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Abstract: Automotive Shredder Residue (ASR), a waste when metals are mostly removed from
end-of-life vehicles, has constituents similar to municipal solid waste (MSW) consisting of plastics,
rubber, textiles, and some metals. The processing of ASR is a challenge due to its heterogeneous
nature, making feeding to a reactor difficult. In this work, a new procedure of ASR pretreatment is
proposed to bring particulate nature in the sample for easier feeding during pyrolysis. The thermal
breakdown characteristics of the pretreated ASR solids under slow pyrolysis conditions were assessed
in a thermogravimetric analyser following the International Confederation for Thermal Analysis and
Calorimetry (ICTAC) kinetics committee recommendations. The effect of particle sizes and heating
rates were studied at temperatures up to 800 ◦C at different heating rates of 2, 5, and 10 ◦C/min for
three particle sizes, 38–63 µm, 63–90 µm, and 90–106 µm, and the kinetic data were derived. The
volatiles emitted during pyrolysis were characterized by Diffuse Reflectance Infrared Spectroscopy
(DRIFTS). We also developed an algorithm for the selection of heating rate during the pyrolysis of
the pretreated ASR. The DRIFTS results, kinetic data, and heating rate for the selected particle sizes
are useful for the development of a pyrolysis process for pretreated ASR.

Keywords: automotive shredder residue; pretreatment; DRIFTS; kinetic model analysis; pyrolysis

1. Introduction

There are about 50 million units of end-of-life vehicles (ELV) per year which generate
50 million tonnes of waste annually worldwide [1]. In recycling ELVs, there are three
phases in ELV pre-processing, namely de-pollution, dismantling, and shredding. Initially,
in the depollution and dismantling stages, the engine and tires are removed, followed by
the removal of batteries, fluid, and fuel. Finally, the final car hulk, which constitutes 60% of
the weight, is shredded in a shredding unit. Furthermore, the shredded materials are taken
to magnetic separators for the segregation of ferro-metals. As a result, the ferrous fraction
represents approximately 70–75% of the total shredded output, while non-ferrous metals
represent about 5%. The remaining 20–25% fraction is referred to as automotive shredder
residue (ASR).

ASR is an inevitable waste at the end-of-life vehicles’ treatment processes [2]. ASR
consists of plastics (19–35%), textile (10–40%), rubber (20%), some metals (8%), wood (2–
5%), and other unspecified materials [3]. There are no existing technologies to process this
type of waste, and these ASR fractions are often disposed of in landfills as municipal solid
waste (MSW). The leachate from the ASR landfills has a significant presence of organic
compounds and heavy metals, and it is a threat to the environment [4–6]. ASR had not been
traditionally considered for energy conversion until a study was conducted to investigate
energy recovery from ASR by co-incinerating it with MSW [7]. It was found that ASR can
be converted into energy as it contains a high heating value. However, processing ASR via
incineration emits toxic gases, which will cause pollution and harm to the environment.
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Compared with incineration, pyrolysis provides a more environmentally benign
and promising solution to ASR processing as pyrolysis does not involve oxygen in the
process, producing higher heating value fuels [8,9]. However, the pyrolysis product yield
depends upon the composition of ASR and the operating parameters. Due to limited
thermal stability, the chemical bonds break when heat is applied, which leads to the
formation of smaller molecules, which then interact, further generating more abundant
compounds. This process is also known as reverse polymerization, polymer cracking,
or thermal depolymerization. The higher-energy-density products obtained during the
pyrolysis process are volatile gases and carbonaceous solids (char). Subsequent to that
study [7], several other studies conducted ASR pyrolysis in the temperature range from
450 to 800 ◦C [10–15]. The products obtained from ASR pyrolysis, such as non-condensable
gases and condensable (pyrolysis-oil), can be further processed to recover energy. However,
the carbonaceous solids obtained after the ASR pyrolysis process may contain residual
metal content if ELVs are not fully stripped of metals, which can also cause problems at
their disposal [16]. Hitherto, researchers have developed a treatment process only for
plastics components of ASR after sorting them for energy conversion, but not for other
components of the ASR waste. Different separation techniques, namely, froth flotation,
static hydrodynamic separation, or thermo-mechanical sorting, were used to sort plastics
from ASR [17]. The sorted plastics were then converted into energy by using various
thermochemical treatment methods. Previous studies on ASR pyrolysis have mainly
focused on converting plastics into energy while ignoring the importance of residual
metals that can also be recovered. This is primarily due to the challenges of treating
the heterogeneous nature of ASR to be processed in a pyrolysis reactor. As previously
mentioned, this fluffy nature makes it difficult to feed the ASR into a reactor. It is important
that ASR is pretreated to homogenise the particulate nature before it is processed in the
pyrolysis reactor.

However, to the best of the authors’ knowledge, no kinetic data on the pretreated ASR
can be found in the literature. Information on ASR pyrolysis kinetics is essential to establish
the process parameters, which are also dependent on the chemical composition of the raw
material. The ICTAC kinetic committee outlined the guidelines for evaluating kinetic
parameters such as the activation energy, pre-exponential factor, and reaction model [18].
They also recommended that the model fitting methods could be reliable as long as the
models under different temperature programs are fitted simultaneously to multiple data
sets obtained.

In this work, we propose a method to homogenise the ASR particulate nature and
establish the kinetics of the pretreated ASR for the pyrolysis process. We first introduced
heat treatment for the ASR to soften the plastics and further ground. We then report the
physicochemical characterisation of the pretreated ASR material through X-ray Diffraction
(XRD), electron microscopy (SEM), X-Ray Fluorescence (XRF), and Diffuse Reflectance
Fourier Transform Spectroscopy (DRIFTS). This is followed by the analysis of the mass loss
profiles of pretreated ASR obtained by thermogravimetric analysis following the ICTAC
kinetics committee recommendations for different particle sizes and heating rates. A
kinetic model was used to estimate the kinetic parameters—activation energy (Ea) and pre-
exponential factor (A). Finally, an algorithm for the selection of heating rates for pretreated
ASR pyrolysis was developed.

This is the first-of-its-kind work proposing a pretreatment method for ASR followed
by physicochemical characterisation of the pretreated ASR and their kinetic analysis to
determine the pyrolysis kinetic parameters for scaling-up purposes.

2. Materials and Methods

For this study, Automotive Shredder Residue (ASR) was obtained from a commercial
supplier in Victoria, Australia. The ASR (as received) was a mixture that contained different
particle sizes with plastics and metals, as seen from Figure 1a. Feeding this ASR (as received)
into the pyrolysis reactor was difficult as it was heterogeneous in nature and could not
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be ground and was non-uniform particle size. To ensure easier feeding to the pyrolysis
reactor, developing a particulate nature in the sample; therefore, the ASR (as received) was
pretreated in a horizontal tubular furnace as described below.

2.1. Pretreatment of ASR

The volatile content in the ASR (as received) arises mainly from its plastics content.
The plastics start to soften around 200 ◦C [19], and the devolatilization of any plastic
components starts above 280 ◦C [20]. Hence, the temperature for ASR pretreatment was
chosen below the devolatilization temperature of plastics to avoid loss of volatiles. The
pretreatment includes heating the ASR sample to 200 ◦C in a horizontal tubular furnace
(Model: HTHTF80/15: P059) at a slow heating rate of around 20◦C/min and holding
it there for one hour. Subsequently, the samples were cooled and then ground. The
sample was then sieved to particle sizes in the range from 38–63 µm, 63–90 µm, and 90–
106 µm. Figure 1 shows the ASR (as received) and after pretreatment. Clearly, the fluffy
heterogeneous nature in the as-received sample is replaced by a particulate nature in the
pretreated sample. The pretreatment process also made grinding the sample possible and
subsequent sieving was easier.
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Figure 1. (a) ASR (as received), (b) Pretreated ASR.

2.2. Sample Characterization

The proximate analysis of the ASR sample was determined in a thermo-gravimetric
analyser (Model STA 449F3, NETZSCH, Selb, Germany) according to AS2434 standard.
Approximately 10 ± 1 mg of ASR sample (both pretreated and raw) was taken to analyse
in the TGA to obtain a simultaneous mass loss and differential mass profile with respect to
time and temperature. The conditions were carried out initially in a nitrogen environment,
with a heating rate of 10 ◦C/min up to 105 ◦C, isothermal at 105 ◦C for 20 min, then heating
up to 900 ◦C at 10 ◦C/min, isothermal at 900 ◦C for 7 min. Finally, it was cooled to 550 ◦C
at 50 ◦C/min in a nitrogen environment and isothermal in the air at 550 ◦C for 40 min. A
blank correction was also performed with the same process condition to be subtracted from
the measurement data.

The ultimate analysis was carried out in a FLASH 2000 CHNS analyser (Thermo
Scientific, Milan, Italy) operating based on dynamic flash combustion for both ASR (as
received) and the pretreated ASR.

The ash composition of the pretreated ASR sample was analysed using X-Ray Flu-
orescence spectroscopy (XRF-EDX-720: Shimadzu Corp, Kyoto, Japan) with a voltage of
15–50 kV in the air atmosphere. The resulting fluorescence spectra was used to determine
the elements in the sample from Na to U. Before XRF analysis, ash was prepared from the
parent ASR sample at 900 ◦C for 6 h in a muffle furnace.

X-ray diffraction measurements were conducted in Rigaku MiniFlex 600 operating in
Bragg–Brentano geometry and with unfiltered Cu Kα radiation at a scanning rate (2θ) of
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1.3◦ min −1 over a range 2θ = 10–80◦ to identify crystalline mineral matter. The pretreated
ASR was burned at 600 ◦C for 2 h in a muffle furnace to remove the amorphous carbon.

Scanning Electron Microscopy coupled with an Energy Dispersive Spectroscopy (SEM-
EDX) was conducted using Phenom XL to observe the morphologies and semi-quantitative
analysis of the ASR ash and pyrolysis residue samples.

DRIFTS were obtained using a Perkin Elmer (Beaconsfield, UK) Spectrum instrument
mounted with a Praying Mantis DRIFTS cell fitted with ZnSe windows. The sample
25 mg (approx.) was loaded into the reactor to collect the spectra (single-beam mode)
from room temperature to 600 ◦C at every 2 ◦C as an aggregate of 32 scans in the range of
450–4000 cm−1 and a resolution of 4 cm−1.

The zeta potential of pyrolysis char and its ash from pretreated ASR was measured by
Malvern Zetasizer Nano ZS. Approximately 5mg of the sample particles was dispersed in
750 µL of ethanol (1 mg/mL) and the ash of the same in 5 ml of milliQ water in a vortex.
Then, the dispersion was transferred into a disposable zeta potential sample cell for the
measurement at room temperature of 25 ◦C. The zeta potential values were averaged from
more than three measurements.

2.3. Thermogravimetric Analysis (TGA) Procedure for Kinetic Study

Pyrolysis experiments for kinetic analysis and effects of heating rate and particle
size were performed in a thermogravimetric analyser. The pyrolysis conditions for the
investigations were according to ICTAC kinetics committee recommendations [21]. For
non-isothermal pyrolysis experiments, approximately 6 mg of pretreated ASR sample
is spread on the alumina crucible for each experiment to reduce the mass transfer and
internal heat transfer effects. The sample is heated in a nitrogen atmosphere at a flow rate
of 100 cm3 min−1 to maintain steady pyrolysis and prevent combustion of the sample. The
temperature was programmed between ambient (25 ◦C) to 800 ◦C at different heating rates
of 2, 5, and 10 ◦C/min.

2.4. Pyrolysis Kinetics

The general kinetic models are used to describe the overall thermal degradation
behaviour of the sample. The focus of this section was to obtain the kinetics parameters
such as activation energy and pre-exponential factor of pretreated ASR samples. The kinetic
model of pyrolysis can be expressed as:

dX
dt

= k(1 − X)n (1)

where X is the degree of the conversion rate of the decomposed sample, k is the reaction
rate constant (temperature functions), and n is the order of the reaction

The conversion rate X is calculated by the following expression:

X =
wo − w
wo − w f

(2)

where wo is the initial mass of the sample, w is the sample mass at present; and wf is the
final mass of the sample.

The thermal decomposition of ASR can be expressed [22] as:

Solids = y (Volatiles) + (1 − y) Char (3)

From the above Equation (3), the solid is the pretreated ASR, volatiles are the gases
evolved during the reaction, char is the residual formed after decomposition of the solid,
and y is the yield of gases produced. The devolatilization rate can be expressed according
to [23]:

r =
dW
dt

= −dW
ydt

= − dW
(1 − y)dt

= −k
(

w − w f

)n
(4)
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where k is the reaction rate constant, and its temperature dependence is described by the
Arrhenius equation as follows:

k = Ae−Ea/RT (5)

where A is the pre-exponential factor (frequency factor), Ea is the apparent activation
energy, R is the universal gas constant (8.314 J mol−1K−1), and T is the temperature.

Substituting k Equation (5) in (4) yields:

dW
dt

= Ae−Ea/RT
(

w − w f

)n
(6)

Rearranging Equation (6) in terms of temperature derivatives, one can obtain:

dW
dT

= βAe−Ea/RT
(

w − w f

)n

where β is the temperature derivative and can be defined as β = dT/dt:

dW
dT(

w − w f

)n = βAe−Ea/RT (7)

In order to predict kinetic parameters, a linearized form of Equation (7) is considered.
Hence, taking a natural logarithm on both sides:

ln
dW
dT

− n ln(
(

w − w f

)
= ln

A
β
− Ea

RT
(8)

Plotting ln dW
dT − n ln(

(
w − w f

)
vs. 1/T with an optimized reaction order will

produce a straight line whose intercept is ln A
β and having a slope of −Ea

R .

3. Results and Discussion

The results of the experiments and analysis are presented and discussed in this section.

3.1. Properties of ASR (as Received) and Pretreated ASR

The chemical properties of the ASR (as received) and the pretreated ASR, such as the
proximate, ultimate analysis, and ash composition, have been carried out in triplicates, and
the average values are listed in Table 1. The volatile matter remains mostly unaltered after
the ASR pretreatment and is found to be in the same range from 54–74% as reported in
the literature [24–26]. The ash content in the pretreated ASR was 33% contributed mainly
by the metals present in the raw material. As seen, the fixed carbon content both for the
pretreated and raw ASR samples was found to be in negligible amounts. The very low fixed
carbon in the pretreated ASR means that the samples are not appropriate for gasification.
As a consequence, pyrolysis should be chosen for the energy recovery process. The ash
composition analysed by an XRF analyser resulted in SiO2 (47.23 wt%), CaO (12.59 wt%),
Fe2O3 (15.91 wt%), TiO2 (1.62 wt%), and Al2O3 (7.51 wt%). The aforementioned results also
correspond to ASR elemental composition reported by other authors [6,27,28]. Therefore,
the pretreatment of ASR at or around 200 ◦C temperature minimized further devolatiliza-
tion of the plastics. In addition, the obtained pretreated ASR resulted in a particulate
nature, and the sample could be ground and sieved to a uniform particle size for easier
feeding of the pretreated samples to the pyrolysis reactor.
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Table 1. Proximate analysis, ultimate analysis, and ash analysis of ASR (as received) and pre-
treated ASR.

Properties ASR (as Received) Pre-Treated ASR

Proximate analysis (dry basis, wt%)

Volatile matter 62.24 ± 17.06 66.83 ± 8.49
Fixed carbon 0.00 0.00

Ash 37.76 ± 17.06 33.12 ± 8.54

Ultimate analysis (dry basis—ash free, wt%)

Carbon (C) 53.81± 5.21 60.16 ± 4
Hydrogen (H) 8 ± 1.06 8.72 ± 1.53
Nitrogen (N) 1.63 ± 0.18 2.14 ± 1.06
Sulphur (S) 0.04 ± 0.06 0.08 ± 0.12

* Oxygen (O) 36.52 ± 4.50 28.91 ± 6.34

Ash composition (wt%. dry basis)

Na2O 1.89
MgO 2.43
Al2O3 7.51
SiO2 47.23
SO3 2.63
K2O 0.81
CaO 12.59
TiO2 1.62
MnO 0.78
Fe2O3 15.91
ZnO 5.69
CuO 0.19
BaO 0.73

* Oxygen calculated by difference.

It is important to recognise that the ASR is primarily heterogeneous in nature, and
therefore it is expected that there will be some difference in composition among the
samples from different batches. However, the pretreatment process, apart from introducing
a particulate nature, imparts some degree of “homogeneity” within the overall mixed
samples.

3.2. XRD Analyses of Pretreated ASR

The XRD pattern of the pretreated ASR is shown in Figure 2. The broad diffraction
peaks at 26.34, 29.78, 35.24, and 44.68◦, corresponding to SiO2, CaO, Al2O3, and CuO, were
also reported in ASR [29]. Silica species is the dominant phase in the pretreated ASR ash,
having β-quartz as a majority in the detected phase. The other sharp peaks correspond to
Fe2O3, Al2O3, and ZnO, believed to exist as residuals after recovering steel and iron and
non-ferrous scrap post shredding of ELVs. Small peaks corresponding to TiO2 were also
found in the sample. Titania is combined with plastics for durability in automobiles [28].
We found that the XRD results correlated with the XRF analysis of the ash prepared from
the pretreated ASR. This also indicates that the residual metal content, as expected, remains
unaltered after the pretreatment process. These metals can be recovered from the ash
following the pyrolysis of the pretreated ASR.
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Figure 2. X-ray diffractogram of the ash prepared from the pretreated ASR.

3.3. SEM-EDX Analysis

Figure 3 presents the elemental composition at a specific location within the particles
of the pretreated ASR. As seen, the particles are non-porous in structure. This might be due
to the melting characteristics of the present plastics within the sample. Table 2a represents
the point analysis of pretreated ASR having metals such as Si, Ca, Mg, and Ti in major
composition. In addition, the presence of Fe, Cu, and Zn are detected at specific points.
The presence of carbon shown in Figure 3 is the carbon content from the plastics in the
pretreated ASR. Moreover, the mapping of the individual particle (Figure 3b) shows the
scattered distribution of metals. These metals’ contents were also detected in the crystalline
mineral matter composition, as discussed in Section 3.2. The results from SEM-EDX confirm
the presence of residual metals in the pretreated ASR. For the recovery of these metals from
the residues of pretreated ASR pyrolysis, further processing is required.
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Figure 3. Scanning electron micrographs and EDX spectra for (a) pretreated ASR (b) selected
individual particle of pretreated ASR.
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Table 2. (a) EDX analysis of the pretreated ASR (Figure 3a). (b) EDX analysis on a single particle of
the pretreated ASR (Figure 3b).

(a)

Point 1 Point 2 Point 3 Point 4

Element wt% Element wt% Element wt% Element wt%

Ti 26.40 O 50.83 O 41.75 O 55.62
C 25.19 Si 16.28 Si 19.79 Si 21.25
O 23.62 Ca 15.71 C 14.30 Ca 12.40
Fe 12.60 Al 6.90 Mg 11.48 Al 6.35
Ca 7.32 Mg 4.69 Ca 7.22 Mg 4.07
Si 3.30 Fe 2.71 Fe 3.66
Mg 1.50 Zn 2.48 Ti 1.80

(b)

Map 1

Element wt%

O 39.52
Ti 26.02
Fe 14.51
Si 8.82
Ca 6.85
Mg 4.28

3.4. DRIFTS Analysis of Pretreated ASR

The DRIFTS spectra in the wavenumber range of 4000 cm−1 and 1000 cm−1 recorded
at temperatures up to 600 ◦C are depicted in Figure 4. The bands observed at 2918 cm−1,
and 3670 cm−1 are assigned to the methyl asymmetric C–H stretch and O–H stretching,
respectively. The peak at 2364 cm−1 is assigned to ν(O–H) arising due to hydroxyl groups
in the polyurethane. Furthermore, the peaks at 2859 and 1461 cm−1 are assigned to the
C–H2 stretching for polypropylene [30,31]. The difference in the peak shifts is attributed to
the phenomena of change in the local geometric arrangement. The characteristic absorption
and the corresponding band assignment for the spectra were established in Table 3. These
assignments provide insight into the chemical moieties present in the pretreated ASR
sample. However, the elements such as silicon, titanium, calcium, magnesium, and zinc
identified based on EDX and XRF analysis of pretreated ASR did not appear to have caused
any Reststrahlen effect, as also observed in other studies [30]. Therefore, the peaks of the
DRIFTS spectra of pretreated ASR are due to polymer components. These findings were
also aligned with the thermal decomposition temperature range of the polymers present in
the sample which will be discussed in the later section.
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Table 3. Spectral band assignment observed in DRIFT spectra of pretreated ASR.

Wavenumber cm−1 Assignment

3670 O–H stretching
2918 CH2 asymmetric C–H stretch
2859 (C–H2) stretching
2364 (O–H) stretching
1461 (C–H2) stretching

3.5. Pyrolysis Behaviour of Pretreated ASR Obtained from TGA

Plastics are the main organic material present in the ASR that can be converted
into volatiles at low temperatures. The plastics found in ASR are polypropylene (PP),
polyurethane (PUR), polyamides (PAs), polyethylene (PE), and polycarbonates (PCs),
as reported in [32]. The thermal decomposition was performed in a thermogravimetric
analyser to study simultaneous mass loss and differential mass profile of the pretreated
ASR sample with respect to temperature and time. Figure 5 depicts the decomposition step
having the onset, end, and maximum temperatures of pretreated ASR at 216 ◦C, 450 ◦C, and
373 ◦C, respectively. This is attributed to the devolatilization of PE and PP as these species
start to decompose at 300 ◦C [32]. Moreover, at 216 ◦C temperature, the decomposition of
pretreated ASR begun with mass loss, and at 450 ◦C, the mass loss falls to 65%. A similar
decomposition temperature range for MSW waste was reported in the literature [21,33,34].
Hence, this pretreated ASR can be either co-pyrolysed along with MSW waste or in any
existing MSW pyrolysis plants to recover energy.
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3.6. Characterisation of Pyrolysis Residue

The pyrolysis residue obtained was characterised for its ultimate analysis, DRIFTS
analysis, and Zeta potential measurements.

3.6.1. Ultimate Analysis of the Pyrolysis Residue or Char

The unreacted carbon compounds are converted into char after the plastics present in
the pretreated ASR are devolatilised. As observed from Table 4, the pretreated ASR’s hydro-
gen content decreased when pyrolysis temperature was applied due to the aromatization
phenomenon. This led to the char formation that also affects the C/H ratio.

Table 4. Ultimate analysis of pyrolysis residue.

Ultimate Analysis (Dry Basis, wt%) Pyrolysis Residue

Carbon (C) 43.95 ± 0.98
Hydrogen (H) 1.15 ± 0.25
Nitrogen (N) 2.15 ± 0.24
Sulphur (S) 0 ± 0

* Oxygen (O) 17.12 ± 0.98
Ash 35.61 ± 1.68

* Oxygen calculated by the difference.

3.6.2. DRIFT Analysis of the Pyrolysis Residue

It is observed from the DRIFT analysis of the pyrolysis residue, depicted in Figure 6,
that sharper bands are obtained. The band observed at 3155, 3050 cm−1 is assigned to the
C–H stretching of alkene groups. The band observed at 2923, 2849 cm−1 is assigned to
the C–H stretching of alkane groups. The band located at 1633 cm−1 is assigned to C=C
stretching corresponds to a strong alkene group. The band at 3657 cm−1 is O–H stretching
belonging to the strong alcohol group. The characteristic absorption and the corresponding
band assignment for the obtained spectra were established in Table 5.
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Table 5. Spectral band assignment observed in DRIFT spectra of pyrolysis residue.

Wavenumber cm−1 Assignment

3657 O–H stretching
3155 C–H stretching
3050 C–H stretching
2923 C–H stretching
2849 C–H stretching
2362 O–C–O stretching
1633 C=C stretching
1405 C–H bending
1016 C–O stretching

3.6.3. Zeta Potential of Pyrolysis Residue

The surface charge of the char particles is dependent on the functional groups. The
zeta potential in the range between −30 mV and +30 mV indicates the stability of the
particles against coalescence. The average surface zeta potential charge of the pyrolysis
residue from pretreated ASR was +10 ± 3.96 mV. As the value and sign indicated, the
surface charge of the particles is positive. Comparing with the DRIFT analysis of the
pretreated ASR (Figure 4) shows that the hydroxyl groups are present in the pyrolysis
residue from the pretreated ASR. From the distribution (Figure 7a) of the surface charge,
we noticed that the broad peak started from negative and ending at a positive charge. The
plausible explanation might be that the metals in the pyrolysis residue having various
surface charges would have resulted in the negative charge. This is demonstrated by the
zeta potential measurements on the ash (carbon-removed) from the pyrolysis residues as
shown in Figure 7b. The average zeta potential for the ash was −27.80 ± 0.82 mV. The high
carbon content present in the pyrolysis residue as seen from Table 4 also contributed to the
positive charge of the particle. For the leaching of metals from the pyrolysis residue, the
surface charge of the particles should be negative, enhancing their dispersion in aqueous
media. Hence before the leaching of metals, the removal of carbon content will be needed.
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3.7. Effect of Particle Size and Heating Rate

The effect of particle size and heating rate during the pyrolysis of pretreated ASR is
studied in detail in this section.

3.7.1. Effect of Particle Size

The particle sizes of pretreated ASR ranging between 38–63, 63–90, and 90–106 µm
were investigated at a constant heating rate of 10 ◦C/min to study the influence of the
particle size in the pyrolysis kinetics. As shown in Figure 8, the TG curves for different
particle sizes such as 38–63 µm, 63–90 µm, and 90–106 µm depicts the mass loss profile,
which decreased with increased particle size. As Figure 5 explicitly shows that mass
loss rates at peak temperatures increase with an increase in particle size. It is observed
that particle size influences the mass loss rate due to the temperature gradient inside the
particle. The devolatilization onset temperature for all particle sizes of pretreated ASR
was around 222 ◦C, as shown in Figure 8b. The final residue after the pyrolysis was
mainly metal components, as described in the previous section (XRF analysis). Based on
the devolatilization profile of different particle sizes as shown in Figure 8b, we choose
90–106 µm particle size for further investigation. The mass loss and the devolatilization
profile for this particle size are similar to particle size 63–90 µm. However, we did not
choose 63–90 µm as this particle size as it will require more energy for grinding, sieving,
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and difficulty in feeding. In addition, Figure 8a,b do not show any difference between the
63–90 and 90–106-micron particle sizes and therefore are unlikely to show any difference
in kinetics.
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Figure 8. (a) Effect on particle size on weight loss in the devolatilization range of the pretreated ASR
at a constant heating rate (10 ◦C/min). (b) Effect on particle size on the differential weight loss in the
devolatilization range at a constant heating rate (10 ◦C/min).

3.7.2. Effect of Heating Rate

The influence of heating rate with the particle size (90–106 µm) for three different
heating rates, 2 ◦C/min, 5 ◦C/min, and 10 ◦C/min, were studied. In this study, we consider
a low heating rate based on the recommendation of the ICTAC kinetic committee. The
consideration of low heating rate is also justified in Section 3.4, where we mathematically
showed that the consideration of low heating rate in this study is in line with a heating
rate of a commercial rotary kiln pyrolyser for the slow pyrolysis process. As shown in
Figure 9, the TG curves, the mass loss of the sample is observed to decrease with an increase
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in heating rate. Therefore, as seen in the figure, the heating rate impacts the pyrolysis
behaviour of the samples.
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Figure 9. (a) Effect of different heating rates on weight loss during devolatilization for a given
particle size (90–106 µm). (b) Effect of different heating rates on differential weight loss during
devolatilization for given particle size (90–106 µm).

3.8. Kinetic Model Analysis

From the results of effect on the particle size of pretreated ASR, 90–106 µm was chosen
for kinetic model analysis as pyrolysis of this particle size remained in the kinetic control
region. The linearized form of the DTG experimental data was based on Equation (8).
Figure 10 depicts the graphical representation of the linearized form of data for the pre-
treated ASR of particle size of 90–106 µm at different heating rates (2, 5, and 10 ◦C/min).
The values of activation energy (Ea), pre-exponential factor (A), reaction order (n), and the
correlation coefficient (R2) are listed in Table 6. The activation energy values are 94.5, 66.8,
and 49 kJ/mol for 2, 5, and 10 ◦C/min, respectively. The pre-exponential factor (A) varies
in the same magnitude as the activation energy when the temperature increases due to the
compensation effect [35]. The correlation coefficient values range between 0.96 and 0.99 for
2, 5, and 10 ◦C/min, respectively, indicating good fits.
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Figure 10. Kinetic data analysis for the pretreated ASR of particle size of 90–106 µm at two different
heating rates (2, 5, and 10 ◦C/min).

Table 6. Kinetic parameters for the pretreated ASR of particle size of 90–106 µm at three different
heating rates (2, 5, and 10 ◦C/min).

Inetic Parameters 2 ◦C/min 5 ◦C/min 10 ◦C/min

Reaction order (n) 0.3 0.3 0.3
Apparent activation energy (Ea), kJ/mol 94.54 66.8 49
Pre-exponential factor (A), min−1 1.05 × 107 2.8 × 104 1.1 × 103

Correlation co-efficient (R2) 0.99 0.96 0.97

Selection of Heating Rate for Pyrolysis of Pretreated ASR

The previous section derived the kinetic data for three heating rates (2, 5, and
10 ◦C/min). In this section, we estimate the heating rate of these pretreated ASR samples
in a commercially rotary kiln pyrolyser if intended to use pretreated ASR as feedstock.

Commercially available rotary kiln pyrolysers are widely used to process waste plas-
tic/MSW for liquid fuel production. The process itself is self-sustaining by utilizing the
pyrolysis gas generated during the pyrolysis. However, an external heat source is required
during cold start-up.

Typically, commercially available rotary kiln pyrolysers have capacities of 5–10 tons
per day for any solid waste. However, this is a slow pyrolysis process, and the total
operation time varies from 8–10 h (including 4–5 h initial ramping from the cold condition)
depending on the nature and loading of the feedstock.

The total operation time can be divided into two stages. The first stage is the ramping
to attain initial pyrolysis temperature by using an external energy source. Then, when
decomposition temperature is reached, the generated pyrolysis gas is utilized in the system,
and the second stage begins. In this stage, most of the product is pyrolyzed, leaving behind
the residual solid.

In this section, we consider a 10 ton per day rotary kiln pyrolyser unit to process
pretreated ASR for a total operation time of 8 hours. We consider four hours for initial
ramping to attain initial pyrolysis temperature and the next four hours for the pyrolysis
process. Under this condition, we calculate the probable heating rate that might be valid
for commercial rotary kiln pyrolyser during the slow pyrolysis process. The data for
calculating the required energy is listed in Table 7.
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The readers should note that in the ramping stage, the heat energy is consumed as
sensible heat by the pre-treated ASR (including the metals inside). During the second stage,
heat energy is consumed due to the heat of pyrolysis for the breakdown of polymers and
as sensible heat by the residual solid.

The heat balance for the entire process can be written as:

Q (Total) = Q(sensible) + Q(Pyrolysis) (9)

Q(sensible) = Mass ∗ Cp(MIX) ∗ (T2 − T1) (10)

Q(Pyrolysis) = Mass ∗ Volatile f raction ∗ heat o f pyrolysis+
Mass ∗ Solid f raction ∗ Cp(solid) ∗ (T3 − T2)

(11)

Table 7. The necessary data for calculating the required energy.

Parameters Value Units

Cp (polymers) 1.67 kJ/kg·k
Cp (solid) 1.21 kJ/kg·k
Cp (MIX) 1.42 kJ/kg·k
Mass 10 Ton
Heat of Pyrolysis 301 kJ/kg
Volatile fraction 0.55
Solid fraction 0.45 %
T1 (Initial temperature) 15 ◦C
T2 (End ramping temp) 300 ◦C (Based on Figure 3)
T3 (Final temperature) 400 ◦C
Ramping time 4 h
Pyrolysis time 4 h

As this process is a batch process, the calculated energy requirement “Q” has a unit of
Joule (J). This is the minimum energy required for any particular stage which is supplied
through a particular time. As a result, the power required for that particular stage can be
calculated based on Equation (12):

P(i) =
Q(i)

Time(i)
(12)

Here, “i” is the stage identification. The calculated power (P) has a unit of “watt”. The
power required can be related to the unsteady temperature profile and can be calculated
based on Equation (13):

P(i) = mass(i) ∗ Cp(i) ∗ dT
dt

(13)

Here, dT
dt is the heating rate and Cp is the specific heat capcity.

The calculated heating rate depends on the thermal properties of ASR, given operation
time (ramping/pyrolysis) and independent of ASR mass. Furthermore, we adjust the stage
operation time while holding the thermal properties as constant so that the heating rate is
near the TGA heating rate. The calculated heating rate is presented in Table 8.

Table 8. Calculated heating rate and required time for the pretreated ASR pyrolysis process.

Conditions Ramping (15–300 ◦C) Pyrolysis (300–400 ◦C)

(4 + 4) h 1.21 1.70
(2.5 + 3.5) h 1.91 1.93

As seen in Table 8, the calculated heating is close to 2 ◦C/min regardless of the
operation time of the pyrolyser. As a result, the calculated kinetics parameter for 2 ◦C/min
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in Section 3.8 might be more appropriate and valid if used for scaling up the pretreated
ASR pyrolysis process.

4. Conclusions

This work proposed a new procedure for the pretreatment of ASR to introduce ‘ho-
mogeneity’ for easier feeding into the pyrolysis plant. By pretreatment of ASR, there
is not much loss in volatiles, which can be harnessed for energy recovery. The DRIFT
spectroscopy results confirm the presence of polymers in the pretreated ASR that can be
converted into pyrolytic products during the pyrolysis process. The elemental composition
of pretreated ASR reveals that the residual metals are not oxidized from their original state.
This work also investigates the thermal decomposition characteristics of pretreated ASR
performed in a thermogravimetric analyzer according to the ICTAC kinetics committee
recommendations. The effect of varying particle size and heating rate was also studied.
After that, a kinetic model was used to estimate the kinetic parameters, the activation
energy, the pre-exponential factor, and the reaction order for all three heating rates at the
given particle size of 90 to 106 µm. Then, the heating rate required in a commercial scale
rotary kiln pyrolyser for pretreated ASR pyrolysis was found by mathematical calculation.
The calculated heating rate was on par with the obtained kinetics parameter for 2 ◦C/min.
The wastes of similar nature to the automotive shredder residue, such as municipal solid
waste, can also be combined for processing through slow pyrolysis.

The main conclusions of this study are as follows:

• The heterogeneous ASR (as received) was pretreated to bring about homogeneity in
the sample for easier feeding.

• The TGA analysis showed that the decomposition occurs at a temperature range
between 216 ◦C and 450 ◦C. It was also observed that particle size influences the final
residue’s yield as mass loss decreased as the particle size increased.

• The activation energy obtained from the kinetic model for 2 ◦C/min for the particle
size 90–106 µm was 94.5 kJ/mol.

• The calculated heating rate for pretreated ASR pyrolysis was 2 ◦C/min to process in a
commercial rotary kiln pyrolyser.
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