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ABSTRACT

Automobile shredder residues (ASR) are materials that are rejected in the metal recovery process for end-
of-life vehicles (ELV). These residues are composed of such materials as plastics, foams, glasses, rubbers,
textiles, remaining metals and soils. ASR disposal is a difficult task, due to increasingly restrictive re-use
policies. The pyrolytic reuse of ASR is one important option for energy recovery. The gas release behav-
ior of pyrolyzed ASR was measured using a TG-MS apparatus, and this thermo-oxidative process was
observed under different N,/O, volume ratios. The final weight/initial residue weight ratio for pyrolyzed
ASR decreased from 43.4% to 10.1% with increasing oxygen concentrations. The production rates of hydro-
gen, methane and carbon dioxide also varied with different N, /O, volume ratios. The maximum emission
of hydrogen and methane occurred when the thermo-oxidative atmosphere was entirely N,. Temper-
ature had a positive impact on hydrogen production, and the methane emission ratio reached a peak
at the second shoulder of the devolatilization stage during which stage organic polymers were emitted.
A peculiar characteristic of ASR is its content of nitrogen. The effects of ASR nitrogen content on N,0
and NOyx emissions were investigated in detail. NH3 was the dominant nitrogen species that was released
during ASR pyrolysis. N, O is highly temperature-sensitive and decomposes to N, at temperatures greater

than 900°C.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The global automotive industry generates approximately 50
million tons of waste each year. Currently, metals account for 75% of
the weight of end-of-life vehicles (ELVs) and are almost completely
recovered [1]. The remaining 25% is in need of an appropriate
waste processing technology other than land-filling. This remaining
ELV material that remains after shredding and metal separation is
commonly called automobile shredder residue (ASR) or “car fluff”.
Generally, ASR is a mixture consisting of plastic (19-31%), rubber
(20%), textile and fiber materials (10-42%), and wood (2-5%), which
are contaminated with metals (8%), oils (5%), and other hazardous
components (e.g., polychlorinated biphenyls (PCBs), cadmium, and
lead).

ASR composition is highly variable and depends on the genera-
tion of vehicles. Since 1990, there has been an increasing demand
for the treatment of automobile shredder residue in many countries
around the world. Therefore, numerous researchers have begun to
focus significant attention on ASR disposal.
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To date, the dominant disposal route for ASR has been landfill-
ing, which may pollute soils and groundwater resources. Therefore,
the development of technology that can recover usable materials
and minimize ASR volume has become an importantissue [2]. Ther-
mal treatment (e.g., pyrolysis and gasification) is an ideal approach
for transforming ASR into environmentally harmless and lower-
volume substances while simultaneously recovering energy, which
is a more sustainable and effective waste management practice.

Pyrolysis is considered to be a chemical recycling process, due
to the breaking of long polymeric chains into smaller molecules
of the same chemical structure. However, the presence of chlorine
and bromine in materials undergoing pyrolysis is undesirable. The
elimination of these elements is a major consideration in develop-
ing processes for mixed plastics disposal as residual chlorine and
bromine distribute over the resulting products. As expected, the
pyrolysis process is an attractive option because it reduces corro-
sion and emissions of sulfur, chlorine, and Polychlorinated Dioxins
and Furans (PCDD/F) without sacrificing the alkali metals (except
mercury and cadmium). Meanwhile, pyrolysis lowers the rate of
thermal NOx formation, due to its lower reaction temperatures.
The technical challenge is to increase H, production efficiency
from the thermo-oxidative process of ASR processing. The gas
produced by these processes can be used in many applications,
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Table 1
Elements analysis of automobile shredded residues.

Elemental analysis (%)

Proximate analysis (%)

C H N S Moisture

Ash Volatiles Fixed carbon HHV (M]/kg)

48.82 5.63 0.95 0.50 2.06

12.33 52.71 329 24.5

such as in chemical synthesis (e.g., raw material syngas) and in
Fisher-Tropcsh fuel syntheses.

Thermogravimetric (TG) analysis is one of the most commonly
used techniques to explore the primary reactions of the decom-
position of solids [3,4]. To investigate the thermal degradation of
wastes, various TG techniques have been used; for instance, TG was
used in the study of the degradation of tires by Diez et al. [5], and
TG-DSC was employed by Pacewska et al. [6] and Heikinen and
Spliethoff [7]. Generally, TG illustrates the thermal decomposition
in terms of the mass loss, whereas TG-MS extends the thermal
analysis by the additional monitoring and identification of the gasi-
fication gases. It is obvious that the study of decomposition profits
greatly from this additional information, which provides detailed
insight into the decomposition processes. The use of TG in com-
bination with MS is more suitable for identifying the materials
produced, as is the case in many other applications [6,7], than is
the use of TG with a mass-selective detector [8,9].

Many authors [10-16] have published papers on gas emissions
from the combustion or co-combustion of different materials, such
as medical waste [10], biomass [11], and poultry litter [12], and
others have examined the emissions from gasification [16] and
pyrolysis reactions [5,17]. For our TG-MS apparatus, the released
compounds were analyzed in situ during the entire thermo-
oxidative process, and the apparatus was only constrained by
detecting and identifying the most abundant species. No studies
have been published regarding gas emissions from four thermo-
oxidative degradation processes of ASR.

This paper analyses gas emissions from the processes of heating
ASR under different oxygen concentrations using TG-MS analysis.
The online evolution of the major volatile degradation products was
monitored over the course of each reaction. A comparison between
the evolved gas phases measured using TG-MS during the combus-
tion of ASR under the different atmospheres studied is presented
subsequently. The objective of this test was to study the thermo-
oxidative ASR conversion processes themselves and to compare the
gas emissions from each of these processes.

2. Experiments
2.1. ASR samples

The representative ASR samples used in this study included
polypropylene (PP) bumper material, polyurethane (PU) car roofing
material, and gasket material; these materials were pulverized to a
mesh size smaller than 0.1 mm. The elemental analysis and proxi-
mate analysis of the ASR used are listed in Table 1. Further, the high
heating value (HHV) at a constant volume was measured with a
well-8000 adiabatic oxygen bomb calorimeter (Mingrui Instrument
Co. Ltd., Shanhai, China).

2.2. Experimental instruments

The thermo-oxidative processes of all of the samples were
measured usinga METTLER TOLEDO TGA/DSC1 STAR® thermogravi-
metric analyzer, the exit of which was connected to the capillary
of an OmniStar™ mass spectrometer. This coupling allows the
relative concentrations of the gases emitted to be determined at
near-equilibrium conditions. Meanwhile, the length of the gases

emitted during the thermal conversion process was monitored
by the MS. The thermo-oxidative processes of all of the samples
were performed using a thermogravimetric analyzer. To simulate
gasification and pyrolysis, four atmospheres with different molar
ratios of nitrogen to oxygen, specifically, 100%, 95%, 90%, and 80%
nitrogen, were examined at the same flow rate of 100 mLmin~!. A
value of 100% nitrogen is representative of a pyrolysis process, and
the other values represent gasification processes. Each sample was
analyzed under gradient heating conditions with a heating rate of
30K min~! from 30°C to 1000°C.

A silica capillary column was kept in the thermo gravimet-
ric analyzer to feed emission gases into the connected mass
spectrometer. The gases released from the solid sample into the
thermogravimetric analyzer were directly fed into the ionization
chamber of the mass spectrometer. The TG-MS interface gives the
plot of a selected m/z as a function of ion current (IC), which can
monitor the evolution of a single specific molecular species (dur-
ing the entire thermal process), if this ion arises solely from the
fragmentation pattern of that chemical species.

The ion currents for different fragments are plotted with the
corresponding TG data. In theory, distinct decomposition path-
ways result in the formation of different characteristic ions. Key
ions or typical series of fragments indicate the release of a given
gaseous species during the thermo-oxidative process. Accordingly,
the distinct molecular origins of the different processes can often
be determined.

During the thermo-oxidative degradation of ASR, TG-MS was
employed to identify the gaseous emissions corresponding to the
observed m/z values, as shown in Table 2. Emissions with m/z =44,
46, and 64 were mainly attributable to CO,,NO, and SO, as the most
probable parent molecules [1], which are especially problematic
species from an environmental viewpoint. A detailed identifica-
tion of the gaseous species evolved during the thermal treatment
up to 1000°C is also presented. Nitrogen was used for the inert
atmosphere because N, has the same molecular mass as CO, which
makes CO difficult to determine by mass spectrometry. No appre-
ciable changes were detected in the TG profiles.

3. Results and discussion
3.1. Thermo-oxidative process

As shown in Fig. 1, nitrogen was the representative gas of
the pyrolysis process. The final weight-loss ratio increased with
increasing concentrations of oxygen, indicating that the higher oxy-
gen concentration in the reaction gas resulted in the reaction’s
proceeding to completion. As the oxygen concentration increased,
the final weight-residual ratio of the ASR decreased from 43.4%

Table 2
Relationships between mass number (m/z), fragment and probable parent molecule.

mfz Key fragment Probable parent molecule
2 Hy* H;

15 CHs3* CHa

30 CyHg*, NO* CyHg, NO

44 CO,*, N,O* CO3, N,0

46 NOy* NO,

64 SO,* SO,
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Fig. 1. TG curves of ASR degradation under different atmospheres at a heating rate
of 30 Kmin~'.

to 10.1%. The weight-residual ratio of the ASR was 43.4% nitrogen
(mass percent) with a volatile composition of 56.6% (mass percent),
which approximates the volatile composition percentage of ASR
obtained using proximate analysis (52.71%).

There was only slight weight loss at temperatures lower than
200°C, which was attributed to water volatilization from the ASR.
However, the weight of the ASR decreased rapidly at tempera-
tures ranging from 250°C to 550°C. A considerable quantity of
volatile components was emitted in this stage, suggesting that
polymers in the ASR were decomposed into volatile components
with smaller molecular weights. Note that the thermo-oxidative
emission processes of each component clearly changed because
the compositions of the ASR samples exhibited complications at
this stage. As shown in Fig. 1, the curve of TG under the nitrogen
atmosphere revealed that the volatile compounds were separated
with asphaltum oil and gas released over the 250-550°C range. At
temperatures exceeding 500 °C, no obvious weight-loss peaks were
observed because a second gas emission stage occurred. The car-
bon generated during the decomposition process of the ASR reacted
with oxygen, yielding such gases as CO, CO,, Hy, and CHy. Finally,
the thermo-oxidative process was complete as the temperature
approached 720°C.

3.2. Gas emissions

A mass spectrometry analysis was employed to evaluate gas
species based on their molecular masses corresponding to mass
number (m/z) signals. A series of experiments are depicted in
Figs. 2-10. The gas species, which evolved throughout the ther-
mal chemical processing of ASR samples at temperatures of up
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Fig. 2. H, emission as a function of temperature under different atmospheres.
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Fig. 3. CH,4 emission as a function of temperature under different atmospheres.
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Fig. 4. NO; emission as a function of temperature under different atmospheres.
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Fig. 5. NH; emission as a function of temperature under different atmospheres.
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Fig. 6. HCN emission as a function of temperature under different atmospheres.
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Fig. 7. Emission characteristics of NH3, HCN and NO2 as functions of temperature
under different atmospheres (a: N, =100; b: N,:0, = 80:20).
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Fig. 8. C2Hg and NO emissions as functions of temperature under different atmo-
spheres.
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Fig. 10. SO, emissions as a function of temperature under different atmospheres.
to 1000°C, can be analyzed by the appropriate m/z signal. Previ-
ous studies have shown that thermal reaction processes depend on

the atmosphere, including nitrogen and mixtures of nitrogen with
oxygen. The gas evolutions are discussed in the following sections.

3.2.1. Permanent gas evolution

To explore the emission of gases produced by the degradation
of the ASR samples, the following reactions between gases, steam,
and carbon (char) should be considered [18]:
Oxidation C(s) + O3 < CO; Q = 407.4kJ/mol (1)
Partialoxidation C(s) + 1/20, <+ CO Q= 126.4k]J/mol (2)

Boudouardreaction C(s) + CO; <> 2CO Q= —-173.8k]/mol  (3)
Steamcarbonreaction C(s) + H,O < CO + H, Q= —131kJ/mol

(4)

Watergasshiftreaction CO + H,0 < CO; +H, Q = 43.47kJ/mol

(5)
Methanesteamreforming CH4 + H,O < CO + 3H,
Q= —-206.4k]/mol (6)
Methanedryreforming CH4 + CO, <+ 2CO + 2H,
Q = -247.3kJ/mol (7)
Methanation C(s) + 2H; <+ CHy Q= 74.82k]/mol (8)

The value of m/z=2 corresponds to the emission of hydrogen,
which is regarded as a clean energy source with a high caloric
value of 41.22 MJNm~3. The maximum emission level of hydrogen
for ASR occurs when nitrogen is employed in the heating atmo-
sphere. Fig. 2 shows that increased temperatures favor hydrogen
production, possibly because hydrogen production has a preference
for Reactions (4)-(7). As the reactions proceeded, the hydrogen
concentrations in the effluent gas decreased slightly, due to the
occurrence of methanation in Reaction (8). In particular, Fig. 2 indi-
cates that the rate of hydrogen generation increased significantly
at 470 °C when the C—C and C—H bond breaking reactions become
thermally activated.

Hydrocarbons were released primarily over a temperature
range of 260-620°C, which can be directly observed by following
the trend of the m/z=15 ion current in Fig. 3. Methane is produced
in the fragmentation process of every methyl-containing organic
compound. For the pyrolysis process, an intense peak occurs at
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475°C under a nitrogen atmosphere. We found that the high-
est methane emission level appeared under an inert atmosphere
(100% nitrogen), which corresponded to the simulated pyrolysis
process. Methane emission levels decreased as oxygen content
increased. Such differences can be observed under different heat-
ing conditions that simulate the thermo-oxidative process. Note
that methane emissions peaked at the second shoulder of the
devolatilization stage, during which stage organic polymers were
further decomposed.

3.2.2. Pollutant gas evolution

There is a growing interest in the removal of organic carbon
and acidic gases, such as SO, and NOy, from flue gases. It is well
known that such gases can cause severe acid-rain events, ozone
destruction, and global warming [3]. The emission characteristics
of these components from ASR thermo-oxidative degradation reac-
tions depend largely upon the S and N content of the ASR to be
processed. Generally, most of the sulfur in ASR is released as SO,
during thermo-oxidative processing. Malkow [19] reported that the
gasification processes can handle plastic waste mixtures and that
high carbon conversion is achieved at high temperatures with low
tar production.

Nitrogen dioxide generation corresponds to a TG-MS peak at
m/z=46. Numerous investigations have demonstrated that NOy is
the dominant component of photochemical fog and acid rain. As
indicated in Fig. 4, no NO, is produced during pyrolysis under a
100% nitrogen atmosphere (without oxygen). NO, concentrations
increased with increasing oxygen fractions in a mixture of N, and
0,. This result means that an increased availability of oxygen pro-
moted the release of fuel nitrogen from the solid into the gas phase
with respect to other dry components. The same conclusions were
obtained by Chen et al. [20] using coal pellets. Under an oxygen
atmosphere, in Figs. 4-6, NH3 and HCN reached their maximum
levels during coal pellet combustion, whereas NO, concentration
increased as the temperature increased to 480 °C. It has been exper-
imentally shown that the most fuel NOyx that is released during
devolatilization is converted to HCN, which is consistent with the
findings of Ponzio et al. [21]. Furthermore, the release of NO,
decreases with increasing oxygen concentrations. However, the
emissions of NH3 and HCN decrease with increasing oxygen con-
centrations. As illustrated in Fig. 7, the total amount of NOy emitted
during the thermo-oxidative process can be calculated by summing
the emissions of HCN and NH3 from the ASR gasification process.
Small volatile molecules are released first, and fuel-nitrogen subse-
quently decomposes to NOx and N5 via a series of radical reactions.
Nitrogen dioxide was released through the ignition stage under
thermo-oxidative heating atmospheres.

The formation mechanism of NOx from fuel nitrogen is more
complex. During the devolatilization of ASR, a portion of fuel
nitrogen is released with the volatiles, and the remaining part is
retained in the char. NOy is generated by two routes; one is through
the gas phase oxidation of nitrogenous groups in the volatiles, and
the other is through the heterogeneous oxidation of char-bound
nitrogen species. In the former case, NH3 can decompose into
NH; and NH radicals, which can either be oxidized by oxygen to
produce NO or react with available NO and OH radicals to yield
N,. Accordingly, NH3 is both a source and a reducing agent of NO
radicals, depending upon the prevailing circumstances. The other
volatile nitrogenous component, HCN, can decompose to NCO with
the help of an oxygen radical; therefore, NCO can react with NO
to form N, O [22]. With respect to the char-bound nitrogen, single
particle combustion experiments showed that the main nitrogen
species formed during the combustion of char are N, O and N, with
NO concentrations being higher than N, O concentrations and with
NO and N, O formation being proportional to the degree of carbon
burn-out [23]. N,O formation is highly temperature-sensitive, as

this species decomposes to N, and O, at temperatures higher than
900°C. In summary, NHj3 is the dominant nitrogen species released
during ASR pyrolysis.

As illustrated in Fig. 8, ethane and nitrogen monoxide are both
identified at an m/z value of 30. No emissions are also detected
at m/z=46, and the shoulder of the curves correspond to ethane.
For the m/z=30 and m/z=46 curves, it can be concluded that NO
emissions might be associated with the ignition-and-burning stage,
although N, 0 emissions occurred at the final volatilization phase
when the atmosphere is totally reactive. At the devolatilization
stage, NO, could be observed, and ethane was released. No ignition
occurred under a nitrogen atmosphere; accordingly, the m/z=30
curve must have only been associated with ethane, and these emis-
sions attained their maximum value under these conditions.

Fig.9indicates that CO, and N, O emissions were associated with
m/z =44, and, as described, the MS ion curves of carbon dioxide cor-
respond to an m/z value of 44 for all the samples studied, as shown
in Table 2. N, O was released during the ignition-and-burning stage.
As mentioned previously, CO, emissions were observed under all
heating atmospheres for ASR, but lower emissions occurred under
gasification atmospheres (N, 95, N, 90 and N, 80). Clearly, the
CO, evolution trend presents two overlapping peaks at 240 and
320°C followed by a shoulder at 430°C and by less intense peaks
at 610 and 700°C. Nevertheless, this signal is also present in the
mass spectrum of CO, and even in the fragmentation pattern of
other species, which are released in lower amounts. This ion cur-
rent presents two overlapping bands at 240 and 325 °C followed
by a broad peak at 470 °C (corresponding with the evolution of the
hydrocarbon mixture) and by two more intense peaks at 710 and
760°C.

SO, emissions in a pulverized flame were strongly dependent
on the sulfur content of the ASR. For combustion, 90-100% of the
sulfur in the ASR was converted into SO,, with a higher fuel S input,
resulting in linearly higher SO, emissions.

SO, was emitted at an m/z value of 64, as shown in Fig. 10. Emis-
sions of SO, were detected under all heating atmospheres. The peak
of SO, concentrations appeared under N;/O, =80/20 because the
higher oxygen concentration produced greater SO, yields. SO, was
formed under the 100% nitrogen atmosphere, due to the presence
of oxygen in the ASR composition. One can thus observe that SO,
emissions increase with increasing oxygen concentrations.

4. Conclusions

From the previous investigation, we can make the following
conclusions.

(1) As the oxygen content increases, the final weight-residual ratio
of the processed ASR declines from 43.4% to 10.1%.

(2) The maximum emission of hydrogen for ASR occurred when
the heating atmosphere was entirely nitrogen. Less hydrogen
was emitted under gasification atmospheres containing oxy-
gen. An increase in temperature resulted in increased hydrogen
production.

(3) The maximum methane emissions for ASR processing were
observed under a totally inert (100% nitrogen) atmosphere.
Methane emissions decreased as atmospheric oxygen content
increased. For ASR, the greatest methane emissions occurred
at the second shoulder of the devolatilization stage because
organic polymers were emitted during that stage.

(4) A peculiar characteristic of ASR is its content of nitrogen. NH;
is the dominant nitrogen species released during the thermo-
oxidative treatment of ASR.
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In summary, the thermo-oxidative treatment of ASR by gasifi-
cation appears to be an attractive alternative for sustainable waste
management. Furthermore, apart from the energy recovery and
environmental discharge considerations, the absence of landfilling
costs is another factor that promotes the use of thermo-oxidative
treatment.
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