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The automotive shredder residue (ASR) is generated as an inevitable waste after the

shredding process of end-of-life vehicles. Typically, the ASR ends up in a landfill in

the absence of any existing processing options. The ASR comprises rubber, wood,

plastics, textile, metals, and other materials, such as paint and glass (10%), which can be

recycled and reused. Given these attributes, the ASR is a potential feedstock for energy

production and metal recovery. In this study, ASR was first pretreated because untreated

ASR (as received) is fluffy and heterogeneous and, therefore, is difficult to feed into a

reactor. Subsequently, the pyrolysis process was conducted with this pretreated ASR

for energy recovery. From the thermochemical calculations, an optimized temperature

of 500◦C was chosen for pyrolysis of the pretreated ASR to ensure that metals would

not be further oxidized and polymers could be separated from the metals in the form of

volatile gases, oil, and char. Bench-scale pyrolysis tests were conducted on an integrated

continuous stirred tank reactor–distillation column pyrolysis system. The product gas

composition had hydrogen and methane content of 30% and 26% (v/v), respectively,

contributing to the heating value of the gas obtained. The pyrolysis oil was further

distilled using fractional distillation apparatus for gasoline and diesel-grade products. The

physicochemical characterization of the pretreated ASR pyrolysis oil and its distillates was

also carried out. The thermochemical equilibrium predictions showed a similar trend with

the experimental pyrolysis results. In addition, the residual char analysis indicated the

presence of a significant amount of metals—silicon, titanium, aluminum, and iron. Thus,

this work generated information on processing pretreated ASR for the production of fuel

and insights on metal recovery that can be recovered from the residual pyrolysis char.

Keywords: pretreated ASR, pyrolysis, distilled oil, thermochemical calculation, metal recovery

INTRODUCTION

A steady increase in end-of-life vehicles (ELVs) is the key driver for generating automotive shredder
residue (ASR) waste. Given an average weight of 1,500 kg per vehicle, globally, about 1 million tons
of waste is produced before recycling. With a growing population, ELV ASR waste has become
a global environmental concern due to its complex composition and inability to degrade (Sakai
et al., 2014) in an environmental manner. In an ELV, 75% constitutes ferrous metals and recyclable
materials (Cossu and Lai, 2015), and the remaining 25% is ASR. The ASR generated after processing
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an ELV is also known as “auto fluff” (Mayyas et al., 2017).
The ASR is typically comprised of rubber (20%), wood (2–
5%), plastics (19–35%), textile (10–40%), metals (8%), and other
materials, such as paint and glass (10%), which can be recycled
and reused. As stated earlier, the composition of the ASR is
heterogeneous, and the physical characteristics are fluffy in
nature, making its mechanical recycling difficult. Hence, the ASR
is destined for landfills or incineration.

There are two impediments to the recycling of ASR: one
is the heterogeneity of the ASR as received, and the other is
the fluffiness of the ASR. These impediments, in turn, affect
the selection of the thermochemical process for the recycling
of ASR, particular the difficulty in feeding the fluffy and very
heterogeneous materials into a reactor. Hence, in our previous
work (Vijayan et al., 2021), we reported a low-temperature
procedure to “homogenize” the sample to a feedable particulate
form by pretreatment and named it pretreated ASR. This
pretreated ASR consists of both plastics and metals and, when
ground and sieved, converts to a desired uniform size range.
Hitherto, most of the authors from the literature have shown
pyrolysis as a suitable treatment for ASR in the recovery of energy
and materials.

Most authors found that the pyrolysis products, such as
the produced gas and pyrolysis oil, had a high energy content
(Buekens and Zhou, 2014; Cossu and Lai, 2015; Notarnicola
et al., 2017), and the left-out residue is char with less energy
content. The yield of the pyrolysis products depends upon
the composition of the ASR and the operating parameters in
the pyrolysis. In literature, the pyrolysis oil research work is
limited with characterization; those results show that pyrolysis
oil can be a good source for secondary fuel, such as petrol and
diesel fractions, and the gaseous products can be utilized as
an energy/heat source. In various small-scale studies, pyrolysis
has converted ASR fractions into gases and char using different
reactors and a range of temperatures with and without catalysts
(Vermeulen et al., 2011; Anzano et al., 2017; Maric et al., 2018).
The reactors used in ASR’s pyrolysis are batch/semi-batch tubular
furnace and rotary kiln reactors. All the reactors are heated using
an electrical furnace, and nitrogen or argon gas is used as inert
gas for the process with varying mass flow.

Besides the energy recovery, these studies have ignored the
high-to-moderate metallic content of the ASR carbonaceous
residues, which can cause disposal problems (Mayyas et al., 2017).
The residual carbonaceous residues can be further explored for
metal recovery. The studies on the separation and recovery of
metals from ASR are limited (Ferella et al., 2015). Most studies
focused onASRmaterial recycling on its use as a filler in concrete,
ceramic binders in asphalts, and secondary raw material (Mayyas
et al., 2017). However, the metals represent about 12 wt% of the
initial weight of the ASR (Mallampati et al., 2015), thus, making
the recovery of these metals worthwhile. Therefore, it is essential
to determine effective routes for the recovery of these metals.

The first two objectives of this theoretical and experimental
study are to prepare pretreated ASR and then investigate the
effect of temperature during pyrolysis through thermochemical
calculations using the FactSage software within the temperature
range between 300 and 1,000◦C. Based on the thermochemical

calculations, the pretreated ASR pyrolysis experiments are then
carried out in a bench-scale reactor with an optimized range for
low-temperature pyrolysis. Subsequently, the products obtained
from the process are characterized for energy recovery and
metal concentration. In addition, the pyrolysis oil was further
distilled into different hydrocarbon fractions and assessed for its
fuel composition.

MATERIALS AND METHODS

Pretreated Automotive Shredder Residue
The ASR was heterogeneous and fluffy when received from a
commercial supplier in Victoria, Australia. The ASR (as received)
consists of mainly plastics, metals, glasses, and a few textile
components. Generally, as noted from the literature, the ASR
consists of plastics, metals, rubber, fiber, textiles, and glasses
(Notarnicola et al., 2017). This variation in the composition of
the ASR depends on the input to the shredding unit. For easier
feeding into the pyrolysis reactor, a homogeneous mixture with
particulate character and uniform particle size distribution was
prepared by pretreatment, as described by Vijayan et al. (2021).
In the pretreatment of ASR, the sample was heated at 190◦C
in a furnace, then ground and sieved to 90–106µm to bring
particulate nature and uniform size.

Sample Analysis
The proximate analysis of the pretreated ASR sample is
determined in a thermogravimetric analyzer (TGA), model STA
449F3, NETZSCH, Germany, according to the AS2434 standards.
Approximately 10 ± 1mg of pretreated ASR sample was taken
to be analyzed by 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 20min, then heating up to 900◦C
at 10◦C/min, and isothermal at 900◦C for 7min, and finally
cooling to 550◦C at 50◦C/min in a nitrogen environment and
isothermal in the air at 550◦C for 40min. A blank correction
was also performed with the same process conditions to be
subtracted from themeasurement data. The runs were carried out
in triplicate, and the average values were represented.

The major inorganics in the pretreated ASR were analyzed
using x-ray fluorescence spectroscopy (XRF-EDX-720, Shimadzu
Corp, Japan). This technique offers a qualitative multielement
detection range from 6C/11Na to 92U with a voltage of 15–50
kV in the air atmosphere. In addition, runs were carried out in
triplicate after the sample of pretreated ASR was made into ash in
a muffle furnace at 900◦C for 6 h.

X-ray diffractograms were acquired in the Rigaku Mini Flex
600 operating in Bragg–Brentano geometry and with unfiltered
Cu Kα radiation at a scanning rate of 1.3◦min−1 over a range of
2θ = 10◦-80◦ to identify crystalline mineral matter in pretreated
ASR and pyrolysis char. The phase identification was analyzed
using the MATCH software version 3. Before analysis, the solid
products were burnt to ash at a temperature of 600◦C for 2 h in a
muffle furnace to remove carbon without devolatilization of the
minerals. Replicates were performed when required.
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FIGURE 1 | Schematic diagram of CSTR- DC pyrolysis reactor for pretreated ASR (Auxilio et al., 2017).

FIGURE 2 | Schematic diagram of fractional column distillation for ASR

pyrolysis oil.

Carbon number distribution in the pyrolysis oil, heavy oil, and
distillates was determined using the Shimadzu GC 2010 flame
ionization detector fitted with a 30-m length × 0.25-mm ID ×

0.25-µm column. The GC and FID temperatures were 300◦C,

TABLE 1 | Proximate and ultimate analysis of pretreated ASR (Vijayan et al., 2021).

Properties Pretreated ASR

Proximate analysis (dry basis, wt.%)

Volatile matter 66.83 ± 8.50

Fixed carbon 0

Ash 33.12 ± 8.50

Ultimate analysis (dry basis-ash free, wt.%)

Carbon (C) 60.16 ± 4

Hydrogen (H) 8.72 ± 1.5

Nitrogen (N) 2.14 ± 1.06

Sulphur (S) 0.08 ± 0.12

*Oxygen (O) 28.91 ± 6.3

*Oxygen calculated by difference.

and the oven was held at 35◦C for 5min and then ramped to
300◦C at 3◦C/min in the presence of carrier gas helium with a
split ratio of 50 and column flow rate of 2.5 ml/min.

The collected noncondensable gas was analyzed in gas
chromatography–flame ionization detector (Model: Agilent
Technologies 7890A GC system, USA). A certain volume of the
gas was injected into the GC system. The total run was about
32min with a column temperature at 140◦C with helium as
carrier gas. The GC instrument was calibrated based on a three-
point calibration curve before analyzing the gas samples. The
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FIGURE 3 | Pyrolysis behaviour of pretreated ASR through TGA.

data were estimated by automated integration of the area under
the resolved chromatographic profile. The composition data were
collected, averaged, and presented in terms of gas concentration
(N2-free basis). The thermal decomposition of the ASR pyrolysis
oil was analyzed through TGA. Approximately 12 ± 1mg of
ASR pyrolysis sample was taken for analysis. The conditions were
carried out in a nitrogen environment (50 ml/min), 30 to 600◦C
at 10◦C/min. A blank correction was also performed at the same
process condition subtracting from the measurement data.

Ultimate analysis (CHNS) of the pretreated ASR, pyrolysis
oil, heavy oil, and distillates were performed using FLASH 2000
CHNS analyzer (Thermo Scientific) operating based on dynamic
flash combustion of the sample. The reactor temperature was
950◦C with helium as the carrier gas at 140 ml/min, and oxygen
is injected at a 250-ml/min flow rate for 5 s. Finally, a thermal
conductivity detector (TCD) was detected with a total run time
of 10min. The oxygen content was determined by subtracting
the total content of other analyzed elements from 100%. Each run
was repeated in duplicate.

The higher heating value was calculated based on the
elemental composition according to empirical Boie’s formula
(Equation 1) as given below:

HHV = 0.3516.C + 1.16225.H − 0.01109.O

+0.0628.N[Mj.Kg−1] (1)

The FactSage (version 7.3), a thermochemical software, predicted
the possible equilibrium products under given pyrolysis
conditions. The elemental inputs for the calculations were
from the XRF and the ultimate analysis of the pretreated ASR.
The process condition was in temperatures ranging from 300
to 1,000◦C under 1 atm absolute pressure and nitrogen as an
inert gas with a 20-ml/min flow rate. The “Equilib” module in
FactSage software was used to predict the possible products
under thermodynamic equilibrium.

TABLE 2 | Elemental Input data for thermochemical calculations.

Input elements Weight percentage (%)

C 57.33

H 7.08

N 1.13

S 0.22

O* 15.43

Si 7.09

Fe 3.57

Zn 1.47

Al 1.27

Ti 0.31

Ca 2.89

Na 0.44

Mg 0.47

S 0.33

K 0.21

Cr 0.04

Mn 0.19

Cu 0.04

Sn 0.02

Ba 0.23

Pb 0.046

O*, included from metals.

Experimental Procedure for Pretreated
Automotive Shredder Residue Pyrolysis
The pyrolysis tests were conducted using an integrated
continuous stirred tank reactor– distillation column (CSTR-DC)
pyrolysis system; a schematic diagram is shown in Figure 1.
The pyrolysis reactor was customized at the Monash University,
Clayton, Victoria, Australia, for various purposes, where it
can be used in continuous or batch mode operation. The
CSTR-DC pyrolysis reactor has been operated as a batch
reactor for pyrolysis of pretreated ASR. The detailed reactor
description and the capabilities are covered by Auxilio et al.
(2017). The temperature is monitored by the thermocouples
T1, T2, and T3 controlled by digital controllers when the
CSTR with the agitator stirring up to 125 rpm is heated
in an electric furnace to 500◦C. The vapors from the CSTR
during the pyrolysis process pass through the distillation column
(DC), having two separate heating zones. The lower heating
zone is maintained at 350◦C, and the 295◦C at the upper
zone, ensuring the boiling points of hydrocarbon are above
295◦C, which are monitored by thermocouples T4 and T5,
respectively. The solid borosilicate beads (1mm in diameter)
were loaded at the bottom of the DC. The condensable vapors,
passing through the condenser maintained at −20◦C, called the
pyrolysis oil, were collected in a conical flask and weighed. The
noncondensable gas, vented from the second condenser (0◦C),
is collected in Tedlar sampling bags and then analyzed in a gas
chromatography analyzer.

Approximately 2 kg of pretreated ASR was preloaded into the
reactor for the pyrolysis run. The temperature for the pyrolysis
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FIGURE 4 | Mass balance of the predicted products obtained from the thermochemical calculation at different pyrolysis temperature.

FIGURE 5 | Predicted gas species as a function of temperature with nitrogen free-basis.

reactor was gradually increased from ambient temperature
to 500◦C at a heating of 1.5◦C/min. The pyrolysis system
was purged with nitrogen during the heating to expel air.
The nitrogen purge was stopped when the agitator was
started, which gradually increased and remained constant
after reaching 125 rpm. The total processing time for the
pyrolysis run was 5 h after reaching steady state. The evolution
of the vapors from the pyrolysis system was noticed when
the temperature reached 280◦C. When the desired pyrolysis
temperature is attained, i.e., 300–500◦C, the pyrolysis product,
such as the pyrolysis oil, was collected from the outlet
of condenser 1. In addition, the noncondensable gas was
collected in a gas bag from the outlet of the second
condenser. After the run, the CSTR is dismantled, cleaned,
and the pyrolysis solid residue in the CSTR is collected
and weighed.

Experimental Procedure for Distillation of
Automotive Shredder Residue Pyrolysis Oil
The pyrolysis oil from the pretreated ASR pyrolysis process
was collected at two temperature ranges: the first set was 280–
350◦C, and the second set of pyrolysis oil was collected in the
temperature range of 350–500◦C. As shown in Figure 2, The
pyrolysis oil was heated in the heating mantle. The temperature
chosen for the fractionating column was 220, 250, and 280◦C
based on the crude oil distillation temperature range. The emitted
vapors were then condensed and collected in a flask.

RESULTS AND DISCUSSION

In this section, properties of pretreated ASR are characterized,
followed by thermochemical calculations based on FactSage
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software to identify possible equilibrium products during the
pyrolysis of pretreated ASR in the given temperature range and
pressure. Subsequently, the pretreated ASR pyrolysis process was
carried out with the obtained temperature boundaries in the
bench-scale reactor. The products from the pyrolysis process
are characterized for their physical and chemical properties and
compared with the predicted products from the thermochemical
calculations. The obtained pyrolysis oil was distilled into different
fractions and characterized for potential use as fuel. Finally, a
Sankey diagram for the mass balance of the pretreated ASR
pyrolysis process was drawn.

Sample Characterization of Pretreated
Automotive Shredder Residue
The properties of the pretreated ASR, such as the proximate,
ultimate analysis, have been carried out in triplicate, and
the average values are listed in Table 1. The high volatile
content is due to plastics in the pretreated ASR. The fixed
carbon of the pretreated ASR was low or negligible, which
was not observed in previous literature. The plausible reason
for this unusual behavior is variation in the ASR composition
(as received). The low fixed carbon of the pretreated ASR
suggests that the pyrolysis process is more appropriate than
any other method in thermochemical conversion for energy
recovery. Hence, the pyrolysis behavior of the pretreated ASR
was analyzed through TGA. The degradation step having the
onset, end set, and maximum temperatures of pretreated ASR
were at 216, 450, and 373◦C, respectively, as seen from Figure 3.
Based on these results, the initial temperature boundaries for
thermochemical calculations were chosen and further discussed
in the next section.

Thermochemical Calculations
This section discusses the results of the thermochemical
calculations of the pyrolysis of pretreated ASR samples under
given pyrolysis conditions. The elemental input for the FactSage
software to predict the possible products are tabulated in Table 2.
In addition, the effect of temperature has been investigated on
the distribution of the predicted product discussed in detail in
this section.

Mass Balance
Themass balance of the predicted solid and gas phase products in
the temperature range between 300 and 1,000◦C was estimated.
Figure 4 exhibits the weight percentage of the solid phase (char-
carbon and other solids, such as compounds of silicon, calcium,
and sodium) and total gas phase products (condensable and
noncondensable gases) predicted at given temperatures. As seen
from Figure 4, the carbon content decreased with increased
temperature due to higher carbon conversion. The carbon-
containing gas-phase products such as CO and CH4 also account
for the distribution of the carbon content. It is observed that
when carbon content increases in the solid phase products, there
is a decrease in the gas phase products. The carbon content
increases with an increase in temperature. This is due to the
thermal decomposition of CH4 starting at 500◦C, which gives
rise to hydrogen and solid carbon. Also, the carbon molecules

react with oxygen to form CO and CO2, which are the majority
of the gases. As observed from Figure 4, these gases are emitted
at a lower temperature, and therefore, the gas decreases with
an increase in temperature. The predicted product distribution
varied with an increase in temperature.

Predicted Gas Phase
The major gases contributing to the fuel’s heating value are
plotted on a nitrogen-free basis and normalized in Figure 4.
The devolatilization of the pretreated ASR sample may result in
gaseous species, such as H2, CO, and CH4 formation. Higher
CO is found with increasing temperature due to higher carbon
conversion, as seen in Figure 5. The H2 content increases when
the temperature increases. There is a steady decline in CH4

formation with an increase in temperature, and beyond 500◦C,
the formation is very low, whereas the H2 content increases.
Thus, from the results of predicted gas-phase products, the ideal
temperature range for processing the pretreated ASR in the
pyrolysis reactor can be between 400 and 500◦C for obtaining a
high amount of gas products. A similar study (Evangelopoulos
et al., 2018) was found to have a temperature range between 400
and 500◦C for pyrolysis of ASR.

Predicted Solid-Phase Compounds
The pretreated ASR is a mixture of both plastics and metals,
where the plastics get converted into gas phases, and the
metals are collected along with the char when processed in
the reactor. As the temperature is an important parameter
in the decomposition of plastics into gaseous fuel, it is also
essential that metal contents are concentrated without further
oxidation during the pyrolysis process. This concentrated metal
can be separated from the pyrolysis char at a later stage. The
crystalline constituents from the predicted solid-phase species
as a function of temperature are tabulated in Table 3. The
major predicted solid phase products include albite (high and
low), diopside, anorthite, hedenbergite, wollastonite, anorthite,
fayalite, tridymite, and quartz. The sodium content is in the
form of sodium aluminosilicates, while Al2O3 reaction with
SiO2 forms as albite in the solid-phase products and is found
between the temperature range of 300◦C and 1,000◦C. As stated
from elemental composition, a large amount of Ca is present
in pretreated ASR ash. The predicted solid-phase products have
calcium in the form of silicates. As the temperature increases,
CaO reacts with the SiO2 and Al2O3 to produce anorthite, as
predicted from the solid phase, whereas CaO reacts with SiO2,
and MgO forms the diopside and is stable from 400 to 1,000◦C as
the melting point of the diopside is 1,391◦C. The reaction of CaO
with SiO2 leads to the formation of wollastonite between 700 and
1,000◦C. The presence of potassium in a high melting (1,686◦C)
aluminosilicate–leucite is formed in the predicted solid phase as
the reaction between Al2O3 and SiO3. A reduction reaction of
Fe2O3 in the presence of reducing gases, such as H2 and CH4,
forms cementite. From the elemental composition of pretreated
ASR ash, the SiO2 (quartz) phase is predominant and remains the
same until 800◦C. The transition temperature from quartz to the
tridymite phase is at 870◦C (Lider and Yurtseven, 2014), and it is
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TABLE 3 | Predicted solid species as a function of temperature.

Solid-phase

species/chemical phase,

(Wt%)

Melting

point(◦C)

Input Temperature (◦C)

300◦C 350◦C 400◦C 450◦C 500◦C 550◦C 600◦C 700◦C 800◦C 900◦C 1000◦C

C_Carbon 3,550 56.07 56.59 57.37 58.44 60.77 60.99 62.16 64.26 65.03 65.37 66.17

Fe2SiO4_fayalite 1,200 8.96 8.88 8.72 3.12 3.82 3.77 3.66 - - - -

Na2Ca3Si6O16_solid 1,047 8.31 8.22 8.07 - - - - - - - -

NaAlSi3O8_Low-Albite 1,000 - - - 6.98 - - - - - - -

NaAlSi3O8_High-Albite 1,120 - - - - 6.88 6.52 6.33 6.21 6.15 6.15 6.20

CaMgSi2O6_diopside 1,391 6.15 6.08 5.97 5.82 5.74 5.44 5.28 5.18 5.13 5.04 5.18

CaAl2Si2O8_Anorthite 1,553 5.67 5.67 5.57 1.85 3.87 4.08 3.96 3.89 3.85 3.85 3.88

CaFeSi2O6_Hedenbergite 1,200 1.35 1.27 1.25 14.32 12.30 11.29 10.95 - - - -

CaSiO3_Wollastonite 1,540 - - - - - - - 5.03 4.98 5.04 5.02

CaSiTiO5_sphene 1,020 1.87 1.85 1.82 1.77 - 1.66 1.61 1.58 1.56 1.56 1.58

SiO2_Quartz(l) 1,470 5.47 5.39 5.29 1.95 1.48 1.78 - - - - -

SiO2_Quartz(h) 1,470 - - - - - - 1.72 5.42 5.51 - -

SiO2_Tridymite(h) 1,700 - - - - - - - - - 5.79 5.81

ZnS_Sphalerite 1,850 2.39 2.38 2.34 2.33 2.29 2.17 2.11 2.06 1.98 1.06 -

Zn2SiO4_Willemite 1,509 - - - - 0.81 0.77 0.75 0.52 - - -

ZnAl2O4_solid 1,930 1.57 1.50 1.48 1.36 - - - - - - -

KAlSi2O6_Leucite-A 990 - - - - - 1.52 1.48 - - - -

KAlSi2O6_Leucite-B 1,686 - - - - - - - 1.45 1.44 1.44 1.45

KAlSi3O8_K-Feldspar 1,200 2.19 2.17 2.13 2.07 2.04 - - - - - -

Fe 1,538 - - - - - - - 4.40 4.35 - -

Fe3C_CEMENTITE 1,837 - - - - - - - - - 4.69 4.73

FIGURE 6 | Gas composition from pretreated ASR pyrolysis process with the

function of temperature.

observed from Table 3 that tridymite is formed from 900◦C. The
predicted temperature is close to the temperature in the reactor.

Experimental Work
Based on the theoretical calculations, the temperature boundaries
were chosen for pyrolyzing the pretreated ASR in the batch
reactor (CSTR-DC). This section discusses product distribution
and the characterization of each obtained product’s composition
in detail. In addition, the pyrolysis oil is distilled into different

TABLE 4 | The higher heating value of the gas from pretreated ASR pyrolysis

process as a function of temperature.

Temperature (◦C) HHV (MJ/m3)

300 1.40

350 3.86

400 4

450 11.38

500 12.65

TABLE 5 | Ultimate analysis of solid residues from pretreated ASR pyrolysis at

500◦C.

Ultimate analysis (dry basis wt.%) ASR pyrolysis solid 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 (%) 35.63

*Oxygen calculated by the difference.

hydrocarbon fractions to assess its potential use as fuel. One
of the main objectives of this work is to concentrate metals,
while processing pretreated ASR in the reactor, where the solid
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FIGURE 7 | Scanning Electron Micrograph (A). Combined analysis (B). An individual particle of ASR pyrolysis solid residue obtained at 500◦C.

residues are collected at the bottom of the reactor. Finally, the
solid residues obtained from the pyrolysis process are assessed
for possible metal recovery.

Gas Composition
In the pyrolysis process of pretreated ASR in the CSTR-DC,
the noncondensable gases were collected at each temperature
and analyzed for their composition. The evolution of gaseous
products started at 300◦C during pyrolysis of pretreated ASR.
Figure 6 illustrates the gas composition obtained from 300 to
500◦Cof the produced gas as a function of temperature, nitrogen-
free basis. The devolatilization of the pretreated ASR results in
gaseous products, including H2, CH4, CO, CO2, and other light
hydrocarbons. The H2, CO, and CH4 concentrations increase
as the pyrolysis temperature increases from 400 to 500◦C,
attributed to the onset of secondary pyrolysis (De Marco et al.,
2007; Joung et al., 2007; Sung-Jin et al., 2010). The majority
of CO2 concentrations are up to 400◦C (44–73% vol%); this
may limit the heating value of the gas mixture, whereas at
500◦C, the CO2 (3% vol%) concentration is less compared with
other temperatures. The heating values of the produced gases
with the function of temperature are exhibited in Table 4. The
heating value of the gaseous mixture obtained at 500◦C is 12.65
MJ/m3. In other studies on ASR pyrolysis, the production of CO2

content is due to the high amount of plastic material in the raw
material that is pyrolyzed at low temperatures (Sung-Jin et al.,
2010; Adrados et al., 2012; Evangelopoulos et al., 2018). Beyond
400◦C, CO2 concentration is reduced, and there are notably high

concentration percentages of H2 and CH4 as seen in Figure 6.
The increase in H2 with an increase in temperature is due to
the aromatization of char that leads to the formation of H2

(Notarnicola et al., 2017). The CO is formed from the thermal
decomposition of the carboxylic groups present in the sample.
The amount of CO and CO2 is determined by the Boudouard
reaction, favored by increasing temperature. This shifts the
equilibrium toward CO at a higher temperature, increasing CO
with increased temperature. In addition, it also depends upon the
oxygen content present. However, the concentration of gaseous
products tends to fluctuate over the temperature ranges.

The gas concentration from the pretreated ASR pyrolysis
process were well in agreement with the gas phase predicted
by the thermochemical calculations based on equilibrium
conditions. Therefore, the obtained gas can be used as fuel, a
heating source within the process, or as one raw material for
producing chemicals.

Solid Residues From Pretreated Automotive

Shredder Residue Pyrolysis
The unreacted carbon remains in the char after the plastics
present in the pretreated ASR are devolatilized, and the metals
are concentrated along with the char. As observed from Table 5,
the pretreated ASR’s hydrogen content decreased when pyrolysis
temperature was applied. This is due to the loss of the carboxylic
functional group by devolatilization with an increase in pyrolysis
temperature (Martín-Lara et al., 2021). The higher heating value
of the ASR pyrolysis solid residue obtained at 500◦C was 15.2
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FIGURE 8 | X-Ray diffractogram for the pretreated ASR pyrolysis residue

obtained at 500◦C.

FIGURE 9 | GC-FID analysis of the pretreated ASR pyrolysis oil obtained at

350, 400,450, and 500◦C.

MJ/kg, whereas 24.9 MJ/kg was for the pretreated ASR. For any
fuel, the HHV is influenced by the hydrogen content. Since the
HHV of the pyrolysis solid residue is low, previous researchers
did not consider further use of the residue, and thus, it was
suggested to be landfilled (Notarnicola et al., 2017). However, in
the predicted solid-phase compounds in Table 3, we can observe
that the presence of metals is either in elemental form or in oxide
form. The melting point of these metals is higher than the chosen
pyrolysis temperature of 500◦C. Hence, as expected along with
the char, the metals remain unaltered in the ASR pyrolysis solid
residue. One of the objectives of this work is to assess the recovery
of metals from the solid residues following pyrolysis; the results
suggest that this is possible. A detailed characterization of metal
and mineral transformation in the pyrolysis solid residue from
pyrolyzing pretreated ASR is discussed in this section.

SEM-EDX Analysis
The morphology of the pretreated ASR pyrolysis char depicted
in the figure shows a fibrous structure. As observed from

TABLE 6 | Ultimate and HHV analysis for pretreated ASR pyrolysis oil.

Temperature→Parameters 350◦C 400◦C 450◦C 500◦C

C 85.50 84.05 84.21 86.02

H 3.05 3.32 3.11 3.80

N 11.10 12.64 12.68 10.18

S 0.35 0 0 0

HHV(MJKg−1) 34.29 34.20 34.09 35.30

Figure 7, the char has different particle sizes, resulting in particle
fragmentation, agglomeration, or swelling. However, there is
no obvious observation of particle swelling or agglomeration
in the samples. Morphology shows irregular and rod-shaped
particles in the char from the pyrolyzed pretreated ASR. The
thermal stress due to the rapid temperature change during the
pyrolysis process results in the fragmentation of particles while
releasing volatile matter (Li et al., 2014). The EDX analysis
elucidates the mineral composition at the indicated locations
within the particles. Silicon and calcium are the major metals
in the compounds of pyrolysis solid residue. Moreover, traces
of sodium, aluminum, and titanium were also detected. These
results confirm that the metals are concentrated in the solid
residue from the pretreated ASR pyrolysis process. The metals
from the pyrolysis solid residue can potentially be leached out as
a part of the recovery of metals. The results corresponded with
the results obtained with XRD analysis and are discussed in the
next section.

Crystalline Constituents in the Automotive Shredder Residue

Pyrolysis Solid Residue
The x-ray diffraction pattern of the pretreated ASR pyrolysis
solid residue is shown in Figure 8. It was observed that the
peaks detected in the XRD pattern of the ASR pyrolysis
solid residue obtained at 500◦C were consistent with mineral
identification from the predicted solid-phase results based
on thermodynamic equilibrium. For example, compounds,
including quartz, hedenbergite, diopside, albite, and fayalite, were
high in concentration from the predicted solid phase (Table 3),
and these compounds were also detected in the diffractograms
obtained from the pyrolysis solid residue. The diffractograms
could not find a few compounds from the predicted solid phase
with a low crystalline structure or amorphous nature. It was
also found that silica was the dominant phase in the pyrolysis
residue. The majority of silica in the crystalline phases of the
pretreated ASR pyrolysis residue occurred as quartz. The calcium
in the sample is contained in the form of silicates, such as
diopside, hedenbergite, and wollastonite. It was also observed
that sodium in the sample was in the form of albite. As seen from
Table 3, the melting points for all the mentioned compounds
are above 1,000◦C, and further structural transformation will not
occur with the chosen pyrolysis temperature of 500◦C. Thereby,
no loss of metals during pyrolysis of the pretreated ASR was
evident, and these metals can, therefore, be recovered from the
pyrolysis residue in the subsequent processing stages. There was
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FIGURE 10 | (A) Mass loss profile of pyrolysis oil. (B) DTG curve of pyrolysis oil.

TABLE 7 | Ultimate and HHV analysis for pretreated ASR pyrolysis oil and its distillates.

Ultimate analysis (wt.%) C H N S HHV(MJKg−1)

280–350◦C Py oil 83.59 ± 0.05 13.08 ± 0.85 32.26 ± 6.09 0.00 ± 0.00 46.61

Fraction 1 87.92 ± 0.26 12.39 ± 1.60 8.40 ± 0.72 4.93 ± 2.43 45.79

Fraction 2 88.41 ± 0.11 10.13 ± 0.44 7.83 ± 1.30 1.29 ± 0.39 43.33

Fraction 3 87.59 ± 0.36 9.27 ± 0.04 10.77 ± 0.24 0.00 ± 0.47 42.25

Residual Oil 85.97 ± 0.02 14.03 ± 0.07 4.50 ± 0.12 0.00 ± 0.00 46.82

350–500 ◦C Py oil 81.30 ± 0.93 14.22 ± 0.85 30.55 ± 2.49 0.00 ± 0.00 47.03

Fraction 1 85.62 ± 0.66 7.96 ± 0.62 4.33 ± 0.92 0.00 ± 0.00 39.63

Fraction 2 86.33 ± 0.11 10.69 ± 0.45 3.59 ± 0.79 0.00 ± 0.00 43.00

Fraction 3 86.11 ± 0.02 11.01 ± 1.50 4.42 ± 1.29 0.00 ± 0.00 43.35

Residual Oil 86.31 ± 0.69 12.20 ± 0.90 16.72 ± 0.40 0.00 ± 0.32 45.58

no significant difference between the equilibrium predictions and
the experimental results.

Pretreated Automotive Shredder Residue Pyrolysis

Oil
During the pyrolysis process of pretreated ASR in the CSTR-
DC reactor, the condensable gases generated are passed through
the condenser, and the pyrolysis oil is collected. Most of the
researchers have studied ASR pyrolysis oil in terms of yield.
For instance, Evangelopoulos et al. (2018) found 32% pyrolysis
oil yield at 500◦C. However, there is only less information in
the literature on the characterization of ASR pyrolysis oil. This
section discusses the characterization of oil from pretreated
ASR pyrolysis, which will be useful in separating the individual
components if required.

GC-FID Analysis
The selectivity of the hydrocarbon compounds in the pretreated
ASR pyrolysis oil obtained at different temperatures is
represented in terms of concentration GC-FID data in Figure 8.

The carbon atom distribution in the pretreated ASR pyrolysis oil
from the GC-FID data was in the C6-C16 range. This indicates
the oil produced was a mixture of gasoline (C5-C11) and diesel
(C12-C27), while predominantly in the gasoline fraction. As seen
from Figure 9, benzene and toluene are high in concentrations
at 400◦C−500◦C. This is formed due to the degradation of
plastics in the pretreated ASR pyrolysis process at a temperature
range between 400 and 500◦C resulting in an aromatization
reaction (Evangelopoulos et al., 2018). This correlates with
the increase in hydrogen content with temperature, as seen
from the previous section of gas composition. The largest mass
fractions are obtained at 400◦C−500◦C. Hexadecane adds to the
calorific value of the fuel, and this is detected from the pretreated
ASR pyrolysis oil obtained at a temperature of 500◦C. The
ultimate analysis and HHV are shown in Table 6. The carbon
content in the pyrolysis oil is in the range between 82 and 85
wt%. The HHV for the pyrolysis oil obtained at 350–450◦C
has a similar range of 34 MJ kg−1, and for the 500◦C, it is
35 MJ kg−1, which indicates that this oil can be used as an
energy source.
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Characterization of Pretreated Automotive Shredder Residue

Pyrolysis Oil Through Thermogravimetric Analyzer
The mass loss profile and derivative thermogravimetric (DTG)
curve for the pyrolysis oil obtained at different temperatures were
analyzed in TGA, and the results are depicted in Figures 10A,B.
There are two mass loss peaks for each temperature from the
TGA curve of the pretreated ASR pyrolysis oil. The total mass
loss is 79.08, 72.12, 64.8, and 3.31% for 350, 400, 450, and 500◦C,
respectively. The pretreated ASR oil obtained after pyrolysis at
350, 400, and 450◦C have the similar temperature zones from
30–150◦C to 151–300◦C, whereas the temperature zone for the
pretreated ASR pyrolysis oil obtained at 500◦C is from 30 to
250◦C. As seen from Figure 10B, the decomposition step for
the temperature zone 30◦C−150◦C has a peak temperature at
115◦C, for all the three pyrolysis oils obtained at 350, 400, and
450◦C. However, the peak temperature for the oil obtained at
500◦C is 110◦C. It was also noted that the pyrolysis oil obtained
at 500◦C was highly volatile and resulted in great mass loss, while
in the TGA, it runs. The second temperature zone, 151–300◦C,
has the peak temperature at 200◦C, for pyrolysis oil obtained at
350, 400, and 450◦C. The peak temperature for the oil obtained
at 500◦C is 179◦C. This is attributed to the devolatilization of
hydrocarbons at boiling points below 300◦C. These results can
set the temperature range for distillation of the pretreated ASR
pyrolysis oil for fuel upgrading.

The GC analysis of the pyrolysis oil revealed to be similar to
mixed gasoline–diesel oil, which requires a distillation process to
upgrade to fuel grade. The decomposition temperature obtained
through the TGA provides partial insights on temperature
boundaries for a subsequent distillation process of the pyrolysis
oil that should that be envisaged.

Distillation of Automotive Shredder
Residue Pyrolysis Oil
This section reports results from two distillation experiments
from the pyrolysis oil obtained at 280–350◦C and 350–500◦C.
The distillation procedure is similar to that in the Experimental
procedure for pretreated automotive shredder residue pyrolysis
section for both experiments. The distillation temperature
was chosen based on the boiling point of the hydrocarbon
ranges. As identified in the previous section, C6–C16 range
hydrocarbon compounds are present in the pyrolysis oil. The
fractional distillation of the compounds obtained at three
different temperatures was collected and analyzed. The distillate,
namely, Fraction 1 was collected at 220◦C, Fraction 2 at 250◦C,
and Fraction 3 at 280◦C. The first distillation experiments from
the 280–350◦C-obtained pyrolysis oil resulted in 24% of Fraction
1, 3% of Fraction 2, and 5.4% of Fraction 3. The mass yield
of the second set of experiments had 21% of Fraction 1, 8%
of Fraction 2, and 5.8% of Fraction 3. The ultimate analysis
of the pyrolysis oil obtained at two different temperatures and
respective fractions is shown in Table 7. We noticed that the
pyrolysis oil and the distillates have 81–87% carbon content.
The HHV of these samples was between 40 and 47 MJ kg−1.
Figures 11A,B show that the fractions obtained in the two

FIGURE 11 | (A) GC-FID analysis of the pretreated ASR pyrolysis oil obtained

at 280–350◦C and its distillates. (B) GC-FID analysis of the pretreated ASR

pyrolysis oil obtained at 350–500◦C and its distillates.

FIGURE 12 | Representation of mass balance of pretreated ASR pyrolysis

process at 350–500◦C by Sankey diagram.

distillation sets of experiments showed carbon ranges as gasoline
and diesel-grade products.

Mass Balance During Pyrolysis of
Pretreated Automotive Shredder Residue
The Sankey diagram in Figure 12 shows the mass balance for the
pretreated ASR pyrolysis process conducted at 350–500◦C and
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the pyrolysis oil separation process carried out in a commercial
rotary kiln pyrolyzer that process 10 tons per day of solid waste.
For example, if 10 tons of pretreated ASR is processed per day,
the products were composed of 61.56% of pyrolysis oil, 29.09%
of solid char, and 9.35% of pyrolysis gas. The pyrolysis gas can be
either used to synthesize chemicals or for heating the pyrolyzer
via combustion. Generally, the solid char is sent to the landfill,
but in our process, the metal content present intact in the solid
char can be recovered by the leaching process. Themain output of
the process is the pyrolysis oil distilled for the different fractions
with respect to the hydrocarbon separation temperature. The
61% pyrolysis oil’s distillation resulted in 18% gasoline grade, 4%
diesel grade, and the remaining 40% is residual oil. Therefore,
pretreated ASR pyrolysis oil can be recovered as gasoline and
diesel-grade products.

CONCLUSION

Pyrolysis is suitable for all the thermochemical conversion
methods to convert pretreated ASR for energy and metal
recovery. This paper presents the results of theoretical and
experimental work on the pyrolysis of pretreated ASR residues.

The pyrolysis runs of pretreated ASR were carried out in
the temperature range of 350–500◦C in the CSTR-DC reactor.
In addition, the thermochemical calculation was performed
before the pyrolysis runs to identify the possible equilibrium
products at a given temperature range. The thermochemical
calculations and experimental work resulted in similar product
distribution and composition trends. The products obtained
from the pretreated ASR pyrolysis process in the CSTR-DC

reactor were 61% pyrolysis oil, 29% solid residue, and 9%
pyrolysis gas. The obtained distillate fraction’s HHV is in the
range of 42–47MJKg−1. The distilled fractions from the obtained
pyrolysis oil can be used as a fuel resource. The solid residue
is composed of metals that can be potentially leached out. This
would be a value addition, partially replacing, although partly,
extraction of the minerals from the earth’s crust. It is concluded
that pyrolysis of pretreated ASR at 350–500◦C is a promising
energy and resource recovery process.
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