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ABSTRACT

Municipal solid waste (MSW) contains significant amounts of polyvinyl aido(PVC). The
reactivity of PVC may form polycyclic aromatic hydrocarbons (PAHS) duttiegpyrolysis of
MSW, which can become a key challenge during the development of pyrolysislteges
However, there is very limited work in relation to the influence of pyrolysis process conditions in
terms of temperature and heating rate on PAHs formation during pyrolysis ofP¥is work,
the formation of 2-4-ring PAHs from the pyrolysis of PVC at temperatures of 500, 60@0100,
or 900 °C and at fast and slow heating rates was investigated undextamdsphere in a fixed
bed reactor. With the increase of temperature from 500 to 900 °C, HCl yield decreaséd.ifom
to 30.2 wt.%, while the yields of gases and PAHSs in the tar increased. Slow pyrolysistegn
higher HCI yield, and lower gas and tar yield than fast pyrqlyises PAH yield obtained from
the slow pyrolysis was much lower compared to fast pyrolysis. The results sthggdst fast
pyrolysis, the dehydrochlorination of the PVC mightit@mplete, resulting in the formation of

chlorinated aromatic compounds
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1. Introduction

Waste plastics can be recycled by mechanical and chemical means. These two recycling
process are complementary in solving the problems of environmental pollutionweste
plastics. Mechanical recycling of plastic materials is used in some countries to reduce the amount
of plastics in the waste stream destined for chemical recycling via thermochemical processes.

Advanced thermal conversion processes, including pyrolysis, are considered to t@nmpo
methods for the utilization of waste plastics to produce, energy, fuels and chejhi8ls
Therefore, the pyrolysis of waste plastics are generating increasing interest [4,5].

Polyvinyl chloride (PVC) is produced in two forms, rigid PVC which is useapplications
such as for example, piping, roofing tiles and window frames, and flexible P¢@ for
example in flooring material and cable coverings. Approximately 10.7% of plastiascpibah
Europe are represented by PVC, associated with this demand is the generation of waste and it is
estimated that 25.2 Mt of waste plastics are produced each year in Europe [6]. Cdhseguen
significant tonnage of plastic waste containing PVC will be generated, particularly in the
municipal solid waste stream [6,7]. Under pyrolysis conditions, the thermal degnadhtie
PVC results in a two-stage process [84% the pyrolysis temperature is increased, it has been
reported that the C-CI bond in PVC is one of the first to break; which isodie formation of
long conjugated double bonds leading to the formation of polyenelfi®jature shows that the
C-CI bond breaking is followed by intermolecular chain transfer, resulting in tHetienoof
HCI gas via dehydrochlorinatiorL]]. A residual polyene structure undergoes further thermal
degradation in the second stage decomposition at higher tempgtaiafRy.

The pyrolysis of waste plastics are known to produce polycyclic aromatic hydsosarb

(PAHS) [14]. There are concerns in relation to the emissions of PAHs in the environment
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because of their perceived human health hazard TL5Fherefore, understanding the emissions
of PAHs from plastic pyrolysis is an important research topic in order ritk/atoprevent or
minimise their formation.Conesa et al[18] compared thé?’AHs emissions from pyrolysis of
nine different kinds of wastes at 88Q. The pyrolysis of PVC generated the largest yield of
phenanthrene and the second largest amount of naphthalene among thdsedsiof wastes
[18]. Muller et al.[19] reported on the influence of aluminium on the formation of PAHs during
the pyrolysis of PVC. They showed that increased aluminium addition to thed@ulied in an
increase in char yield, an increase in alkane gas concentration and a decrease in the aromatic
content of the product oil. Furthermore, increasing aluminium addition resuli@dniarked
decrease in PAHEL9]. PAH may also be formed from combustion of PVC. Wang et al. [20]
investigated the sub-stoichiometric combustion of PVC at temperatures between 500 t€.10
They reported that the PAHs from PVC combustion decreased from pg@ffdo <2000ug g*

with increasing temperature of combustion. Additionally, a decrease of fluorenangirene,
and anthreere was reported.

At present, there are few reports investigating the formation of PAHs during Ad(ysis
under different reaction conditions. Here we report on the influence of abegsrconditionsf
pyrolysis temperature and the influence of fast and slow heating rate on tlaidarof 2-ring
to 4 ring PAH The results are expected to contribute to the future process design of pyrolysi
technologies for processing MSW, regarding the emission of PAHs deroradPvC, which is

a significant fraction in the plastics fraction of MSW.

2. Materialsand methods



2.1. Materials

The PVC sample was obtained from Sigma-Aldrich. Proximate analysis of the PVC sample
shows that the sample has a volatile content of 94.8 wt.% and the content of fixed carbon is

about 5.1 wt.%. Element analysis of the PVC shows that the sample contains about 38.34 wt.% C,
4.47 wt.% of H, 0.23 wt.% N, 0.61 wt.% S and 56.35 wt.% Cl. The PVC was obtained in the

form of granules of about 1mm ID and used as received. For the elemental analysis and TGA
tests, a portion of the sample was crushed to <125 um beforeusd?VC was used for this

work in order eliminate the potential influence of contaminants or additives that may be found in

real-world PVC waste.

2.2. Pyrolysis of PVC

Figure 1 shows the pyrolysis reactor system used for the investigationrotela process
conditions on PVC pyrolysis. The reactor was manufactured from stainless steehsrtdl0
mm long and 10 mm diameter and was cambursly purged with Nwith a gas residence time of
2.6 s. The reactor heated with a 0.95 kW furnace with a maximum temperatur@0Oof(,2
manufactured by Carbolite, UK. Two types of pyrolysis including fast amd gyoolysis were
studied in this work. For the fast pyrolysis experiments, the reactor was initatgdcto the
temperature set point of 500, 600, 700, 800, or 900 °C. The PVC plastic sample (1 g) was placed
on a sample spoon and inserted into the reactor where fast pyrolysis occurred. The sample was
quickly heated to the set pyrolysis temperature at an estimated heating rate of B&.°Eor
the slow pyrolysis experiments, the sample spoon containing the PVC was pre-loadbé into
reactor and heated from room temperature at a heating rate of 10 °Ctanithe final

temperature 0800°C, and held for 30 min.



The exhaust pyrolysis gases exiting the reactor were quickly condensed in diyacel
cooled condensers to collettie condensable hydrocarbon tar product, the condensers were
weighed before and after to determine the mass .of b gaseous HCI was absorbed into water
using a bubbler and the nenadensed gases were passed into a Tedlar™ gas sample bag. The
amount of HCI was determined by the difference in weight of the scrubber systam &edo
after the experiments. This method of HCI collection was shown to be efficient enough to
capture all of the HCI, as identical results were obtained when water was replaced by NaOH

solution.

2.3. Gas analysis

Gas chromatography was used to analyse the product gases from the pyrdlysi®dC
with two different Varian 3380 GCs. The concentration aft# and CO in the gas sample bag
was determined on a molecular sieve column (60-80 mesh size) with Ar carrier gé€@nd
C1-Cs hydrocarbon concentrations were determined @0-400 mesh HagSep column, N
carrier gas and FIDKnowing the N gas flow, experimental time and gas concentration in the
gas sample bag, the mass of other gases could be calculaieakfore the total gas yield could

be determined by massther than ‘by difference’.

2.4. Analysis of PAHs

The tar condenser system was washed with ethyl acetate to collect the condensed liquid.

Any water formed during pyrolysis was removed by passing the condensétl thgough a
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mini- column of anhydrousNaSQ:. The eluted sample containing the PAHs and other
hydrocarbons were analysed by coupled gas chromatography-mass spectromelis)(GC-
(Varian CP3800GC and Varian Saturn 2200 MS. The analytical methodology involved a 30 m
DB-5 GC column, a sample injection volume Dful and 2-hydoxyacetophenone as internal
standard. The analytical methodology has been described b2thrddble 1 shows the PAHs
identified in this work and represent 2-ring, 3-ring and 4-ring PAHs. 1-imetplgthalene and 2-
methylnaphthalene were also included in the analyses. Benzo[a]anthracene and ateysene
difficult to separate with the GC column and methodology used and consequently these two PAH

are reported together.

3. Results and discussion

3.1. Influence of pyrolysis temperature on pyrolysiB g€

3.1.1. Mass balance and gas products in relation to temperature

The fast pyrolysis of PVC was carried out at pyrolysis temperatures between 500 4@d 900
The mass balance is shown in Fig. 2. The mass balare&cbe&xperimentwas between 91.8
and 102.5 wt%, indicating reliable results were obtained for this work. As showg. ig, Ehe
HCI yield was reduced from 54.65 to 30.28% as the pyrolysis temperature was increased
from 500 to 900C. There was an increase in tar yield with the increase of temperature. The total
gas yield also increased, particularly at the higher temperature of 900 °C, there wssgaieon
increase in all of the individual,HCHs and G-C4 hydrocarbon gases. The ten-fold increase of

Hz from 11.2 to 114.1 mI'"§PVC was the most significant change. The amounts afddid G-



Cs were also increased slightly with temperativa et al. [22] compared the fast pyrolysis of
PVC at 600 and 808C, andfound that more Ck C:Ha4, CoHs, CsHe, and GHs were generated

at 800 °C, which was consistent with the results in this study. The enhancement of gas
production with the increase of pyrolysis temperature has been attributed tortietipg of C-

C cracking reactionR3, 24}

3.1.2. PAHs formation in relation to temperature for the fast pyrolysis of PVC

Fig. 4 shows that2-4 ring PAHs were quantitatively detected in the tar from pyrolysis of
PVC. Naphthalene was the simplest PAH, which decreased frémta755ug g* PVC when
the pyrolysis temperature was raised from 500 to°€)®ut then increased to 79¢@ g* PVC
as the pyrolysis temperature was raised from 600 to°@The 1-methylnaphthalene and 2-
methylnaphthalene concentrations in the tar were increased in terms of yield with the increase o
pyrolysis temperature from 500 to 70C, but were reduced in the tar when the pyrolysis
temperature was raised from 700 @09C; this might be due to demethylation reactions, which
was consistent with our previous study of the pyrolysis of lignin. [EBére was an increase in
3-ring PAHs yield with increased pyrolysis temperature from 500 to°@0Mn particular, the
increase of phenanthrene was the most significant from 365 to;42¢® PVC. 4-ring PAHs
also increased with temperature from 500 to 90pand the increase of benzo[a]anthracene +
chrysene was the most significant froh02o 6140 ug g* PVC. The yield of total 2-4 ring
PAHs increased from 4070 to 28Bug g* PVC with the increase of pyrolysis temperature from
500 to 90C°C. Williams and Williamg26] used a fast pyrolysis reactor in the form of a fluidised
bed to study the pyrolysis low density polyethylene. They reported thaintbunts of benzene,

naphthalene, and methylnaphthalene were increased as the temperature of the fledtizad b



raised from 500 to 700 °C; the increase of PAHs with the increase of temperature wateattrib
to the promoting of secondary reactions of tar

The vacuum pyrolysis of PVC has dmeconducted in a batch reactor under different
pyrolysis temperature conditions [27]. The amount of naphthalene inddegbmil increased as
the temperature of the vacuum pyrolysis reactor was raised2é@to 520°C [27]. Gui et al.
[28] also reported for PVC pyrolysis that the average tar yield was increased. @10 @7.79
wt.% when the pyrolysis temperature was raised from 500 to 800 °C. There was also
significant increase of 2-ring group aromatic compounds in the produdbetilgeen pyrolysis
temperatures of 600 to 80C.

In this work, the PVC pyrolysis experiments showed that significant quantitesob and
benzenes were formed, and it may be suggested that benzene and sootmextetdgether
during the chain scission process. BAH were generated from benzenes via hydrogen
abstraction acetylene addition (HACA) [29As the temperature of pyrolysis was raised,
secondary reactions would be promoted, thus more PAHs would be fd36jeds shown in Fig
4. In addition, the yield ofmehylnaphthalenesvas reduced with the increase of reaction
temperature from 700 to 900 °C due to demethylation reactions, thus melilghlapes began

to dealkylate to naphthalene.

3.2. Influence of heating rate

To investigate the influence of heating rate on PAHs formation, the results of fast gyrolysi
at a heating rate of ~35@€ min? and a fixed reactor temperature of 800 °C was compared to

slow pyrolysis where the PVC was heated at 10 °C'rtora final temperature of 800 °C.



3.2.1. Mass distribution and gas products

Fig. 5 shows the mass distribution for the fast and slow pyrolyd®/&f. Compared to
the fast pyrolysis, the slow pyrolysis generated more HCI (52.7 wt.%), which was clibge to
chlorine content of PVC (Table 1) and similar to the slow pyrolysis of BM8e heating rate of
25°C mint in a fixed bed reactor (52.9 wt.%@1]. In addition, tke total gas and tar yields from
the slow pyrolysis decreased compared to that from the fast pyrolysis. Theeresident from
fast or slow pyrolysis was similar (~17 wt.%). The, IE@Hs and G— Cas gas production from
PVC pyrolysis in relation to fast and slow pyrolysis is shown in Fig. 6. Hydrogen pralues
reduced from about 74.9 to 36.4 (mt VC), when the experiment was changed from fast
pyrolysis to slow pyrolysis. In addition, the @ldnd G-C4 productions were reduced as well
from 27.7 to 9.6 (ml g PVC) and from 19.0 to 6.5 (mI’gPVC), respectively, when the
pyrolysis of PVC was carried out at a slow heating rate. It was also due to the sgcondar
reactions in the fast pyrolysis process. In the secondary reactions, heavier tar was geiterated

the generation ofan-condensed gas¢32].

3.2.2. PAHs analysis in tar products with different heating rates

The 2, 3, and 4-ring PA$produced from PVC pyrolysis are shown in Fig. 7. As shown in
Fig. 7(a), less 2-ring PAHs were formed from the slow pyrolysis compargt fast pyrolysis.
In particular, the naphthalene yield from the slow pyrolysis @9@* PVC) was much lower
than that from fast pyrolysis (28 ug g* PVC). The influence of heating rate was simiéar 3-
ring and 4-ring PAHs which suggests that formation of PAHs was inhibited under siolysis/
conditions The total 2-4 PAHs from slow pyrolysis (2388 g* PVC) were approximatg one

tenth of the total 2-4 PAHs of fast pyrolysis (18Qug g* PVC). Gui et al. compared the fast



pyrolysis of PVC in a vacuum reactor (heating rate 100-1008)Kusd slow pyrolysis of PVC
in a vacuum furnace (heating rate 10 K Mirat the temperature of 50 with the same
holding time of 20 min. The condensed ring aromatic compounds for fadyqgrwas 45.17
area%, while that for slow pyrolysis was only 2.4 area% [28,R8]the pyrolysis of lignin in a
fixed bed reactor, the PAHs generation from fast pyrolysis has also been repdreedhtech
more than the PAHS yield produced from low pyrolysis [25].

The suggested mechanisms of PVC pyrolysis are shown in Fig. 8. Previousasatkauwn
that the thermal degradation of PVC follows two routes, dehydrochlorination andscission
[34]. The dehydrochlorination route is initiated at defects in the polymer chdinJB8er slow
pyrolysis conditions, it would be expected that dehydrochlorination is a stmegs, releasing
HCI into the gas phase which is later captured in the bubbler system [33foBfast pyrolysis,
polymer chain scission may occur before all of the HCI has been released igastphase,
leading to incomplete dehydrochlorination and formation of chlorinatedobgtbons such as
illustrated in Fig. 8. Some of the possible chlorinated hydrocarbonsbleavereported by other
researchers to include chlorinated ethylbenzenes, chlorinated phenylpropanes tfds]wiork
the possibility of incomplete dehydrochlorination is supgebtiy the investigation of reaction
temperature which is related to heating rate (Fig. 2), where less HCI was obtaingkeat h

reaction temperature.

4. Conclusions
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In this work, the formation of 2-4-ring PAHs from the pyrolysis of P®Cdifferent
temperatures and heating rates was investigated in a fixed bed reactor. The PAHs in the product
tar were quantitatively analysed using GC/MSINBe results suggest that;

1. With the increase of temperature from 500 to 900 °C, HCI yield decrease84rérto

30.2 wt.%, while the yield of tar and all the non-condensable gase€h, and G-Ca)

were increased.

2. Compared to fast pyrolysis, slow pyrolysis generated higher HCI yield (52.7 wt.86), an

lower gas and tar yield; in addition, the PAHs yield obtained from slow pyr@B380ug

g* PVC) was much lower than that from fast pyrolysis (180g g* PVC).

3. With the increase of reaction temperature, secondary reactions could be promoted, thus

more PAHs would be formed. In the fast pyrolysis process, the dehydinakim

process might béncomplete, thus some chlorine in PVC might pressenthlorinated

compounds.
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Table 1.
PAH analysed in this work

PAH Number of PAH
Aromatic Rings

Naphthalene 2
Acenaphthene
Acenaphthylene
Anthracene
Phenanthrene
Fluorene
Fluoranthene
Benzo[a]anthracen
Chrysene

Pyrene

A A DDA WOWWWWOW
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Figure Captions

Fig. 1. Schematic of pyrolysis reaction system.

Fig. 2. Mass balance for the pyrolysis of PVC at different temperatures.
Fig. 3. Gas release from the pyrolysis of PVC at different temperatures.
Fig. 4. PAHs formation from the pyrolysis of PVC at different temperatures.
Fig. 5. Mass distribution of PVC at different heating rates.

Fig. 6. Gas release from PVC at different heating rates.

Fig. 7. PAHs formation from PVC at different heating rates.

Fig. 8. Proposed mechanism of PAHs formation from pyrolysis of PVC.
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Fig. 1. Schematic of pyrolysis reaction system.
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Fig. 3. Gas release from the fast pyrolysis of PVC at different temperatures.
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Fig. 4. PAHs formation from the fast pyrolysis of PVC at different temperatures.
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Fig. 5. Mass distribution for fast pyrolysis and slow pyrolysis of PVC with the finaperature
800°C.
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Fig. 6. Gas release for fast pyrolysis and slow pyrolysis of BM@ the final temperature
800°C.
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Fig. 8.Proposed mechanism of PAHs formation from pyrolysis of PVC.

24

O el



