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a b s t r a c t

Pyrolysis enables to recover metals and organic feedstock from waste conglomerates such as: automotive
shredder residue (ASR). ASR as well as its pyrolysis solid products, is a morphologically and chemically
varied mixture, containing mineral materials, including hazardous heavy metals. The aim of the work is
to generate fundamental knowledge on the conversion of the organic residues of the solid products after
ASR’s microwave pyrolysis, treated at various temperatures and with two different types of gasifying
agent: pure steam or 3% (v/v) of oxygen. The research is conducted using a lab-scale, plug-flow gasifier,
with an integrated scale for analysing mass loss changes over time of experiment, serving as macro

◦

icrowave pyrolysis
igh temperature agent gasification
yrolysis rate
asification rate

TG at 950, 850 and 760 C. The reaction rate of char decomposition was investigated, based on carbon
conversion during gasification and pyrolysis stage. It was found in both fractions that char conversion
rate decreases with the rise of external gas temperature, regardless of the gasifying agent. No significant
differences between the reaction rates undergoing with steam and oxygen for char decomposition has
been observed. This abnormal char behaviour might have been caused by the inhibiting effects of ash,
especially alkali metals on char activity or due to deformation of char structure during microwave heating.
. Introduction

The automotive industry generates worldwide about
0 million tones of waste every year [1]. Presently, roughly
5% of a vehicle’s weight is recovered, mostly its metal contents.
he remaining part of 25% seeks for an appropriate waste man-
gement system apart from land-filling. This remaining part is
echanically processed to a fraction called automotive shredder

esidue (ASR) or “car fluff”.
ASR is a complex mixture containing a variety of materials,

ome of which may be toxic or potentially harmful. In the recov-
ry process, useful and possessing higher value materials have to
e separated and the hazardous species neutralized or destroyed.
agnetic and mechanic separation is used to separate ferrous
aterials, non-ferrous materials and fluff [2]. Separation is, how-

ver, not ideal thus foreign fractions can always be found in the
ain fraction. Fluff consists of plastics, rubber, paints, textiles,
eramics, glasses, metals and other materials [1–6]. Its exact com-
osition can vary a lot, since ASR derives from different year, type
nd brand of vehicles. Nevertheless, the organic part of ASR (poly-
ers, rubber, textiles, fibers, etc.) contributes to about 50–80% of
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ASR weight, which suggests treating ASR with thermal methods
for feedstock and energy generation. It also contains heavy metals
including copper, aluminium, lead, cadmium, chromium and others
which should be recycled due to their harmful effects on the natu-
ral environment. Poly-vinyl chloride (PVC) and halogen-containing
materials should be removed before thermal treatment [4–6].

The most common and cost-efficient method of handling ASR
is energy recovery via combustion [7,8]. However, the drawbacks
of combustion such as: low energy efficiencies (13–24%), fouling
and slugging problems, along with emissions of following pol-
lutants HCl, SOx, NOx, HF and VOCs call for other methods of
ASR treatment. Among the most promising methods are pyrol-
ysis [9–13] and/or gasification [14–18]. In case of ASR, one of
the most important advantages of the pyrolysis and gasification
over combustion is that, that the process is conducted under an
oxygen-free/oxygen-lean, respectively, and relatively low oper-
ating temperature conditions (500–1000 ◦C). The first process,
pyrolysis, turns organic matter into volatile hydrocarbons (both
is liquid and gas phase) and solid charcoal, meanwhile gasifica-
tion generates synthesis gas (producer gas). Both gasification and
pyrolysis’ products can be used for an energetic purpose, directly,

or can be utilized as an intermediate raw resource for feedstock (i.e.
feedstock recycling). Therefore, both highlighted processes, enable
thermo-chemical recycling of an organic content of ASR in which
value-added feedstock is generated, whilst most of metals remain
densified in solid residues. Furthermore, metals contained in ASR

dx.doi.org/10.1016/j.jhazmat.2010.09.056
http://www.sciencedirect.com/science/journal/03043894
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hould be recycled not only from an environmental point of view,
ut also because they have high marketable values. Even though the
etals content in fluff can be relatively low (in the range of 5–10%),

hey should be recovered with the highest possible yield. However,
long with metals in solid fractions after pyrolysis, a significant
mount of char/coke is formed – up to 50% of product distribution
10,11].

In current paper ASR was pyrolysed using a novel microwave
echnique [10,11]. In this process, (similarly to microwave cook-
rs) a magnetron generates microwaves that induce the oscillations
f certain molecules, mainly dielectrics. The frequency of waves
s set to attract hydrocarbon – a main constituent of polymers.
he heat is generated volumetrically within the material so the
aterial is heated up more uniformly from inside [10,11,19–23].

hus improved heating efficiencies are achieved as compared with
onventional techniques that use external heating sources [20].
owever, the heating induced by microwave is selective to the type
f material which differs in its response to microwave radiation.
he materials can be grouped into three types according to their
nteractions with microwave: (a) conductors which reflect radia-
ion, creating on the surface eddy currents; (b) insulators which are
ransparent for radiation; (c) dielectrics which absorb microwave
adiation [22]. Thanks to these properties of microwave radia-
ion, this technique found many applications involving heating i.e.
rying, synthesis, pyrolysis, etc. Due to the good thermo-isolative
roperties of plastics, the heat absorbed for pyrolysis, can be used
ore effectively (Forsgren) [11]. Therefore similar product distri-

ution can be obtained for relatively lower temperatures compared
ith conventional pyrolysis. From the other hand the difference in

bsorption of microwave radiation by different substances creates
ome difficulties for handling mixtures like waste in order to main-
ain a stable operation (mainly temperature) conditions. This was
bserved by Forsgren [11] who noticed that charcoal (carbon black)
resent in tires, as a good dielectric, absorbs microwave radiation
ith a higher efficiency. He also found that it is capable of generat-

ng at the same input power, local hot-spots of over 1000 ◦C inside
he waste mixture, but for the same conditions the polyurethane
oams can be barely heated up to 200 ◦C.

This has an effect on solid residues after microwave treatment of
SR, in which the char structure should be less uniform compared
ith the pyrolysis using external heating systems. Also porosity

f char can be reduced which will effect on heterogeneous car-
on – steam and carbon oxygen reaction rates [10,16,19,20]. The
reatment of ASR using microwave pyrolysis reduces the volume of
aste up to 90% (75% by weight) and generates the product con-

isting 11–16% of gaseous, 22–30% of liquid and 59–62% of solid
roducts, dependently on a type of fraction used for investigations
10].

In order to decrease the stream of waste generation from pyrol-
sis and increase the process efficiency, the resulting solid fraction
eeds to be also utilized. This research suggests using the pyrolysed
har as a fuel for high temperature agent gasification (HTAG) pro-
ess. The use of HTAG is advantageous comparing to conventional
asification in terms of obtaining higher conversion of fuel to gas,
igher hydrogen yields and relatively lower tar content, which has
een found by number of researchers, involved in HTAG develop-
ent [16–18,24–28]. Hence, the application of HTAG to reduce the

ost-pyrolysis products would result in maximizing the material
nd energy recovery rates from a unit of waste/fuel. Such system
as been introduced and discussed in our previous work presented

n [10].

The aim of this paper is to provide the knowledge of the char

eactivity for steam and oxygen gasification in respect to two dif-
erent types of solid residues obtained from microwave pyrolysis
f a low and a high density fraction of ASR, respectively. This work
hould build a better understanding of an influence of microwave
Materials 185 (2011) 472–481 473

pyrolysis process on char formation and its reactivity with gasifying
agents which is desirable for designing the whole system.

2. Materials and methods

2.1. Sample pretreatment

In order to be able to apply sink-float separation method, mate-
rials that absorb water need to be removed. Therefore, raw ASR
was separated into “light” and “residual” fractions in an air sepa-
rator. The light fraction comprises materials absorbing water i.e.
expanded polyurethanes, lighter plastics and textiles. It also con-
tains fine metal particles sustaining in foamy materials which were
difficult to remove. After removing the light fraction, the residual
fraction was further treated by a magnetic separator and a wet-
process in which metals, PVC, ceramics were captured leaving the
mixture rich in thermoplastics, resins and rubber. This mixture cre-
ates a heavy plastic fraction. Both light and heavy fractions were
treated separately by means of microwave pyrolysis. The product
distribution comprises gaseous/liquid/solid products in the ratio
16/22/62 for the light fraction, and 11/30/59 for the heavy fraction,
respectively [10,11]. The generated solid residues after microwave
pyrolysis, which are the subject of this investigation, received the
corresponding nomenclature “Light Fraction” – LF and “Heavy Frac-
tion” – HF.

Both samples were shredded in a mortar and later grinded in
a knife miller to reduce a maximum particle diameter, then they
were sieved on mesh 0.5 mm. This procedure was repeated until the
sizes of the particles were below 0.5 mm. In order to improve the
grinding process, the sample was kept in liquid nitrogen to reduce
the sample temperature far below the glassy temperature.

2.2. Sample characterization

The pyrolysis experiments have been conducted by the Stena
Metall AB. The samples have been sent for further treatment using
HTAG. An ultimate and proximate analysis of solid products gen-
erated, separately, from the microwave pyrolysis is presented in
Table 1.

The light fraction after treating with a microwave pyrolysis
denoted 40% of organic carbons and 50% of ashes. This fraction is
referred in the current paper as a light fraction (LF). The ash content
in the LF is rich in zinc (Zn), iron (Fe) and aluminium (Al).

Contrary to LF, the ash content in HF is relatively low ca. 10% and
the organic carbon contributes to ca. 80% of the sample weight. Ash
composition in HF is also differing from LF, showing that its main
component is zinc as it is presented in Table 1.

2.3. Experimental set up and procedure

A unique high-temperature air/steam, batch-type reactor pow-
ered by a 10 kW burner build at Royal Institute of Technology
Stockholm, Sweden was used for char investigation. The general
view of this facility is showed in Fig. 1.

The system works in three different modes: heating up, main
process and cooling down. In the beginning the facility is heated
up by combustion of natural gas. Air and natural gas (CH4) is fed
to the burner (20) via the inlets (1). The ceramic honeycomb (3)
accumulates the heat from combustion that afterwards is used for
gasification or pyrolysis, dependently of gas going to be used.

For current investigations two types of gasifying agents were

used: steam or a 3% oxygen–nitrogen mixture. Dry steam of a tem-
perature around 180 ◦C and nominal pressure of 2 bars generated
in a steam boiler or a mixture of 3% oxygen enters the system via
one of the inlet (1). The gasifying agent while passing through a
ceramic honeycomb is rapidly heated up to desired temperatures,



474 P. Donaj et al. / Journal of Hazardous Materials 185 (2011) 472–481

Table 1
The proximate and ultimate analysis of tested material.

Analysis Symbol Units Heavy fraction Light fraction Method

Proximate analysis
Moisture W % 0.8 2.34 IB/TL/26/01:2008 met. gravimetric
Ash A % 9.11 49.74 IB/TL/31/01:2008 met. Thermogravimetric
LHV Q kJ/kg 32,124 14,982 IB/TL/07/05:2007 met. calorimetric
Volatiles V % 20.3 27.67 IB/TL/28/01:2008 met. gravimetric

Ultimate analysis
Dry basis

Carbon C % 84.58 38.76 IB/TL/30/01:2008 IR absorption
Hydrogen H % 2.82 2.67 IB/TL/30/01:2008 IR absorption
Sulfur S % 1.01 1.18 IB/TL/29/01:2008 IR absorption
Nitrogen N % 0.12 3.58 IB/TL/30/01:2008 met. calorimetric
Oxygen O % 2.3334 3 By difference
Chlorine Cl % 0.0266 0.6044 PN-ISO 587:2000 p7.2.1. met. Titration

Ash composition
Zinc Zn ppm 10,534 9508 IB/TL/04/04: The analysis have been preformed with

plasma spectrometer: ICP OES using ASCRM-010 as the
reference substance.

Copper Cu ppm 76 1199
Lead Pb ppm 50 1253
Nickel Ni ppm 20.1 292
Chromium Cr ppm 17 605
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Cadmium Cd ppm nd
Manganese Mn ppm 66
Aluminium Al ppm 2516
Iron Fe ppm 2524

hich is measured by the S-type thermocouple (19). The maximum
perating temperature can be around 1050 ◦C. The initial tempera-
ure of the gas should be higher for about 100 ◦C than the expected
emperature for the experiment. The honeycomb, in addition, can
eep a homogeneous temperature distribution inside the reaction
hamber and constant delivery gas temperature for about 12 min.
he reaction chamber is a tube of a diameter 80 mm. In this study
fine powdered sample, in amount of approximately 2 g, is placed

n a cylindrical basket (18) specially designed for the purpose of
he current investigations. The basket is attached through a thin

latinum wire (6) from the top of the reactor to the digital scale
7) which is fixed above the tight-air hatch of facility (8). The wire
asses through a small hole drilled through the hatch of the gasi-
er but can freely move inside. A small and controlled amount
f nitrogen is added via inlet (5) in order to create overpressure,

ig. 1. Small lab scale batch type gasifier: 1-air, methane, oxygen, nitrogen, steam inputs;
itrogen input; 6-tiny wire; 7-digital balance; 8-hatch; 9-exhaust; 10-cold water supply;
rap; 15-first iso-propanol trap; 16-water trap; 17-glass window; 18-basket with sample
91 IB/TL/08/04:
,057
,677

which will prevent uncontrolled air penetration into the reaction
system. The basket within a portion of approximately 2 g of sample
can be hanged in two positions: inside the cooling chamber above
the reaction zone, fed with nitrogen (for conditioning, adjusting
present parameters, initial sample scaling etc.) and in the middle
of the reaction chamber for the mass loss measurements. The bas-
ket has an 8 mm diameter, 80 mm height and mesh size diameter of
40 �m. It is made of cobalt and nickel based-alloy resistant for tem-
peratures up to 1200 ◦C. The balance measures the weight of sample
with accuracy up to 0.01 g and the response time of scale is 0.5 s. It

continuously records the mass loss of sample during the process.
The mass decrement, ambient/steam temperature are recorded on
PC within the 1 s intervals. The system works as a batch, plug-flow
reactor since the hot streams of gases are continuously supplied to
the reaction chamber, passing through the mesh basket within the

2- combustion chamber; 3-honeycomb; 4-heat insulation; 5- cooling chamber with
11-water sink; 12, 13 input to gas analyzer; 14-water coil cooler with iso-propanol
s and thermocouple; 19-thermocouple; 20- nozzle with mixing chamber.
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Table 2
List and conditions of experiments.

Char type Agent type Agent tem

Light fraction Steam, 6 g/min 750
830
950

3% O2 97% N2, 5 l/min 750
850
950

Heavy fraction Steam, 6 g/min 750
830
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950
3% O2 97% N2, 5 l/min 750

850
950

ample inside, and ending up into the exhaust system (9). Some
ortions of the exhaust gases (flue gas or syngas) are sucked into
he on-line gas analyzer (12,13), which indicates the process per-
ormance and actual CO2, CO and O2 concentration. Concentration
f O2 is carried out using M&C Analysentechnik instrument, type
MA 25, equipped in a paramagnetic detector, while CO and CO2
oncentrations were measured using Maihak analyzer type MUL-
OR 610 equipped with a non-dispersive infra red detector (NDIR).
efore the gas enters to the gas analyzers it passes through the
ondensation-cleaning unit, which consists of one water trap (16),
wo iso-propanol traps and a water coil cooler (14,15).

After an experiment is completed, the basket with remaining
esidues is lifted up to the cooling chamber, where subsequently
s scaled and quenched by the cooling nitrogen to approximately
00 ◦C.

Table 2 shows the list of experiments and parameters which
ave been investigated in the work.

.4. TG experiments

The thermogravimetry tests have been conducted on Perkin
lmer TGA7 instrument. Throughout the whole experiments the
urge gas (air) was added with rate of 25 ml and the balanced gas
nitrogen) was added with rate of 50 ml. The temperature has been

easured via thermocouple placed inside the furnace. The thermo-
ouple was calibrated for the range of temperature 50–1030 ◦C.

The start up temperature was set on 105 ◦C. Then, the temper-
ture was holding for 10 min and subsequently, non-isothermal
emperature scan with heating rates of 10, 20, 40, 60, 100 ◦C/min,
espectively, vs. mass loss and derivative of mass loss have been
lotted.

The mass of sample was 5 ± 0.5 mg. The sample was grinded and
ieved to the particle average diameter of 0.5 mm. Then, the sample
as inserted to a sample holder. The sample holder was hanged
p on the hookup platinum wire. After balanced, the furnace was
aised automatically to cover the sample holder.

. Results and discussion

The conversion of material was estimated based on normalized
sh free basis and calculated accordingly to the Eq. (1):

i = wi − Aw0

w0 − Aw0
(1)

hus, the reaction rate can be written as in Eq. (2):
i = dx

dt
× 100% (2)

here: wi and w0 are actual and initial net weights of the sample
g], A is the weight fraction of ash taken from Table 1 [g/g] and r is
eaction rate [%/s].
Materials 185 (2011) 472–481 475

perature [◦C] Sample weight [g] Name of experiment

2.01 LF S 1
1.98 LF S 2
2.03 LF S 3
2.03 LF O 1
1.97 LF O 2
2.00 LF O 3

2.02 HF S 1
1.99 HF S 2
2.03 HF S 3
1.98 HF O 1
2.02 HF O 2
1.99 HF O 3

Figs. 2 and 3 show the normalized mass loss (left vertical axis)
and reaction rate (right vertical axis) vs. elapsed time, for the
gasification of the two types of solid products derived from the
microwave pyrolysis of light fraction (LF) or heavy fraction (HF),
using either steam or 3% of oxygen as the gasifying agent, respec-
tively.

In general, the mass loss and also derivative of mass loss exhibit
a similar behaviour in respect to both agents that have been used
for current investigations: three stages can be distinguished which
correspond to different phenomena. Initially, a massive decrement
of sample’s weight is observed which lasts for about 150 s and
occupied 20–40% of mass loss. This is the fastest part of the pro-
cess; it denotes maximum decomposition rate and contributes to
pyrolysis. Subsequently, the gasification of char appears while the
pyrolysis still keeps on going which corresponds to stage 2 in
Figs. 2 and 3. In this stage pyrolysis and gasification reactions are
overlapping and the reaction rate decreases about six times which
appears as a second maximum on derivative plot. This takes another
two hundreds seconds and consumes further 10–20% of mass loss
for the light fraction and barely difficult to be observed for the heavy
fraction. After this intermediate step a third stage appears, when
the pyrolysis process is completed and only slow process of char
gasification undergoes consuming remaining carbon. This stage
denotes almost constant reaction rates varying between different
cases from 0.03 to 0.06%/s for oxygen gasification and 0.02–0.03%/s
for steam gasification. In the case of LF the main sample decom-
position contributes to the pyrolysis process and occurred in the
first 100 s of the process. This process is promoted for lower tem-
perature experiments (see Fig. 2). The characteristic intervals, mass
losses, maximum and average reaction rates corresponding to each
of discussed stages are presented in Tables 3A and 3B, for LF and
HF, respectively.

The results indicate also that the steam gasification positively
influences on the pyrolysis rate, which is higher roughly 25% com-
pared with process carried out under oxygen for the corresponding
temperatures. Similarly to experiments performed on light fraction,
the char from heavy fraction also exhibits the decreasing of overall
reactivity of char with the raise of temperature, which contributes
to different values of final conversion degree at the same time inter-
val. However, decomposition through pyrolysis and gasification
proceed differently with respect to the temperature of the gasi-
fying agent. Regardless of the kind of agent used for investigations,
the decomposition rate of HF through the pyrolysis process (stage
1) increases with the raise of temperature, but further decompo-
sition of sample through gasification of char shows an opposite
relation. The effect of an agent has not a significant influence on

pyrolysis, favouring, however, the process undergoing with steam
at higher temperatures. This can be contributed to the fact that
higher heating rates promote the pyrolysis rate. It can be seen
from Fig. 3 that the higher heating rate (which is more intensive
for a process at higher temperature) stimulates a pyrolysis rate
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ig. 2. Normalized mass loss and reaction rate for gasification of LF: (a) using 3% of

nd reduces the time needed for reaching maximum reaction rate.
he pyrolysis rates for experiments with steam in respect to HF
n a raising temperature order from 750 ◦C to 950 ◦C showed a
aising trend, whereas in respect to LF the trend is opposite (see
able 3B). Similarly, the process undergoing with the mixture of 3%

f oxygen, at the raising temperature order, indicates that pyrol-
sis rates with respect to HF increases and in respect to LF shows
decreasing trend (see Tables 3A and 3B), at the corresponding

emperatures.

able 3A
ollected results of mass and reaction rates for gasification of the solid residues after mic

LF Obtained result Unit LF S 1 LF S

Period External gas temp ◦C 950 850
Stage 1 Duration of period (t) s 130 150
Stage 2 Duration of period (t) s 295 425
Stage 3 Duration of period (t) s 500 400
Stage 1 Mass loss (x) % 34.95 44
Stage 2 Mass loss (x) % 16.92 21
Stage 3 Mass loss (x) % 12.08 10
overall mass loss (xf) % 63.95 76
Stage 1 Maximum rate (rmax) %/s 0.482 0
Stage 2 Maximum rate (rmax) %/s 0.121 0
Stage 3 Maximum rate (rmax) %/s 0.046 0
Stage 1 Average rate (rav) %/s 0.251 0
Stage 2 Average rate (rav) %/s 0.072 0
Stage 3 Average rate (rav) %/s 0.022 0
600 800 1000

[s]

n at 750, 850 and 950 ◦C and (b) using high temperature steam, respectively.

Another important observation in current investigations is that
the intermediate step, in which both pyrolysis and gasification pro-
cess are located (stage 2), is not well distinguishable for HF as it was
for LF. Both these phenomena suggest that LF is less decomposed
and has a higher content of un-reacted materials compared to HF.

Hence, due to the fact that foaming materials (comprising raw LF),
absorb microwave radiation less, and the heat conduction within
the material is reduced due to the low density and high porosity
of the sample it is believed that the pyrolysis mechanism governs

rowave treatment of the light fractions of ASR.

2 LF S 3 LF O 1 LF O 2 LF O 3

750 950 850 750
150 130 95 130
275 295 280 275
500 500 500 500

.82 53.44 24.38 36.21 37.78

.49 11.09 22.85 23.86 16.02

.24 14.28 16.6 11.7 24.45

.55 78.82 63.82 71.77 78.24

.596 0.655 0.437 0.502 0.669

.106 0.065 0.112 0.165 0.119

.035 0.04 0.051 0.067 0.077

.315 0.371 0.154 0.278 0.292

.063 0.037 0.068 0.094 0.073

.024 0.027 0.026 0.046 0.059
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decomposition process differently with respect to LF and HF and
his has an influence of char properties. The influence of microwave
yrolysis was greater for HF than it was for LF and this has a direct
onsequence on the differences in samples’ behaviour exposed to
n external heating source in the current investigation.

able 3B
ollected results of mass and reaction rates for gasification of the solid residues after mic

HF Experiment Unit HF S 1 HF S 2

Period External gas temp ◦C 950 850
Stage 1 Duration of period (t) s 130 130
Stage 2 Duration of period (t) s 20 90
Stage 3 Duration of period (t) s 1000 1000
Stage 1 Mass loss (x) % 32.34 28.
Stage 2 Mass loss (x) % 1.01 2.
Stage 3 Mass loss (x) % 5.13 20.
Overall mass loss (xf) % 38.48 50.
Stage 1 Maximum rate (rmax) %/s 0.486 0.
Stage 2 Maximum rate (rmax) %/s 0.017 0.
Stage 3 Maximum rate (rmax) %/s 0.012 0.
Stage 1 Average rate (rav) %/s 0.253 0.
Stage 2 Average rate (rav) %/s 0.014 0.
Stage 3 Average rate (rav) %/s 0.006 0.
800 1000 1200

]

en at 750, 850 and 950 ◦C and (b) using high temperature steam, respectively.
During char gasification (stage 3) both tested fractions exhibit
nearly linear decomposition of sample and thus gasification reac-
tion rate becomes a constant value, depending on temperature of
the gasifying agent. Normally, the increase of temperature accel-
erates the reaction rate, at least kinetics and diffusion. However,

rowave treatment of the heavy fractions of ASR.

HF S 3 HF O 1 HF O 2 HF O 3

750 950 850 750
90 110 110 110
90 40 60 115

1000 1000 1000 1000
44 17.36 27.5 21.85 23.99
48 2.8 0.47 4.15 3.9
05 31.9 27.58 33.4 39.7
97 52.06 55.55 59.4 67.59
444 0.265 0.427 0.287 0.335
033 0.226 0.047 0.099 0.054
031 0.040 0.041 0.053 0.055
21 0.145 0.236 0.192 0.204
027 0.158 0.013 0.093 0.030
025 0.033 0.026 0.030 0.043
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Fig. 4. Maximum pyrolysis rate (solid lines) and maximum gasificatio

he results, presented in Figs. 2 and 3 show differently: when the
emperature rises, the overall decomposition rate slows down and
he conversion reaches lower values. This phenomenon is clearly
een in Fig. 4, which shows the maximum pyrolysis and gasification
ates, with respect to the agent temperature.

In all analyzed cases the reaction slows down with the increasing
emperature of the agent. In particular, for HF at steam tempera-
ure of 950 ◦C the char gasification becomes almost 6 times slower
han for the same sample at 750 ◦C. Moreover, the reaction rates
etween oxygen and steam gasification are comparable, which
uggests that the process is neither controlled kinetically nor by
iffusion, because otherwise the oxygen which is more reactive and
as a higher diffusivity than steam would significantly increase the
eaction rate. It also demonstrates that both intrinsic reaction rates
or oxygen and steam reaction are, in fact, much faster at these tem-
eratures since they are not influencing significantly on the overall
pparent reaction rate. The overall apparent reaction rate, is the
ne which is observed in Figs. 2 and 3, corresponds, in fact, to the
um of all effects of undergoing processes.

Although the average gasification rates (stage 3) are approxi-
ately two times higher for reactions with oxygen when compared

o steam, the difference should be much higher, unless the ash
nhanced a dissociation of steam into OH radicals and afterwards
ncreased reactivity of steam. This, however, does not provide an
xplanation for the reason why the reaction rates decrease when
he temperature goes up. Similar observation can be found for the
xperiments on HF (see Fig. 3). The reaction rates for gasification
how a little difference in reactivity between the steam and oxy-
en gasification. The only significant difference between LF and
F can be found in the pyrolysis regime. One explanation for this
ould be a different mechanism of microwave heating compared to
he conventional external heating systems i.e. inside the furnace.
he microwave radiation induces molecules of dielectric materi-
ls, causing oscillations [20,21]. The sample is heated up in the
irection from inside to outside and its more intensive for mate-
ial with higher density. However, the microwave induction poorly
xcites vapours and gases resulting in pyrolysis products, which
eans that secondary pyrolysis reactions are not favoured. So the

ransfer of pyrolysis products from the overheated solid particles
s restricted. This may strongly influence on char structure.
The light fraction denotes higher contribution of pyrolysis
rocess and intermediate stage in its overall conversion degree
ompared to the heavy fraction. It suggests that the light fraction
as higher content of volatile matter. This could be a consequence
f low absorption of microwave radiation by the material of lower
1000

]

(dashed lines) vs. the temperature of gasifying agent, for LF and HF.

density, which means that the material was partially not pyrol-
ysed. The heavy fraction shows opposite: in this case more than
50% of the mass loss accounts on gasification of char (excluding the
experiment “HF S 3”). This has an influence on the overall conver-
sion which shows the highest degree for the process conducted at
lower temperatures, regardless from the agent which was used.

The obtained results suggest an existance of three main factors
being responsible for decreasing char reactivity with a growth of
agent temperature:

• char nature (including properties of plastic char, ash content its
variety and composition),

• high temperature treatment (rapid heating rate and extensive
heating),

• microwave pyrolysis that creates uncommon char structure.

Although there have been reported many research works con-
ducted on microwave pyrolysis of biomass and biomass wastes
[19,21,22], unfortunately, there is lack of information in literature
resources dedicated to properties and structure of solid residues
generated from plastics waste after microwave treatment. Hence,
this part of discussion on our results will be referred to the available
literature resources focusing on biomass treatment hoping to find
at least similar tendencies to plastic char. However, plastic chars
have usually very low activity, compared to one obtained from
cellulose. This is due to the amorphous structure of char which
is form during melting, swelling and cracking of macromolecular
chain [29]. Another type of plastic char is created during secondary
and tertiary pyrolysis process at temperature above 800 ◦C in which
along with cracking reactions, the cyclization are promoted lead-
ing to form an aromatic structure. Subsequently, the generated
aromatic structure condenses to form polycyclic aromatic hydro-
carbons (PAHs) which are responsible for coke formation [29].

It is a well known fact that the history of char generation plays
a very important role for its further reactivity. A highly devel-
oped char possesses a porous, large surface area and promotes
solid–gas phase reactions. Huang et al. who pyrolysed rice straw
using microwave induced pyrolysis at different range of power
from 200 to 500W, which corresponds to different heating rates
and different sample temperatures, found that generated char has

different properties and structures, dependently on the applied
power [22]. They depicted that with an increase of microwave
power, the specific surface area increased as well as the tendencies
of total pore volume and mesopore volume, whereas the average
pore diameter denoted almost no difference between diameters.
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Fig. 5. TG and DTG in air atmosp

hey suggested that the specific surface area of solid residues pro-
uced by microwave pyrolysis might be considered “as a kind of
dsorbent”. They observed also that with an increase in microwave
ower which translates to pyrolysis temperature, the calorific value
f char increased to a certain degree, but after applying more power
han 350 W it reduces. The authors suggested that some of the
xed carbon might be pyrolysed when the power is high enough.
dditionally, high ash content found in ASR’s char would definitely
ontribute on the overall reaction rate; however both the catalytic
nd inhibitic effect is expected. Many researchers show its catalytic
ffect on the overall gasification or pyrolysis rates. However, an
nteresting study was conducted by Bazardorj et al., who showed
hat alkali and alkaline earth metallic species can change the cat-
lytic effect with the progress of the gasification [30] and after
ertain temperature inhibit reaction rate.

Nevertheless in case of current research, the ash content in both
nalyzed samples are very high (10% and 50% respectively) of the
ample weight. Such high concentration of ash suggests that it can-
ot be considered just as a catalyst but rather as an important factor
aking part in the whole process and contributing to it performance.
hus, one of the reasons for decreasing the overall reaction rate
ith increasing temperature could be the melting of inert materi-

ls (salts and metals) and thus creating physical “obstacles” for the
xidizer’s penetration into the carbon active sites. Therefore, met-
ls could be adsorbed in active carbon sites, blocking the access to
he oxidizer, and this would be enhanced for the process undergo-
ng at higher temperatures. This concept can be supported by the
esults obtained by Bradshaw et al. [21] who conducted research
n regeneration of activated carbon using microwave heating with
team in range of temperature 650–750 ◦C. They concluded that the
igher carbon activation was favoured at higher temperatures. In
his case higher agent temperatures can locally promote adsorption
f ash onto active carbon centres. This suggestion leads to a con-
lusion that even though, the high temperature agent promotes
ctivation of carbon at higher temperatures, the inert materials
ccupy the active sites slowing down the char–gas phase reactions
nd protecting against further carbon decomposition. This inhibit-
ng effect, fairly explains both the discussed phenomena: reducing
asification rate with the growth of temperature and the low sen-
itivity of the gasifying agent type on reaction overall reaction
ate.

Another factor influencing on the mass loss performance vs.
emperature of the gasifying agent is the heating rate. In order to

est an influence of heating rate on the interaction with the oxidizer,
G experiments using air as the purging gas have been conducted.
he influence of heating rate on the sample decomposition of HF
n an air environment using microbalance (thermogravimetry) is
howed in Fig. 5.
for HF at different heating rates.

This research showed a similar dependence between the heat-
ing rate and char reactivity, like it is seen in the batch, lab-scale
gasifier. More information about the TG tests can be found in our
previous studies presented in [16]. The results showed that dur-
ing the heating rate of 10 K/min, sample decomposition through
combustion proceeds rapidly after reaching approximately 630 ◦C
at 90% of mass conversion. However, with the increasing heating
rate the maximum decomposition of sample shifts towards higher
temperatures and conversion of sample decreases. For the fastest
heating rate (100 K/min) the process even at 930 ◦C is not com-
pleted and mass loss reaches only the value of 40% which is similar
to pyrolysis process. This indicates that the heating rate is a major
factor responsible for “abnormal” behaviour of tested material, in
which with the growth of reactor (agent) temperature the reac-
tion rate of char-oxidizer decreases. The heating rate of sample in
the lab-scale, batch reactor is varied, dependently on agent tem-
perature and fuel-to-oxidizer ratio in batch gasifier, in the range
of 1–8 K/s, which was reported in [10]. This puts some light on the
explanation of the reason of decreasing reactivity with increasing
agent temperature. In this sense it is believed that for higher heat-
ing rates the diffusion of hot agent to the particle is limited due to
swelling and melting of polymers residues present in samples and
existing of the high pressure barrier caused by released volatiles.
In such conditions the oxidizer has a restricted access inside the
particles and flows around them. In this case the oxidizer at higher
temperatures is consumed as a pyrolysis agent but not as reactant.

This is also in agreement with observations carried out by Kana-
trelis [18], who conducted investigation on pyrolysis’ kinetics of
electric and electronic wastes in highly preheated agents. They
pointed out that, the higher heating rates decreases diffusion of
volatiles from the particles to the gas phase. This, along with the
internal gradients within a sample may generate local tensions and
cracks, which affect the carbon matrix and increase its porosity.
This factor increases in the reactivity of char and speeds up the
pyrolysis process. However, there is another phenomenon which
takes place during extensive heating; the rearrangement and defor-
mation of char structures (e.g. shrinkage of char), which inhibits
decomposition. This could be an effect of decreasing pyrolysis rate
with increasing agent temperature observed for LF (see Figs. 2 and 3
for stage 1).

Another reason for which it may have a high contribution to
the phenomenon of the reduction oxidizer-carbon reaction rate
with the growth of temperature, could be in the mechanism of

the char formation and the history of its development. The char
itself is varied because of the variety in raw ASR’s composition.
Nonetheless, it is presumed that, the microwave pyrolysis produces
a char of the highly diverse morphological structure and composi-
tion, because of the difference in microwave absorption by different
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aterials comprising ASR; e.g. existing of local hot spots. In this
ase it is believed that, the porosity structure of char has not been
ell developed during microwave pyrolysis, especially when the

har derived from plastic mixture which occupied the lion part of
he organic compound found in raw ASR. The char obtained from
lastics is poorly formatted because most of plastics are thermally
ecomposed to gaseous and liquid hydrocarbons. Therefore, the
olid structure has much lower activity than a one generated from
iomass on coal [29].

This suggestion is supported by the results obtained by Wang
t al. [19], who conducted research on microwave pyrolysis of
ine sawdust. The researchers pointed out that with increasing the
yrolysis temperature from 400 ◦C to 600 ◦C the pore size of chars
ecreased gradually. They also suggested based on SEM photogra-
hy that char could melt and deform resulting in shrinking and even
losing of pores at higher temperatures. On the other hand, rapid
eating up of the material would effect on structure of deformated
har, which in turn reduces its reactivity.

However, it is not well recognized which of the identified source
as a dominating effect on whether the declining char reactivity
ith the growth of temperature is a material property or an effect

f the microwave treatment that changed drastically the structure
f char.

. Conclusions

The current work shows the results of treatment of the solid
esidues after microwave pyrolysis using two different type of oxi-
izing agents: steam and 3% oxygen at temperature ranges between
00 ◦C and 950 ◦C. Similarly to the virgin ASR the solid products
fter pyrolysis are much diversified, both in their morphological
tructure and material composition. The results reveal, however,
wo undesirable phenomena:

1) With increasing temperature of the process the reaction rate
decreases.

2) No significant differences between steam and oxygen gasifica-
tion rates.

This suggests that the process is not controlled kinetically or
y diffusion but rather by the other sort of transport phenomena
ccurring on the carbon matrix at elevated temperatures. This also
xplains the existence of a very little difference in char reactivity
uring gasification with steam and oxygen, which should be much
igher if the process is controlled kinetically. Moreover, the slowest
eaction limits an overall reaction rate and this suggests intrinsic
eaction rates both for steam–carbon and oxygen–carbon are much
aster, at the range 750–950 ◦C than the one obtained from mass
oss curves.

The results suggest that, the access of the oxidizer to the car-
on is restricted and that could possibly reduce the reaction rate.
he gasification/partial oxidation is inhibited at higher tempera-
ures due to probable deformation of char structure, caused both by
urrently conducted experiments in which the sample was rapidly
reheated by hot gases and during microwave pyrolysis in which
non-uniform, low porous char matrix had been formed. Another

eason for these phenomena could be blocking active sites of carbon
y adsorption of inert materials. In this way the carbon, activated by
he oxidizer at higher temperature, was consumed to adsorb ash,
esulting in the reducing the overall reaction rates. This inhibit-

ng effect, fairly explained both the reducing gasification rate with
he growth of temperature and the low sensitivity of the gasifying
gent type on the overall reaction rate.

The information provided in this work indicates that increas-
ng the temperature of reaction is not always the best option to

[

[

Materials 185 (2011) 472–481

improve the gasification process and increase its rate, since this is
not the only effect influencing the process performance. In fact, the
raise of temperature positively influences on the kinetics and dif-
fusion of the process, but in the same time has a negative impact on
the overall decomposition reaction rate due to existence of other
circumstances discussed in this paper. The char structure and its
composition (including ash content) play a key role for its reactiv-
ity. Hence, it is believed that, the reaction rate could be significantly
increased if the ash content was reduced from char prior applying
the gasification process. This could be also beneficial for the metal
recovery rate; however, it would increase the operation costs for
pre-treatment of char. Therefore, optimization of the process tak-
ing to account economical feasibility and availability of a proper
separation technique should be also investigated.
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