approximately 1040 °C, while, for heating rates of 10 and 15 K/min, it was above 1090 °C.
When comparing the curves for approaches I and I, it can be seen that there are some slight
differences between the curves for the heating rates of 3 and 10 K/min. The curves for
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approach II are slightly steeper, which proves that these reactions ran faster compared to
the reactions in approach I. In the case of the heating rate of 15 K/min for approaches I
and II, the differences in the values of conversion rates at a given temperature are much
more visible, and, it can be seen, that the curves do not overlap (the curve for approach
II is definitely under the curve for approach I). It can be summarized that the higher the
heating rate, the greater the influence of the atmosphere in which the char was formed on
its gasification rate.

1

——3K/minAl v
/
0.9 4 - = =3K/minA2 !
——10K/min Al .
0.8 ’
- - =10 K/min A2 )/
V4
074 ——15K/minAl 7
-~ —15K/min A2 )
0.6 4 ’

2
=
!

Conversion degree o
(=)
hn

=
[9%]
!

0.2 -

750 800 850 900 950 1000 1050 1100
Temperature, °C

Figure 1. Curves of the degree of conversion of the chars.

In addition, it can also be seen that, at the end of the gasification reaction, for a heating
rate of 3 K/min, the conversion rate slowed down gently from a value of approximately
93-94%, while, for a heating rate of 10 and 15 K/min, the reaction ended abruptly at 97-98%.
Moreover, these curves start to converge at the end of the process. These observations can
be explained by diffusion phenomena, which take on significance from the temperature
of approximately 1000 °C, where the kinetics of the “pure” chemical gasification reaction
are no longer relevant in favor of the kinetics of diffusion phenomena (in this case internal
diffusion), which become the limiting stage of the process. In the case of the gasification
process at a heating rate of 3 K/min, there were no diffusion phenomena, as almost the
entire conversion of the char took place below 1000 °C.

Figure 2 shows the changes in the rate of the char’s gasification reaction progress
for the three heating rates and for both approaches used. The DTG curves confirm the
previously observed shift in the course of the reaction towards higher temperatures with
an increase of the heating rate. It can be noticed that the maximum rate of gasification
reaction decreased with an increasing heating rate. Moreover, comparing the results for
approach I and approach II at a given heating rate, it can be concluded that the Al curves
were slightly shifted to higher temperatures and the maximum rate of the gasification
reaction was higher for A2. The courses of conversion and DTG curves confirm that chars
formed in a CO; atmosphere are more reactive during gasification. Higher reactive chars
are characterized by larger porosity and surface area and have a higher quantity of active
sites [29]. The number of active sites is strongly dependent upon porosity or surface area
as they are associated with edges or defects on the surface [30,31]. The higher reactivity
of chars obtained during pyrolysis in CO; atmosphere can by caused by the inclusion of
oxygen and elevated total surface area, leading to the formation of new pores or the closing
of pores opened by CO, [32,33]. Hence, the atmosphere in which the pyrolysis of tire waste
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was carried out affected the above-mentioned properties and, consequently, the reactivity
of the received tire char. It can be concluded that, at the stage of pyrolysis in an atmosphere
of carbon dioxide, there is an initial activation of the char consisting of the development
of a porous structure [33], which translates into its greater reactivity. In the work [15], it
was found that the differences of pore volumes of chars obtained under N, and CO, flows
were most likely caused by a difference in the diffusivity of volatiles in the two different
atmospheres. A lower diffusivity of volatiles under CO, pyrolysis can result in higher
internal pressure and cause the pore structure to rupture: that is, form more mesopores
and macropores.

0.008
——3K/minAl
- = =3K/minA2
0.007 4 ) o
——10K/min A1 37 L
N\
- = =10 K/min A2 ’
0.006 4
—— 15K/min A1
- - - 15K/min A2
0.005
g
£
S
= 0.004 A
]
~ \
0.003 4 N
0.002 4
0.001 4
04— : : : : : :
750 800 850 900 950 1000 1050 1100

Temperature, °C
Figure 2. DTG curves of the tire char’s gasification process.

3.2. Analysis of Kinetics of Char Gasification Process

The kinetic parameters obtained by the KAS and FWO isoconversion methods were
determined for the conversion degree range & = 0.1-0.9 in order to eliminate the uncertain
initial and final values and obtain the most reliable results from a relatively constant and
unchanging course of the reaction, i.e., a constant slope of the conversion rate curves
(Figure 1). First, graphs of the linear equations of both methods were drawn for the three
heating rates and for both approaches (Figures 3 and 4).

-11 : : : ) -11 T r T \
0.000725 0.000775 0.000825 0.000875 0.000925 0.000725 0.000775 0.000825 0.000875 0.000925
4115 ®a0.1 -11.5 ®a0.1
Ha0.2 " Ma0.2
Aa03 Aa03
12 -12 A N
E Xa0.4 [y Xa0.4
S <
7 Xa 0.5 Z Xa0.5
125 4 0a06 125 4 ®a06
a0.7 +a07
.
13 4 a0.8 13 4 a0.8
a0.9 a0.9
-13.5 4 135 4
YT YT
(a) (b)

Figure 3. KAS equation curves for heating rates of 3, 10 and 15 K/min and a conversion degrees

range of 0.1-0.9 (a) approach I; (b) approach II.
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2.5
¢a0.1 R X ¢ ®a0.1
Ma0.2 2 Wa0.2
Aa03 AQ03
X004 E1s Xa04
Xa0.5 Xa0.5
* >

a 0.6 1 a0.6
a0.7 a0.7
0.5 €08 0.5 0.8
0.9 a0.9
0 ’ ! ' ' 0 T T T ]
0.000725 0.000775 0.000825 1/T04000875 0.000925 0.000725 0.000775 0.000825 0.000875 0.000925
(a) (b)

Figure 4. FWO equation curves for heating rates of 3, 10 and 15 K/min and a conversion degrees
range of 0.1-0.9 (a) approach I; (b) approach II.

Based on the slope and the abscissa of the linear regression function drawn from the
points for each heating rate shown in Figures 3 and 4, the values of the activation energy
and the pre-exponential factor were determined. The obtained kinetic parameters and
the values of the coefficient of determination, which are a measure of how the data fit the
model, are summarized in Table 2 for the KAS method and in Table 3 for the FWO method.

Table 2. Kinetic parameter values based on the KAS method.

Approach
Conversion I 1I
Degree (-) E, A _ E, A <2
(kJ/mol) (1/min) (kJ/mol) (1/min)

0.1 284.8 4553 x 1011 0.9460 277.2 1.369 x 1011 0.9857
0.2 205.0 5.204 x 107 0.9680 247.7 4480 x 10°  0.9955
0.3 177.7 2470 x 100 0.9700 226.7 4257 x 108 0.9957
0.4 162.1 4508 x 10° 0.9722 214.2 1.052 x 108 0.9964
0.5 148.0 9.980 x 104 0.9690 205.5 4057 x 107 0.9971
0.6 149.0 1.132 x 10° 0.9811 198.2 1.864 x 107  0.9977
0.7 151.4 1.495 x 10° 0.9895 191.1 8.995 x 10°  0.9971
0.8 169.2 9.700 x 10° 0.9971 191.8 9.878 x 100 0.9999
0.9 195.2 1.410 x 107 0.9984 193.6 1.272 x 107 0.9984

Mean value 182.5 5.059 x 1010 0.9768 216.2 1.578 x 1010 0.9960

The obtained values of the R?> determination coefficient were high, which indicate a
good fit of the measurement data to the models used. The mean values of kinetic parameters
for the CO tire char gasification (E,: 182-225 kJ/mol and A: 1.3 x 108-5.8 x 108 1/min)
are similar to some presented in the literature [34-36]).

Based on the results presented in Tables 2 and 3, diagrams of changes in the activa-
tion energy (E;) depending on the reaction progress (x) were drawn for the presented
isoconversion methods and for two measurement approaches. These curves are shown in
Figure 5.
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Table 3. Kinetic parameter values based on the FWO method.
Approach
Conversion I I
Degree (-) E, A _ E, A <2
(kJ/mol) (1/min) (kJ/mol) (1/min)
0.1 288.4 3.530 x 10° 0.9523 281.3 1.138 x 10°  0.9875
0.2 218.7 1.487 x 10° 0.9823 253.8 4918 x 107 0.9962
0.3 1914 7.902 x 10* 0.9833 234.2 5.783 x 10 0.9964
0.4 173.3 1.218 x 10* 0.9810 222.7 1.651 x 10°  0.9971
0.5 160.8 3.476 x 10° 0.9801 214.8 7.101 x 10°  0.9977
0.6 161.5 3.824 x 10° 0.9882 208.1 3593 x 10°  0.9982
0.7 164.1 5.026 x 10% 0.9941 201.6 1.909 x 10°  0.9977
0.8 181.2 2.687 x 104 0.9982 202.6 2.130 x 10°  1.0000
0.9 206.1 3.030 x 10° 0.9986 204.5 2763 x 10°  0.9987
Mean value 194.0 3.924 x 108 0.9842 224.9 1.329 x 108 0.9966
300
280
260 4
240 Ao
3 220 4
§ 200
K150
160
140 A
1 e T e S T S
100 - : T T T r T : T
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

Conversion degree a

Figure 5. Activation energy changes depending on the progress of the gasification reaction of waste
from rubber tires for the analyzed approaches.

The data collected in Tables 2 and 3 show that the activation energy values were
always higher in the FWO method—these differences were in the range of 4-20 kJ /mol
depending on the degree of conversion, and the difference between the average activation
energy between the FWO and KAS methods for the whole process was 11.5 k] /mol. Pre-
exponential factors calculated by the KAS and FWO methods were higher for approach L.
The differences between the activation energy values in both methods are clearly visible
in Figure 4. The curves of the KAS and FWO methods in both approaches have an almost
identical shape. When comparing the activation energy values between approaches I and II,
clear differences can be seen, especially for the alpha range of 0.4-0.6. The activation energy
values were higher for approach I, i.e., gasification of the char that was formed in an argon
atmosphere. In the case of the averaged activation energy values for the entire process, the
difference between approaches I and II in the KAS method was 31.7 k] /mol, while in the
FWO method, the difference was slightly less, amounting to 30.9 k] /mol. The differences
between the values of activation energies determined for the reaction under measurement
conditions during approach I and II can be explained by the influence of CO, at the
pyrolysis stage, which probably activated the resulting char. Despite the large differences in
activation energies at each stage of the reaction progress between measurement conditions
during approach I and 1II, a similar nature of the course of the reaction can be seen; the
activation energy decreased to a certain point and then increased again. This can be seen
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very clearly for the curves of approach I, where the activation energy from the beginning of
the reaction progress (a = 0.1) dropped sharply until half of the progress, where the lowest
activation energy value was obtained—148.0 k] /mol for KAS and 160.8 kJ/mol for FWO.
The activation energy then increased until the end of the reaction (« = 0.9), where the value
of this energy was 195.2 kJ/mol for KAS and 206.1 kJ /mol for FWO. In the case of carrying
out the reaction under conditions for approach II, such a reaction course mechanism could
also be observed, but it was not so visible anymore. The activation energy value decreased
(not so sharply) as the reaction proceeded, this time reaching the lowest value for the
conversion degree of 0.7-191.1 kJ /mol for KAS and 201.6 k] /mol for FWO. The activation
energy value then increased slightly by 2.5 k] /mol for KAS and 2.9 k] /mol for FWO. This
reaction mechanism, in both cases, was due to the fact that, as the reaction proceeded, the
amount of carbon was reduced and, in turn, the amount of ash formed. The loss of the char
caused a reduction of its active specific surface, which was additionally limited by the ash,
reducing the contact surfaces of the rest of the char with the gasifying agent, which directly
contributed to increasing the energy of the active reaction.

The reaction order (1) of tire char CO, gasification was evaluated with the use of the
Coats and Redfern method. The analysis of possible reaction orders covered only those
values which were chemically justified, i.e., 0, 0.33, 0.5, 0.66, 1, 2 [26]. On the basis of
the R? determination coefficient, the best-fitting reaction order was determined, and the
results are summarized in Table 4. The highest values of R? were noted for n = 1, and it
can be concluded that the CO; gasification of tire char was the first order reaction. Hence,
further calculations of pre-exponential factor (A) and activation energy (E;) were made
by first order Coats and Redfern method and the results are summarized in Table 5. One
can observe that the increase in the heating rate during the measurement resulted in a
decrease in the values of the activation energy and the pre-exponential factor. It can also be
observed, in the case of approach I (pyrolysis in a CO, atmosphere), that lower values of
both activation energies and a pre-exponential factor were noted compared to approach
II (pyrolysis in an argon atmosphere). The results confirm the previous observations
and relationships that were obtained using the KAS and FWO methods (presented in
Tables 2 and 3).

Table 4. Evaluation of reaction order of tire char CO, gasification with the use of the Coats and
Redfern method.

R2
Approach ~ Heating Rate Reaction Order
(K/min)
0 0.33 0.5 0.67 1 2
Al 3 0.9739 0.9864 0.9867 0.9961 0.9986 0.9867
10 0.9821 0.9924 0.9768 0.9977 0.9979 0.9768
15 0.9658 0.9789 0.9665 0.9675 0.9829 0.9675
A2 3 0.9796 0.9906 0.9946 0.9974 0.9995 0.9852
10 0.9822 0.9927 0.9962 0.9984 0.9992 0.9804
15 0.9889 0.9950 0.9849 0.9982 0.9984 0.9849

Table 5. Kinetic parameter values based on first order Coats and Redfern method.

Heating Rate A E,
Approach (K/min) (1/min) (kJ/mol)
Al 3 6.04 x 106 187.0
10 1.37 x 105 1485
15 2.43 x 103 106.7
A2 3 3.90 x 107 205.1
10 1.64 x 106 173.1

15 9.04 x 105 167.3
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4. Conclusions

The research on the gasification of waste from rubber tires presented in the paper
showed an influence of temperature, heating rate, diffusion phenomena and the pyrolysis
stage on the kinetics of the gasification process of tire waste. For chars formed in an inert
argon atmosphere, carbon conversion and DTG curves were shifted to higher temperatures.
The influence of the heating rate on the differences in the reactivity between chars formed
in argon and CO, atmospheres were also observed. The use of isoconversion methods
allowed for determination of the value of the activation energy depending on its progress.
Both for the KAS and FWO methods and for both approaches, higher activation energy
values were observed at the beginning of the process. As the reaction progressed, the
activation energy values decreased to a certain point and then increased, which resulted
from the increase in ash share and limitation of the contact surface of the reactants. The
results of the conducted research show increased activation energy values in the case where
gasification was preceded by pyrolysis in argon (average value of activation energy was
33.7 and 30.9 kJ /mol higher for KAS and FWO methods, respectively), which proves the
lower reactivity of the char obtained in an inert atmosphere. The use of the Coats and
Redfern method allowed CO; gasification of tire char to be defined as the first order reaction.
The kinetic parameters calculated using this method (the difference in activation energy
between individual approaches was 18-60.6 k] /mol) confirm the previous observations
and relationships that were obtained using the KAS and FWO method.
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