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Abstract: Waste tire rubber has become a severe environmental issue, which calls for a green method to recycle this rubber.
Microwave thermolysis serves as an ideal recycling process for used tires. By surveying the dielectric characteristics from 25 to
700 °C under microwave frequencies of 915 and 2466 MHz, the microwave absorption ability of waste tire rubbers was studied. At
temperatures below 350 °C, the dielectric characteristics were relatively steady. Both the loss factor and relative dielectric constant
(DC) increased sharply with the rise in temperature. The reason for this is the release of volatile substances, which increases the
electrical conductivity. The performance of microwave absorption of tire rubber during thermolysis, and thus the efficiency of
microwave tire rubber thermolysis, can be largely impacted by the specimen dimension. The calculation of the reflection loss (RL)
of the tire rubber specimens suggests that when the waste tire rubber is 5 mm thick, the highest microwave absorption can be
achieved at 915 MHz and 592.1 °C, with RL of —17.30 dB. The product after microwave pyrolysis of waste tire rubber comprises
35% carbon black, 40% oil, and 25% gas. Based on this investigation of the optimal condition of microwave absorption, a proper
microwave pyrolysis recycling system was designed for waste tire. This system is efficient at recycling the waste tire rubber into

valuable carbon black, oil, and gas products.
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1 Introduction

Waste tires have become a serious economic and
environmental issue, as they are difficult to dispose of
and recycle. The development of an efficient disposal
and recycling method of the waste tires is in high
demand. Currently, landfill disposal is the most fre-
quently used disposal method for waste tires. Yet,
various degradation methods, for instance, chemical
and biological degradation, are ineffective on waste
tires. Landfill waste tires occupy valuable ground for
an extenden period. Besides, waste tires lead to many
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health issues via trapped rainwater, which allows
stagnant bodies of water to breed insects that carry
diseases, and pose fire hazards. Other chemical or
mechanical methods for recycling waste tires include
incineration, which generates energy through waste
tire combustion. Yet, these methods also result in SO,,
NO,, and other toxic gases that should be treated
being emitted.

The focus of this study is the pyrolysis method,
which is a potential way for recycling valuable con-
tents from used tires. Waste tires can be pyrolyzed in a
variety of ways, e.g. in rotary kilns. The thermolysis
process of rotary kilns is an indirect heating method
that consumes considerable energy. It is also an inef-
ficient solution owing to the imbalance heat transfer
through the kiln wall. In addition, this process needs
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air for heating transmission. Owing to the reaction
between waste tires and air at high temperature, rotary
kiln thermolysis of waste tires yields numerous toxic
products.

Accordingly, microwave thermolysis is the ma-
jor recycling method chosen for this study. Micro-
wave heating has several advantages. Because the
material is capable of absorbing microwave at the
molecular level, this direct heating method is obvi-
ously more efficient than other methods are. It also
stops and restarts rapidly. Furthermore, as the air is
replaced with N, in the recycling system, few toxic
products are generated during the thermolysis pro-
cess. Other advantages of microwave processing
include selective heating for materials, a higher level
of automation and safety, as well as less process time
and lower energy consumption.

In recent years, the pyrolysis technique of waste
tires has piqued the attention of scientists and techni-
cians worldwide. Though the effects of temperature
(Casal et al., 2005; Jia et al., 2009; Shuang et al.,
2010), granule magnitude (Lee et al., 1995; Zhu et al.,
2008; Sadhukhan et al.,, 2011), and calefaction
method on thermolysis as well as its product compo-
sitions have been studied widely (Dai et al., 2001;
Mui et al., 2004; Kato et al., 2011), the microwave
absorption ability of waste tire rubber rarely has been
studied. As microwave technology has been progres-
sively applied in scientific research and industrial
production (Peng et al., 2012), it is critical to study the
microwave absorption capability of waste tires (Lee
et al., 1995; Metaxas, 2000; Peng et al., 2010, 2012;
Gupta et al., 2011a).

It is generally known that the microwave ab-
sorbing properties of waste tires are associated with
the dielectric properties of the tires. Some scholars
(Lee et al., 1995; Ariyadejwanich et al., 2003; Huang
and Tang, 2009; Gupta et al., 2011b) have tried to
characterize the dielectric properties of waste tires.
The results suggest that the organic compounds of
rubber have a low dielectric loss (DL) and are almost
transparent to microwave at 25 °C.

Components with a high DL in waste tires, e.g.
some metal elements, may improve the microwave
absorption ability of tire rubber (Peng et al., 2010). It
is reported that the microwave absorption of waste
tires is significantly affected by the heating tempera-

ture (Al-Harahsheh and Kingman, 2004; Bignozzi
and Sandrolini, 2006; Sun, 2006; Peng et al., 2011).
Yet, only a narrow range of temperature in the py-
rolysis of waste tires, generally less than 200 °C, has
been studied; hence, a more detailed study of mi-
crowave absorption by waste tires over a wide tem-
perature range should be conducted (Levendis et al.,
1996; Bartoli et al., 2018; Fang et al., 2018; Nisar et
al., 2018; Zeaiter et al., 2018). The aims of the present
study were to pyrolyze tire rubber using a microwave
method under a reaction temperature range of
25-700 °C (Caponero et al., 2003, 2004, 2005; Khani
et al., 2010; Mittal et al., 2010; Ahmaruzzaman and
Gupta, 2011; Gupta et al., 2011b, 2013; Saleh and
Gupta, 2012a, 2014; Saravanan et al., 2016) and an-
alyze the optimum conditions for the tire pyrolysis as
well as the properties of the products.

Through our research, the following contribu-
tions were made:

1. Recycling efficiency metrics: Three meas-
urements are correlated with the efficiency of waste
tires recycling (Zhou et al., 2006; Gupta and Saleh,
2013; Saravanan et al., 2013a; Devaraj et al., 2016).
(1) Conductivity measurement: models the relation-
ship between the efficiency and temperature (Mo-
hammadi et al., 2011; Saleh and Gupta, 2011, 2012b;
Karthikeyan et al., 2012; Saravanan et al., 2013b); (2)
Penetration depth: yields the math correlation be-
tween frequency and absorbing efficiency (Ghaedi et
al., 2015; Saravanan et al., 2015a, 2015b; Robati et
al., 2016); (3) Reflection loss (RL): takes the sample
thickness into account and serves as our final measure
of the recycling efficiency.

2. Optimal condition for recycling (Saravanan et
al., 2013c, 2013d; Gupta et al., 2014, 2015; Asfaram
et al., 2015; Rajendran et al., 2016): Using the three
metrics mentioned above, we performed several ex-
periments and investigated the optimal conditions of
the recycling system with respect to ambient temper-
ature, microwave frequency, and sample thickness. It
was found that the system can achieve the best effi-
ciency at 915 MHz and 592.1 °C with 5 mm thick
waste tire rubber.

3. Recycling system: The optimal properties
listed above were employed to build an efficient
recycling system for waste tires through microwave

pyrolysis.
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2 Experimental

2.1 Investigation on the optimal condition for
recycling the waste tires

2.1.1 Preparation of tire sample

The waste tire samples for the experiments were
provided by the Cooper Company, Michigan, USA.

For the dielectric properties measurement, the
tire samples were restricted to a diameter of
(3.60£0.15) mm and a length of (13.594£0.05) mm
regarding particle size and the mass of the samples
with (0.15340.002) g. The major component of the
samples used in the experiments was rubber. All the
experiments in this study were performed under the
TMgpo cavity system.

2.1.2 Key measurement for the waste tire recycling

Before the experimental results are described,
the metric of evaluation, i.e. the recycling efficiency,
is introduced in this section. One of the most signifi-
cant metrics of the recycling efficiency is the effi-
ciency of microwave absorption. The first measure-
ment is the dielectric response of a material. For
nonmagnetic dielectrics, the formulation of the re-
sponse is associated with the permittivity (¢), because
of the dielectric response of a material in accordance
with the temperature range and frequency. The per-
mittivity (¢) can be formulated as (Metaxas, 2000;
Mui et al., 2004; Kato et al., 2011)

e=¢,¢,=¢,(e] — jel), (1)

where £,=8.8854x10"'* F/m is a constant denoting the
permittivity of free space. j is an imaginary unit of a
complex number and j*=—1. &, is the complex dielec-
tric constant (DC), used to describe the constitutive
connection between the electric flux density and
electric field intensity in loss dielectrics. Because ¢, is
a complex number, it can be decomposed into two
parts: the imaginary portion &,” and the real portion &,".
The imaginary portion &," is the relative DL factor and
the real part ¢, is the relative DC. Based on the rele-
vant studies, the imaginary part is the metric of the
loss of electrical energy in dielectrics (Metaxas, 2000;
Mui et al., 2004; Kato et al., 2011). The real one
measures the dielectric’s ability to store electrical
energy. The energy difference from the electric one to

the dielectric area is transformed into thermal or heat
energy. Then the imaginary number of ¢, is the heating
rate of the microwave energy to dielectrics with no
magnetic response.

Assuming that the free electron conductivity is
the major cause of DL, and the final-state DL meas-
urement is approximately the directly heated sample
resistance at ambient temperature.

2.1.3 Conductivity measurement

It is assumed that the free electron conductivity
is primarily attributed to the DL. The mathematical
relationship (Peng et al., 2012) between the DC re-
sistance and the DL factor is defined as

”: 1
“ onfe, RIaD® | (4L)]°

)

where f'is the frequency of microwave, D is the di-
ameter of the sample, L is the sample length, and R is
the resistance measured in the experiments. To cal-
culate a theoretical DL factor, the value of DC re-
sistance should be used. Then, the DL factor is com-
pared with the measured DL factor to test the mi-
crowave loss mechanism. By Eq. (2), it was con-
cluded that the recycling efficiency of the waste tires
is associated with the frequency of the microwave and
the ambient temperature.

2.1.4 Penetration depth calculation

In the present study, the technique of cavity
perturbation was employed to measure the dielectric
properties (&, &") of the rubber during the thermoly-
sis at the microwave frequencies of 915 and
2466 MHz. The cavity perturbation technique is used
to measure the differences in the form of frequency
changes and in quality factors. Such differences result
from the microwave cavity containing a sample
holder with the same sample in an empty specimen
holder (Peng et al., 2010). Thus, the DC calculation is
necessary to assess such changes.

As mentioned above, the efficiency of recycling
the waste tires is correlated with the microwave ab-
sorption ability of the tires. Accordingly, the penetra-
tion depth D,,, which is the parameter used to evaluate
a material’s microwave absorption ability, should be
introduced. It is equal to the distance from the surface
into a material for which the wave power drops to 1/e
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from its original value on the surface (Peng et al.,
2010), where e refers to the base number of natural
logarithms. The penetration depth can be calculated
from the DL factor and relative DC by the following
equation (Peng et al., 2012):

y) e’
DP = 27[(22‘,)1/2 1 + [;\) - 1 ? (3)

where 4y denotes the wavelength of the microwave in
free space.

2.1.5 Reflection loss calculation

The RL calculation also serves as a measurable
metric. Because microwave heating is conducted in a
metallic cavity, the RL is used to study the microwave
absorption ability of a sample. The calculation of RL
(Peng et al., 2012) is shown as

\/'Ztanh(jzmr«/ﬂrerd)—l
€ c

T

\/Ztanh(jznf
g, c

where 4, denotes the complex relative permeability of
a sample, which is assumed to be 1 in the calculation
of the RL of waste tire, d is the sample thickness, and
c is the velocity of microwaves in free space. In the
following section, the two measurements RL and Dp
are used to seek out the optimal condition of waste
tire recycling.

RL =20log

; “)
,urerdj +1

2.2 Microwave-based waste tires recycling system

The microwave pyrolysis system consists of a
microwave oven, condenser, oil-gas separator, oil
chamber, gas collecting bag, and air inlet (Fig. 1).
Before being delivered to the microwave pyrolysis
system, the tire is cut into pieces with a diameter of
(3.60£0.15) mm, a length of (13.59+£0.05) mm, and a
thickness of (5+0.03) mm. Nitrogen is added into the
system via the air inlet, so that the air can be removed
from the system. Then, using the microwave oven
control system, the temperature in the oven was in-
creased to 592.1 °C and then kept constant. The time
required for microwave thermolysis is usually 20—

30 min, depending on the thermolysis conditions. The
high temperature gases produced during the rubber
thermolysis are led into the condenser via the gas
pipeline. The combustible gases that can not be con-
densed are mixed with the oil that flows into the
oil-gas separator via pipeline. The oil will flow into
the oil chamber and the gas will move to the reservoir
bag. The only solid product is carbon black, which
can be removed from the microwave oven after the

pyrolysis.

Fig. 1 Diagram of the microwave pyrolysis system for tire
1: microwave oven; 2: condenser; 3: inflow condensation
water; 4: outflow condensation water; 5: oil-gas separator;
6: oil chamber; 7: reservoir bag; 8: air inlet, which replacing
the air with N,

3 Results and discussion
3.1 Optimal conditions

Excessive temperature in the heating process
causes the tire to pyrolyze before it receives the mi-
crowave, which affects the quality of the used tires
involved in the experiment and further affects the
quality of the final product.

Temperature versus the dielectric parameters is
shown in Fig. 2. Since it is important to calculate the
RL and Dp, i.e. two important measurements of re-
cycling efficiency, there are four different stages. As
the temperature increases to 350 °C, the relative DC
value changes little. In the next stage, a sharp increase
and decrease corresponding to the relative DC value
is observed at temperature ranging from 350 to
450 °C. Next, another substantial increase in the rel-
ative DC is observed at temperatures ranging from
450 to 650 °C, as shown in Figs. 2a and 2b. When
temperature is above 650 °C, the DC remains un-
changed and relatively high. The results of DL factor
are as above, as shown in Figs. 2¢ and 2d. The only
difference is that the DL peak corresponds to a tem-
perature of 450 to 650 °C. This normally would
suggest a variation in the material under an insulating
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Fig. 2 Temperature dependences of dielectric properties of the waste tire samples. Insets: magnification patterns as

temperature varies from 24 to 350 °C

(a) Temperature vs &, at 915 MHz; (b) Temperature vs &’ at 2466 MHz; (c) Temperature vs &," at 915 MHz; (d) Temperature vs &,”

at 2466 MHz

barrier loss (Peng et al., 2012). This result may also
suggest a main phase transformation occur in the
temperature range (Peng et al., 2012).

The value of the relative DC of waste tire is in-
dependent of the microwave frequency (Fig. 2).
When the temperature is rising, the relative DL factor
at 915 MHz is larger than that at 2466 MHz (Fig. 2).
This results from the inversely proportional rela-
tionship between microwave frequency and the rela-
tive DL factor (Eq. (2)). These results suggest that
915 MHz is the better microwave frequency to use in
the recycling system.

The changes in microwave penetration depth of
the tire rubber during the pyrolysis process are shown
in Fig. 3. It is important to note that the depth first
decreases with the rise in temperature until 380 °C,
and then increases shortly as the temperature contin-
ues to rise. Then, it decreases again after 450 °C. The
middle increase actually results from the metal ele-
ments in the middle of the tire sample. The DL

factor of the waste tire rubber decreases as the metal
elements, including Fe, decrease which leads to a
major addition in the microwave penetration depth.
For instance, the penetration depths are shown as
15 mm at 915 MHz and 5 mm at 2466 MHz, when the
temperature reaches 592.1 °C. The penetration depth
at 915 MHz is always larger than that at 2466 MHz at
the same temperature. Based on that, the maximum
microwave absorption can be achieved when the
frequency is 915 MHz. Thus, 915 MHz is the optimal
condition for the recycling of waste tires.

The only question left is to determine the optimal
sample thickness for recycling the rubber. The RL
changes when the temperature increases at 915 MHz
with the waste tire sample thickness varying from 5 to
30 mm (Fig. 4). In Fig. 4, there is an absorption peak
around 592.1 °C when the thickness of the sample is
5 mm. With the increase in the sample’s thickness,
this highest point of absorption then moves to a lower
temperature area. The different RL curves suggest that
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the position of absorption peak is associated with the
thickness of the sample. In addition, the maximum RL
value achieved is —17.30 dB with a thickness of 5 mm.
This phenomenon is attributed to the periodicity of
microwaves traveling in the medium. The similar RL
curve shifts are observed at lower temperatures.

The RL curves at 2466 MHz are also shown in
Fig. 5 for comparison. It is also found that the sample
with the thickness of 5 mm reaches the peaked mi-
crowave absorption with the thickness ranging from 5
to 30 mm. Besides, the pattern of RL curves remains
similar to that at 915 MHz. The major difference
between the two figures is the value of RL in the peak.
The maximum microwave absorption with respect

100
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40

207

0 0 200 400 600 800
Temperature (°C)
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to the RL value is —6.27 dB at 2466 MHz, which is
much higher than that at 915 MHz. This is attributed
to the differences between the DL factors at 915 and
2466 MHz and that between wavelengths of these two
frequencies.

It is found from these results that the tire rubber
recycling is also susceptible to the sample thickness.
The optimal sample thickness concluded from the
experiments is 5 mm under the frequency of
915 MHz.

To summarize the results of this section, a tem-
perature of 592.1 °C, a tire particle thickness of 5 mm,
and a microwave frequency of 915 MHz contribute to
the tire recycling through microwave pyrolysis.

50

-8~ 2466 MHz

40

30

Dp (mm)

20

1071

400 600 800
Temperature (°C)

(b)

Fig. 3 Temperature dependence of microwave penetration depth of tire at 915 MHz (a) and 2466 MHz (b)
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Fig. 5 Reflection loss of tire versus temperature at
2466 MHz with different thicknesses
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3.2 Microwave-based waste tires recycling system

By studying myriad experimental data, it is
found that the thicknesses of tire particles are about
5mm and the microwave frequency is 915 MHz
when the temperature reaches 592.1 °C. Besides, the
waste tires could be completely decomposed at the
peaked efficiency. Using the microwave pyrolysis,
low value-added waste tires were transformed into
various materials, including oils and carbon black.
These transformed materials are critical in industrial
production and our lives.

The product of the waste tire after microwave
pyrolysis comprises 35% carbon black, 40% oil, and
25% gas.

Oils are obtained by condensing of high-
temperature gas generated during the tire pyrolysis,
and the components are listed in Table 1. The oil is
composed of 19.8% aliphatic hydrocarbon, 55.2%
aromatic hydrocarbon, 12.6% heteroatom/polar sub-
stance and 12.4% asphaltene. The most hydrocarbon
with the highest economic value is DL-limonene,
which has a specific gravity of 0.421%. It is consid-
ered a highly valuable industrial organic solvent,
additive and oil resin pigment dispersant. It can also
act as a substitute for chlorofluorocarbons in cleaning
circuit boards. In addition, considerable o-xylene and
toluene are present in the aromatic hydrocarbon, the
proportions of which are 5.336% and 5.268%, re-
spectively. The former can be applied in the produc-
tion of phthalic anhydride (o-benzoic anhydride, PA),
dyestuff, insecticide, etc. The latter is a vital raw
material for the organic chemical industry and the
most widely used solvent in the pharmaceutical,
chemical, and dyestuff industries. As incomplete
statistics suggests, the total output of toluene in 2017
was 40 million tons. If the waste tires produced
globally each year are decomposed, the yield of tol-
uene will reach 800 thousand tons per year, taking up
2% of the total consumption of toluene worldwide.

In general, a lot of carbon black will be intro-
duced in the manufacture of automobile tires and can
be separated through the pyrolysis of tires. For carbon
black, the size of the specific surface area serves as
the primary index for the classification of carbon
black varieties, and the carbon black with a large
surface area outperforms others in application of the
rubber. The performance of carbon black, which is
obtained by pyrolysis of tires, is listed in Table 2. It is

found that, the reinforcement performance and qual-
ity of pyrolysis carbon black are better than those of
commercial carbon black N550. It is suitable for
natural rubber and various synthetic rubber products.
Owing to its excellent properties, it has excellent
commercial application value.

Table 1 Pyrolysis oil components

Component Conte*nt Main component Contc;nt
(%) (%)
Aliphatic 19.8 Pentacosane 1.158
hydrocarbon N-hexacosane 0.923
1-methyl-4 isopropyl 0.896
cyclopropane

N-heptacosane 0.704
N-heptadecane 0.452
DL-limonene 0.421
Aromatic 55.2  o-xylene 5.336
hydrocarbon Methylbenzene 5.268
Ethylbenzene 2.303
Trimethylbenzene 2.052
Trimethyl-naphthalene 1.763
Benzene 1.532
Heteroatom/  12.6 Hexahydro-2h-azoketone 4.651
Polar 4-Methylquinoline 2.397
substance 4-Methylbenzyl phenol 0.319

Asphaltene  12.4
* The percentage of weight

Table 2 Properties of pyrolysis carbon black

Property Pyrolysis carbon black
Iodine absorption value (g/kg) 167.0
Total surface area (x10° m*/kg) 63.0
Adsorption ratio surface area 59.0
(x10° m%/kg)
External surface area (x10°> m%/kg) 43.0
Ash content (%)" 10.9

" The percentage of weight

The gas unable to condensate during the pyrol-
ysis of the tire is gathered, and its major components
are listed in Table 3. The contents of methane, eth-
ylene, and hydrogen take up nearly 57% of the total
gas mass. Generally speaking, the calorific values of
methane and hydrogen are 39829 and 12789 kJ/m’,
respectively, and the heat value of ethylene is
63400 kJ/m’. Thus, these gases contain a huge
amount of energy, which can be used in the burning
power of the power plant. In addition, the S element
content of these gases is very low, which make them
an environmentally friendly and clean energy. Recy-
cling waste tires to generate combustible gas can
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reduce the use of coal, which is of great significance
to environmental protection.

Table 3 Components of pyrolysis gas

Component Content (%)*
Carbon monoxide 3.870
Hydrogen 8.130
Methane 29.360
Hydrogen sulfide 0.102
Ethane 12.680
Ethylene 20.030
Pentane 0.633

" The percentage of molar

In the entire microwave reaction, the waste tire
rubber may cause temperature variation during the
microwave process, which may have some impacts on
the experimental data.

In brief, the recycling of waste tires by micro-
wave pyrolysis not only reduces environmental
pressure but also improves the utilization of social
resources. As a result, it facilitates the sustainable
development of human and ecological environment
and is of great significance to all countries worldwide.

4 Conclusions

The optimal conditions of recycling waste tires
through microwave pyrolysis were investigated in
this study. The measurement of waste tire rubber
dielectric properties was performed during thermoly-
sis from 25 to 750 °C under microwave frequencies of
915 and 2466 MHz. Although the dielectric charac-
teristics remained relatively steady at low tempera-
tures, the loss factor and relative DC of waste tire
rubber showed a sudden increase above 592.1 °C,
which results from the release of volatile matter.
During the thermolysis, the devolatilizing of the
waste tires resulted in the conductivity rising, indi-
cating that the delocalized electrons density will show
an increase. The computation of microwave penetra-
tion depth identified that the microwave absorption
ability of the tire rubber was considerably improved
by the process of thermolysis at high temperatures.
The RL computation of the tire rubber specimen
proved that the maximum microwave absorption can
be achieved when the waste tire thickness is increased
to 5 mm at 915 MHz and 592.1 °C, with RL value of
—17.30 dB. Based on these conditions, a waste tire

recycling system will be designed for the waste tires.
It has been shown that this system can efficiently
recycle the value contents from waste tires such as
carbon black, scrap steel, and oil. The characteristics
and component details of these products will be
studied in further research.
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