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Introduction

Over the past five decades, the global plastic production has 
increased dramatically (Chidambarampadmavathy et  al., 2017) 
and the amount of waste plastics or waste polymeric materials 
(generated annually) has increased accordingly. In this regard, 
among the family of thermoplastics, polystyrene (PS) production 
is invariably at fourth place after polyethylene (PE), polypropyl-
ene and polyvinyl chloride (Schwaben, 1999). PS is widely used 
in packaging, household, construction, electrical and electronics, 
medical equipment, etc., and consequently a large amount of 
post-consumer PS waste is generated. Due to poor waste man-
agement and low recycling rates of plastic waste globally, a large 
amount of waste polystyrene (WPS) ends up in landfills as well 
as in the oceans where it contributes to about 70% of the plastic 
debris, which poses a serious threat to marine life (Saido et al., 
2012). Furthermore, plastic waste poses long-term risks of con-
taminating soil and ground water (Hopewell et al., 2009) as land-
fill is still the main approach used in many countries in handling 
municipal solid waste that contains WPS and other waste plas-
tics. In Europe, in order to set some basic concepts and defini-
tions related to waste management, in 2008 the European 
Parliament issued a directive (Directive 2008/98/EC). The direc-
tive explains the fivefold waste (management) hierarchy, that is, 

prevention, preparing for reuse, recycling, energy recovery and 
disposal. In this directive different goals (to be achieved by 2020) 
based on the fivefold hierarchy were set (European Parliament 
and Council, 2008). Consequently, in Europe, during the last 
12 years there has been a considerable decrease (about 44%) in 
the amount of post-consumer plastic waste sent to landfill and at 
the same time the recycling rates have been substantially 
increased. Nevertheless, 25% of the plastic post-consumer waste 
was still sent to landfill in 2018. In order to avoid the above-
mentioned threats and to achieve a circular economy of plastics, 
zero landfilling and maximum possible recycling is needed 
(PlasticsEurope and European Association of Plastics Recycling 
and Recovery Organisations, 2019).

Plastic recycling processes can mainly be divided into four 
categories. These include primary (recycling of scrap materials), 
secondary (recycling through melt extrusion), tertiary (chemical 
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or feedstock recycling into original monomers or other valuable 
chemicals) and quaternary (energy recovery through incinera-
tion) recycling (Okan et  al., 2019; Poulakis and Papaspyrides, 
1997). Nowadays chemical or feedstock recycling is attracting 
much attention as it is environmentally friendly and it can reduce 
the demand for energy and feedstock and hence can boost the 
circular economy of plastics (Nzioka et  al., 2018; Okan et  al., 
2019; PlasticsEurope, 2019; Punkkinen et al., 2017). The envi-
ronmental sustainability of the process can be evaluated through 
life cycle assessment study.

Owing to the high recyclability of PS (Gu et al., 2010), PS 
wastes (separated from other wastes) are excellent feedstocks for 
the chemical recycling for which thermal (non-catalytic) or 
thermo-catalytic pyrolysis/depolymerisation can be applied. 
During pyrolysis, polystyrene is cracked in its monomers as well 
as in dimers and trimers and other compounds such as, toluene 
(TOL), xylene isomers, methyl styrene, etc. (Kijeńiski and 
Kaczorek, 2005; Ukei et al., 2000). In addition, depending upon 
the reaction conditions, degradation of waste polystyrene also 
produces gaseous products (Miandad et  al., 2016; Mo et  al., 
2014; Shah et al., 2014a; Undri et al., 2014). Thermal pyrolysis is 
the simplest form of chemical recycling in which carbon–carbon 
bonds are broken by the application of heat. However, in this case 
the temperature can be as high as 600°C (Ukei et al., 2000). The 
degradation temperature can be lowered with the use of an appro-
priate catalyst though. Furthermore, the catalyst can significantly 
improve the conversion as well as selectivity of the desired prod-
ucts. In this regard, different catalysts have been tested for the 
thermo-catalytic pyrolysis and reported in the literature. These 
include solid acids, solid bases and transition metal oxides as 
well as supported catalysts (metal impregnated on suitable sup-
port) (Kijeńiski and Kaczorek, 2005; Ojha and Vinu, 2015; Shah 
et al., 2017; Ukei et al., 2000). Beside the choice of catalyst, the 
reactor type or configuration can also play an important role not 
only on the efficiency of the process but also on the product dis-
tribution (Onwudili et al., 2009; Woo et al., 2000). In the litera-
ture, for the pyrolysis of plastics, very often batch or semi-batch 
reactors with either mixed or layered arrangement of catalysts 
were used (Achilias et al., 2007; Kijeńiski and Kaczorek, 2005; 
Nisar et al., 2020; Onwudili et al., 2009; Ukei et al., 2000).

According to our literature survey, in recent years, a consider-
able amount of research has been conducted on thermo-catalytic 
pyrolysis of waste polymeric materials with a significant part on 
using PS as feedstock. However, to the best of our knowledge, 
despite a sizable number of publications in this area, no direct 
performance comparison of different reactor types (using differ-
ent catalyst arrangements and residence times) for the degrada-
tion of PS has been reported so far. Such comparative study can 
provide important data that can be used to optimise the process 
parameters for an enhanced recovery of monomers or other valu-
able chemicals in the chemical recycling of waste plastics.

Therefore, it is the aim of the present work to perform a com-
prehensive study on the thermal and thermo-catalytic pyrolysis 
of PS, thereby investigating the effect of reactor type, catalyst 

arrangement, feed to catalyst ratio and residence time on the 
yields of oil and styrene monomer (SM). A further aim is to iden-
tify the optimum operating conditions for an enhanced recovery 
of oil and SM in both batch and semi-batch reactors.

Materials and methods

Feedstock and catalyst

Pure PS (3–4 mm diameter spheres) with an average molecular 
weight of 192000 g mol-1 (Sigma Aldrich) was used as model 
feedstock. The thermogravimetric analysis (TGA) of feedstock 
was performed in nitrogen (N2) atmosphere using a LECO TGA 
701 thermogravimetric analyser. For this purpose, 0.45 g of PS 
spheres were used. The analysis was carried out using the same 
temperature program as used for the depolymerisation experi-
ments, that is, heating the sample to 400°C with a ramp of 10°C 
min−1 with an isothermal step of 1 hour at the final temperature.

For the catalytic depolymerisation of PS, magnesium oxide 
(MgO) was used as a model catalyst. The MgO sample was 
obtained by thermal decomposition of magnesium carbonate 
(MgCO3) powder purchased from Penta Chemicals (Czech 
Republic). The decomposition of MgCO3 was achieved through 
calcination at 700°C for 5 hours in a Nabertherm muffle furnace 
of the type P330. In order to confirm the MgO phase in the cal-
cined sample, X-ray diffraction (XRD) analysis was conducted 
using a Rigaku SmartLab diffractometer equipped with a D/teX 
Ultra 250 detector. The textural properties of MgO were deter-
mined by physisorption of nitrogen (N2) performed on a 
Micrometrics 3Flex analyser.

Experimental setup and procedure

Thermal (non-catalytic) and catalytic pyrolysis experiments were 
performed in batch and semi-batch reactors at both 400 and 
500°C and for all runs 4 g of PS was used as feedstock. For all 
experiments, a temperature ramp of 10°C min−1 was used to 
reach the target temperature and the experiments were continued 
for 60 minutes after the target temperature was reached. For the 
catalytic runs, the MgO sample obtained was pelletised to get a 
pellet size in the range 0.63–1 mm.

The batch reactor setup consisted of a muffle oven of the type 
LMV 2/12 (LAC) equipped with a temperature controller, a round 
bottom glass tube used as reactor, glass tubing, a condenser with 
cold water as cooling media and a round bottom flask that was 
used for collecting the condensate. An additional thermocouple 
was used to monitor the temperature inside the oven. In order to 
have inert atmosphere, the setup was purged with N for 10 min-
utes at the start of each experiment. The schematic diagram of the 
test rig is shown in Figure 1 (top). For the thermal runs in batch 
configuration, a layer of quartz wool was placed on the top of the 
PS bed which was packed in a round bottom reactor tube (length: 
200 mm, diameter: 34 mm). Whereas, for the catalytic runs, the 
catalyst was either mixed with the feedstock (mixed arrangement) 
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with a quartz wool layer of about 1 cm long placed on the top of 
the mixture or packed between two layers of quartz wool (layered 
arrangement) placed on the top of PS bed.

For the semi-batch reactor setup, a quartz glass tube of an inter-
nal diameter of 17 mm with a wall thickness of 1.5 mm and a length 
of 250 mm was used as a reactor tube. The tube was heated with a 
circular heating jacket equipped with a temperature controller. A 
continuous N2 flow through the reactor tube was provided with the 
help of a mass flow controller of the type GF17 (Aalborg). In order 
to avoid styrene condensation inside the Swagelok assembly at the 
outlet of the reactor tube, an external heating band was used to keep 
the temperature over 165°C. The condensation of the products was 
achieved in a 3 mm stainless tube through air cooling. The sche-
matic diagram of the test rig is shown in Figure 1 (bottom). For the 
thermal runs in the semi-batch reactor, the PS bed was packed in the 
reactor tube using two layers of quartz wool, that is, before and after 
the bed. For catalytic runs, also in the semi-batch system the 

catalyst was employed in either mixed arrangement (catalyst mixed 
with PS beads and the mixture packed between two layers of quartz 
wool) or layered arrangement (catalyst packed between two layers 
of quartz wool placed after the PS bed in the flow direction).

Product analysis

For the batch reactor, the amounts of oil produced and the residue 
(tar) remaining inside the reactor were determined gravimetrically. 
For the semi-batch reactor, no residue either in the form of char or 
tar was observed in any of the experiments performed. Only a 
small amount of coke on the catalyst surface was observed which 
was found to be less than 0.5 wt. % based on the feedstock. The 
amount of oil collected in the condenser flask as well as condensed 
inside the reactor tube within quartz wool (styrene oligomers; 
mainly dimers and trimers) near the outlet was determined gravi-
metrically. The quartz wool loaded with condensed oil was soaked 

Figure 1.  Schematic diagrams of the batch type (top) and semi-batch type (bottom) test rigs, depicting layered arrangement of 
catalyst.
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and washed in acetone and the oil was collected by subsequent 
evaporation of the acetone used. The yields of oil, gas and residue 
were calculated using equations (1)–(3), respectively:

Oil yield wt
Massof oil

Massof PS
.%( ) = ×100 	 (1)

Residue yield wt
Massof residue

Massof PS
.%( ) = ×100 	 (2)

Gas yield wt

Massof PS

Massof oil Massof residue

Massof PS
.%( ) =

−

+( )
×1100

	 (3)

The individual yields of major and minor components of the oil 
obtained, that is, SM, benzene (BEN), TOL, ethylbenzene (EB), 
alpha-methylstyrene (AMS) and oligomers were determined with 
the help of gas chromatography (GC) analysis. For the analysis a YL 
6100 GC, equipped with a HP-5 column and a flame ionisation 
detector was used. The mass fractions of individual oil components 
were determined by GC analysis. The yields of individual compo-
nents were then determined by multiplying their mass fractions with 
the oil yield. In order to identify the range of styrene oligomers, gas 
chromatography–mass spectrometry (GC-MS) analysis was per-
formed. For this purpose, an Agilent 8890 GC-MS system equipped 
with a single quad detector 5977B and a HP-5 column was used.

Results and discussion

Characterisation of the feedstock and 
catalyst

The TGA curve in Figure 2 shows that PS started to decompose 
at around 290.7°C. By the time the temperature reached 400°C, it 
had lost almost 70% of its mass. The maximum loss occurred at 
around 399.6°C. The remaining PS mass was lost within the next 
10 minutes during the isothermal step of 1 hour at 400°C.

The XRD analysis conformed the MgO phase in the calcined 
sample (Figure 3). No additional phases were observed (for 
details, see Supplemental Material). The crystallite size of the 
MgO sample was found to be 21 nm approximately.

The Brunauer–Emmett–Teller (BET) surface area of the MgO 
powder sample was found to be 57.6 m²g−1. This value is a bit 
higher as compared to those reported in the literature, for exam-
ple, 44.4 (Kalogiannis et al., 2018) and 47.4 m2g−1 (Ukei et al., 
2000). Nevertheless, the BET surface area of the MgO pellets 
(used in the catalytic experiments) was found to be 46.8 m2g−1, 
which is comparable to the literature values.

Thermal and catalytic pyrolysis of PS

In Figure 4, mass spectra showing the product distribution of 
light (top) and heavy (bottom) oil fractions obtained for the cata-
lytic run at 400°C in the semi-batch reactor are presented. All 
major compounds formed are shown in Figure 4, with mono-
meric styrene, dimers and trimers dominating the product 

spectrum (for details, see Supplemental Material). The major 
compounds as shown in Figure 4 were also reported by other 
authors (Kijeńiski and Kaczorek, 2005; Nisar et al., 2020; Shah 
et al., 2014b).

Effect of temperature and reactor configuration.  The effect of 
temperature and reactor type on the yields of oil, residue and gas 
as well as on the overall yields of the oil components, that is, SM, 
EB, TOL, AMS and styrene oligomers in both thermal (non-cat-
alytic) and catalytic runs is shown in Figure 5(a) and Figure 5(b). 
Please note that for all catalytic runs as reported in this subsec-
tion, a fixed feed to catalyst ratio of 10 was used and the catalyst 
pellets were introduced into the reactor in layered arrangement 
(for details, see the section on experimental setup and procedure). 
Furthermore, for the semi-batch configuration a constant N2 flow 
of 50 ml min−1 was used.

From the results shown in Figure 5(a), a trend of higher oil 
yield for the semi-batch configuration can be observed. In addi-
tion, as expected, in both configurations a higher oil yield in the 
case of catalytic runs was obtained. This is also evident from the 
SM yield that too increased during the catalysed reactions. The 

Figure 2.  Thermogravimetric analysis curve of polystyrene in 
nitrogen atmosphere.

Figure 3.  X-ray diffraction pattern of the magnesium oxide 
sample obtained after calcination.
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residue production was only observed in the case of batch con-
figuration that decreased with the use of catalyst. The quantity of 
oligomers (mainly dimers and trimers) was considerably lower in 
the batch system compared to semi-batch. On the other hand, the 
amount of gases produced was higher in both thermal and cata-
lytic runs in the batch system. Also, the minor products, that is, 
TOL, EB and AMS were produced (in somewhat notable 
amounts) only in the batch reactor, whereas in the semi-batch 
their contents were a weight percentage of less than 2. The con-
tents of BEN and xylenes were found to be only in traceable 
amounts in both systems.

From the results as shown in Figure 5(a), one can observe that 
the semi-batch configuration fairly outperformed the batch 

configuration in terms of oil and SM yields in both thermal and 
catalytic experiments that were performed at 400°C. This can be 
attributed to the continuous N2 flow that evacuated the product 
mixture (including primary volatiles with higher content of SM 
and oligomers (Zhou et al., 2016) faster than in the batch reactor), 
thus decreasing the retention time and inhibiting further degrada-
tion (Mo et al., 2014; Woo et al., 2000). Longer retention time 
can lead to secondary reactions producing minor components 
that can lower the SM content in the condensate. This explains 
the higher amounts of minor components in the batch system. 
Also, in this case, the lower amounts of oligomers especially 
trimers (Table 1) indicate that these compounds (high boiling) 
could not escape the thermal zone and eventually gave rise to 

Figure 4.  Mass spectra showing product distribution of light (top) and heavy (bottom) oil fractions obtained for the catalytic run 
at 400°C in the semi-batch reactor.
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residue and higher gas production. Thus, the residue produced in 
the batch system as well as higher amounts of gases and minor 
components such as, EB, TOL and AMS seem to be the direct 
consequence of increased retention time of the product mixture. 
In order to confirm this effect on the product distribution, further 
experiments in the semi-batch configuration using different N2 
flowrates were performed and the results obtained are presented 
in the subsection on effect of residence time.

In Figure 5(b), the results of similar experiments, as previously 
discussed, but performed at 500°C are shown. It is very interesting 
to note that for both thermal and catalytic runs, the semi-batch con-
figuration produced very similar results. There was only a slight 
increase in oil yield for the catalytic run. On the other hand, the 
catalytic run in the batch system showed considerable increase in 
the oil as well as SM yield as compared to the thermal run.

The observations at 500°C suggest that for the semi-batch 
configuration, the depolymerisation of PS took place mainly due 
to the application of heat as the product distribution of thermal as 
well as catalytic run (at 500°C) is comparable to the thermal run 
at 400°C. When comparing the catalytic run at 500°C to that per-
formed at 400°C, the decrease in SM yield can be explained by 
the gain in the yield of gaseous products at higher temperature.

Also, for the batch configuration, the decrease in residue con-
tent as well as increase in SM and oils as compared to 400°C may 
be attributed to higher temperature. At 500°C, most primary vola-
tiles (produced due to thermal depolymerisation) rich in SM and 
oligomers gained higher kinetic energy (inducing higher local 
pressure) to escape the reaction zone. This inhibited the secondary 
reactions that could lead to residue production. In this case, it 
seems that the higher temperature played a role in evacuating the 

Figure 5.  The effect of temperature and reactor configuration.
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primary volatiles. Furthermore, in the catalytic run the oil and SM 
yield is further enhanced due to the catalytic effect, and the perfor-
mance reached by the batch system even slightly surpassed the 
one of the semi-batch system. Here, a slightly worse performance 
of the semi-batch reactor might suggest that the N2 flowrate (that 
was kept constant at 400 and 500°C) was too high at 500°C.

Effect of catalyst arrangement.  In this subsection, the results of 
catalytic experiments performed at 400 and 500°C in both batch 
and semi-batch reactors using different catalyst arrangements are 
presented. For all experiments, a feed to catalyst ratio of 10 was 
used and for the semi-batch system the N2 flowrate was kept at 
50 ml min−1. The catalyst pellets were either mixed with PS beads 
or placed as a single layer between two layers of quartz wool (for 
the details, please see the section on experimental setup and 
procedure).

In Figure 6(a), the higher oil yields for layered arrangements 
in both reactors suggest that the catalytic depolymerisation of PS 
mainly took place in the gas phase. This means that the catalytic 
depolymerisation of PS involved the degradation of vapourised 
fragments of PS chains (Ukei et  al., 2000), where vapourised 
fragments were mainly formed during the thermal degradation. 
The vapourised fragments started to depolymerise already before 
entering the catalyst bed (in layered arrangement) which then 
added its effect to the already initiated depolymerisation phe-
nomenon under the influence of heat. In this case, the maximum 
amount of vapourised fragments/reaction mixture had a chance 
to encounter the catalyst pellets while leaving the thermal zone as 
compared to the mixed arrangement. This increased the overall 
catalytic effect resulting in higher amounts of oil in layered 
arrangement. On the other hand, the performance of the mixed 
catalyst arrangement in terms of oil yield approached to that of 
the thermal (non-catalytic) run at 400°C, indicating the decreased 
effectivity of the catalyst in this arrangement.

The catalytic tests with layered and mixed arrangements were 
also performed at 500°C and the results obtained are shown in 
Figure 6(b). From these results, it seems that at 500°C the catalyst 
arrangement influenced the oil or SM yield only slightly. Also, the 
evacuation of reaction products with a carrier gas (with a flowrate 
as high as of 50 ml min−1) had a slightly adverse effect (as dis-
cussed in the subsection on effect of temperature and reactor con-
figuration) on oil or SM yield. This may be due to decrease in the 

necessary residence time (contact time with the catalyst) required 
for the maximum production of oil or SM. This means that although 
the semi-batch system performed better at 400°C compared to the 
batch system, at higher temperature an optimum flowrate of the 
carrier gas must be found and set in order to take full advantage of 
the layered arrangement as well as the semi-batch configuration. 
At higher temperatures (as described earlier) the product mixture 
will gain higher kinetic energy and the tendency of leaving the 
reactor faster. This explains the higher amounts of dimers in the 
condensate at 500°C as compared to 400°C (see Table S1 in 
Supplemental Material). The comparatively lower amounts of 
trimers (at 500°C) on the other hand can be attributed to their fur-
ther transformation into dimers at higher temperature.

Effect of residence time.  In order to investigate the effect of 
residence time on the product distribution, experiments with dif-
ferent flowrates of the carrier gas were carried out. For these 
experiments, 400°C was chosen as the reaction temperature 
because at 500°C the carrier gas had a small effect on the oil or 
SM yields (see previous sections). For all experiments in this 
subsection, a feed to catalyst ratio of 10 was used. The results 
obtained are shown in Figure 7.

In Figure 7, it can be seen that the batch reactor (no carrier gas) 
gave the lowest amount of oil and SM. As already discussed, at 
400°C the semi-batch configuration with a N2 flowrate of 50 ml 
min−1 gave higher yields of oil and SM as compared to the batch 
system. This trend was kept even at lower N2 flowrate. Although, the 
yields of oil and SM were lower than that at 50 ml min−1. In addition, 
it is interesting to see that at very low or very high flowrates of the 
carrier gas, the performance of the semi-batch system in terms of 
SM or oil yield tends to approach that of the batch system.

These observations further confirm that indeed at 400°C the 
product distribution is greatly affected by the flowrate of the car-
rier gas, in other words the residence time of the primary vola-
tiles. Without a carrier gas, a part of volatile products unable to 
leave the reaction zone went under further degradation to pro-
duce minor compounds and residue. On the other hand, very high 
flowrates might have led to an inadequate (low) residence time 
resulting in incomplete reaction leaving more oligomers in the 
products. The results in Figure 7 show a similar trend of first 
increase and then decrease in the yields of oil and SM (with 
increasing flowrates) as compared to the ones reported by Mo 

Table 1.  Effect of temperature and reactor configuration on the composition of oligomers produced.

Temperature
(°C)

Experiment Total oligomers
(weight percentage (wt. %))

Dimers
(wt. %)

Trimers
(wt. %)

400 Thermal@Batch 4.0 3.4 0.6
MgO@Batch 8.3 6.5 1.8
Thermal@Semi-batch 32.4 9.5 22.9
MgO@Semi-batch 26.3 11.5 14.8

500 Thermal@Batch 22.7 19.0 3.7
MgO@Batch 23.5 19.4 4.1
Thermal@Semi-batch 27.3 11.5 15.8
MgO@Semi-batch 29.3 18.6 10.7
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et al. (2014), who showed that flowrate of the carrier gas had a 
quadratic effect on the styrene yield. Mo et al. studied thermal 
degradation in a semi batch reactor, however, with different reac-
tor dimensions and the range of carrier gas flowrates.

For the present study, the flowrate of 50 ml min−1 seems to be 
the optimum flowrate of the carrier gas for enhanced oil and SM 
recovery at 400°C.

Effect of feed to catalyst ratio.  For the present study, three experi-
ments with different feed to catalyst ratios were carried out. The 
experiments were performed in the semi-batch reactor at 400°C with 
N2 flowrate of 50 ml min−1. The results are depicted in Figure 8.

The results show that a lower feed to catalyst ratio (higher 
amount of catalyst) produced a higher amount of oil. Although, 
the oil yield with the feed to catalyst ratio of 5 differs only 

slightly when compared to the one obtained at the ratio of 10. 
Furthermore, this increase came at the cost of decrease in SM 
content in the product oil which, however, showed higher con-
tent of oligomers. In addition, an interesting trend of first 
increase and then decrease in SM content with increasing feed 
to catalyst ratio can be observed which is reversed for the 
oligomers.

These results suggest that with a lower amount of catalyst, the 
catalytic degradation tends to approach the thermal degradation 
in terms of oil and SM content. However, with a higher amount 
of catalyst the decrease in SM content was unexpected. In the 
literature a similar effect was reported (Aljabri et al., 2017) but in 
that case a lower-reaction temperature was used. Aljabri et  al.  
explained this effect on the basis of partial repolymerisation of 
SM to form oligomers over the catalyst surface.

Figure 6.  The effect of catalyst arrangement.
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Conclusion

The presence of plastic wastes in the oceans as well as in landfills 
presents serious risks to human and animal health and for the envi-
ronment. Promoting recycling of waste plastic materials can not 
only reduce these risks but also boost the circular economy of plas-
tics. Here, chemical or feedstock recycling of waste plastics can play 
a key role which can be achieved through thermal or catalytic pyrol-
ysis/depolymerisation. The present work was devoted to investiga-
tions on the thermal and catalytic pyrolysis of PS. The main aim was 
to study the effect of reactor type and operating conditions on the 
yields of oil and SM. A further aim was to identify the optimum 
operating conditions as well reactor configuration for an enhanced 
recovery of oil and styrene in thermal and catalytic pyrolysis of PS.

It was demonstrated that the layered arrangement of catalyst 
(feedstock and catalyst separated with quartz wool) not only pro-
duced a higher amount of oil but also gave higher selectivity for 

SM, indicating that the catalytic degradation of PS took place 
mainly in the gas phase. Furthermore, it was shown that at 400°C, 
the semi-batch reactor configuration outperformed the batch system 
in both thermal and catalytic tests, which exemplifies the positive 
effect of forced evacuation of the products. At temperature as high 
as 500°C, the product distribution was rather independent of the 
reactor configuration or catalyst arrangement, either mixed or lay-
ered. Moreover, it was shown that in the case of semi-batch system, 
the maximum oil and styrene yields were obtained when the feed to 
catalyst ratio of 10 was used and the flowrate of the carrier gas was 
set to give a residence time of 19 seconds. The data obtained from 
the present study can be used to optimise the process for thermo-
catalytic pyrolysis of waste plastics.
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Figure 7.  The effect of residence time.
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