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Influence of catalyst bed temperature and properties of zeolite catalysts on pyrolysis-
catalysis of a ssmulated mixed plastics sample for the production of upgraded fuels and
chemicals

Jude A. Onwudil” Chika Muhammad, Paul T. Williams”’
@ School of Engineering and Applied Sciences, Adlaiversity, Birmingham, B4 7ET, U.K.
®School of Chemical & Process Engineering, UnivegrsftLeeds, Leeds LS2 9JT

Abstract

The pyrolysis-catalysis of a simulated mixture ¢dgtics representing the plastic mixture
found in municipal solid waste has been carried touletermine the influence of process
conditions on the production of upgraded fuel a@ilgl chemicals and gases. The catalysts
used were spent zeolite from a fluid catalytic kemg(FCC), Y-zeolite and ZSM-5 zeolite.
The addition of a catalyst to the process produceathrked increase in gas yield, with more
gas (mainly @ - C; hydrocarbons) being produced as the temperatutbeotatalyst was
raised from 500 °C to 600 °C. The Si/Al ratio loé¢ catalysts influenced the composition of
other gases with the more basic catalysts produnioigg CO and the strongly acidic catalyst
producing more bl The yield of product oil decreased with the additof the catalysts, but
the oil was of significantly lower molecular weightnge, containing a product slate of
premium fuel range £- G5 hydrocarbons. In addition, the content of aromatimpounds

in the product oil was increased; for example, lbaezand toluene accounted for more than
90% of the aromatic content of the oil from thesgly acidic Y-zeolite catalysts. A reaction
scheme is proposed for the production of singlg-mmomatic compounds via pyrolysis-
catalysis of plastics.
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1.0 Introduction

The use of a cracking catalyst in the pyrolysismaste plastics is driven by an overriding
objective to transform an ever-growing global wastream into useful and readily useable
products. The subject of plastic pyrolysis has beelh documented in literature [1-12] with
some basic understanding of the pyrolysis procasd, in particular the thermochemical
reactions involved. Literature has shown that ieast such as C-C bond scission,
dehydrogenation, hydrogenation, cyclization, arenaéibpn and condensation are the most
prevalent during pyrolysis [4]. The pyrolysis presdhus appears to start as a random multi-
reaction process leading to the formation of a werge range of products from simple
molecules (e.g. hydrogen) to long-chain hydrocash@ng. up to ¢+ alkanes) and even char
[2, 4-5, 12]. The distribution of pyrolysis prodsdas gas, liquid and solid depends largely on
the type of feedstock, the process conditions @albg temperature) and vapour residence
times. These factors have different influence anrdactions that occur during pyrolysis and
therefore determine which of the pyrolysis prodwts favoured. A readily useful product of
plastic pyrolysis is the hydrocarbon-rich liquidhieh can be used directly or minimally
refined for use as fuel in internal combustion aegior as chemical feedstock. This has
been a major research interest in pyrolysis of evgdtastics. Fast pyrolysis which is
characterized by short vapour residence times fatlreiproduction of pyrolysis liquid [13].
However, the avoidance of secondary reactions, lwliccurs with prolonged residence
times, results in a liquid product dominated bylaseful long-chain hydrocarbons.

Catalysts can play significant roles in the conwer®f plastics to fuel-grade liquid products
by promoting reactions which are relevant to themmation, albeit at the appropriate
residence times. Several researchers have inviestigiae catalytic pyrolysis of plastics and
literature shows that reactor design, catalyst tgmel reaction conditions can greatly
influence the yields of products from catalytic @ysis. Fixed bed reactors offer a simple
system for fundamental studies of the pyrolysiscess and a number of researchers have
used different configurations of fixed bed reactdos catalytic pyrolysis studies. For
instance, some fixed-bed reactor studies involmdacting melted plastics with catalysts [8-
10]. Others have involved heating a mixture of ft@sand catalysts together in a single bed
[11-12], while in another configuration, pyrolysiapours are passed over a heated catalyst
bed in a two-stage process [14-15]. Fixed bed oeaatan however, suffer from poor heat
transfer which can cause operational problems sashblockage, making commercial
application difficult. While fluidized-bed react®rcan help overcome the operational
problems of fixed bed reactors, the former, by glesietains ash present in feedstock in the
bed material. The ash content of wastes have beported to act as catalysts for the
pyrolysis process, thereby influencing the compasiof the pyrolysis oil [16]. A challenge
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is that real-world wastes have highly varied contpwss and changes in ash contents would
lead to changes in oil compositions making the ertgs of oil products less predictable. In
addition, real-world waste plastics are contamitatéh other materials including stones and
glass, which can build-up in the fluidized bed mateover time to cause severe operational
problems such as abrasion, wear and tear of reaciotamination of catalysts and jamming
of moving parts. Fine ash particles can becomeg@d in the gas/vapour stream leaving the
fluidized bed reactor and cause downstream problemsluding contamination of
condensates. Alternatively, expensive feedstochgregion may be needed in order to make
some real-world waste plastics suitable for flusdibed reactor pyrolysis.

Among the fixed bed configurations, the two-stagecpss has a better potential for scale-up.
In this configuration, the waste plastic is pyr@gzin a first-stage reactor with pyrolysis
vapours swept with an inert gas (e.g. nitrogeny avieeated catalyst bed in a second — stage.
This makes it easy to operate the catalyst bed different temperature to the pyrolysis
reactor and also to recover spent catalysts foenegtion. Shen et al. [11], performed
pyrolysis of waste tyres with commercial ultra-s¢aly-type (USY) and ZSM-5 zeolite
catalysts in a fixed-bed two-stage pyrolysis-catalysystem. The pyrolysis temperature was
500 °C while the catalyst bed was varied from 35@500 °C. They found that an increase
catalyst bed temperature above 450 °C enhancegligjdsat the expense of oil yield, while
char yield remained fairly the same. Further, tiwhars reported that the oil products
obtained during the catalytic process was dominatedingle-ring aromatic hydrocarbons
especially in the presence of USY zeolite. Williaarel Brindle [14] also investigated the
two-stage pyrolysis-catalysis of tyres and congidethe influence of catalyst temperature
using zeolite Y and ZSM-5 catalysts. The catalyas Wound to reduce the yield of oil with a
consequent increase in gas yield and formationo&é on the catalyst [14]. Achilias et al.
[12] carried out two-stage pyrolysis of model andste polymers including high-density
polyethylene (HDPE), low-density polyethylene (LDP&nhd polypropylene (PP), with the
pyrolysis and catalyst bed at temperature of 450J%hg acidic zeolite, the authors obtained
low gas yield for catalytic pyrolysis of the modahstics (0.5 wt%) but much higher gas
yields (8.5 wt%) from waste plastics. The oil protduwere however dominated by long-
chain (Gs.) alkanes, which was attributed to the low pyrolysisperature but could also be
due to poor catalytic activity of the acidic FC@.the work of Uemichi et al. [17], HDPE
was pyrolyzed in a two-stage system over silican@tha and ZSM-5 catalysts at 400 °C. The
authors reported that pyrolysis over sequentianayf the two catalysts produced oils with
improved fuel properties, however, the aromaticteots were low.

Catalytic reactions during pyrolysis are considigrabore important for the conversion of
degradation products into fuel-range liquid produtian for the initial polymer degradation
process. In addition, catalytic activities can bBuenced by the catalyst bed temperatures
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and catalyst types. Therefore, further researateesded to understand the influence of bed
temperatures and some properties of different angc&atalysts on pyrolysis reactions in a
two-stage process for plastics conversion. Thesingation with catalysts was centred on the
effect of the silica/alumina ratios and surfaceaar®f the catalysts on the yields and
compositions of liquid products. Four different akemg catalysts, including spent FCC
catalyst, two zeolite Y catalysts and one ZSM-%lyat have been used. The catalysts were
selected so that two (FCC and one zeolite Y) hawet Si/Al ratio (more acidic) than the
other two (another zeolite Y and ZSM-5). In additidhe catalysts have different surface
areas. The application of spent FCC catalyst, widatiassified as a problematic hazardous
material, in a secondary process such as plastiolysys has environmental and
sustainability benefits. Otherwise, it is beingcdisied due increasing demand for light and
high-quality transportation fuels as well as tharaes in petroleum feedstock [13, 19]. To
improve the relevance of this present study toweald plastic waste streams, the sample of
plastic used was modelled according to the comipasif waste plastics in future municipal
solid waste (MSW) generation in Europe reportedbigado et al. [18].

2.0 Experimental
2.1 Materials

The five plastics samples used to prepared theumgxin this work are as follows; high-
density polyethylene (HDPE), low-density polyetmde (LDPE), polypropylene (PP),
polystyrene (PS), polyethylene terephthalate (PEMgse plastics are the main components
of household waste plastic mix and their propodi@are based on the work reported by
Delgado et al. [18]. The proportion of each wadddews; PE 62.0% (HDPE 19.0% and
LDPE 43.0%), PP (8.0%), PS (15.0%) and PET (15.09d)e simulated plastic is hereby
denoted as SMP waste. Each batch of 2 g feed wastlgli prepared from the stated
proportions of each plastic to ensure uniformityabldition, commercially available zeolite-
based cracking catalysts were obtained from Sighdaigh UK, while the spent FCC was
obtained from MOL - a multinational petroleum refig in Hungary. Table 1 shows some
characteristics of the fresh catalysts. The two z¥elite catalysts have different silica-
alumina ratio and surface area, but ZY-2 has tmeessilica-alumina ratio (80:1) with the
ZSM-5 catalyst.

The pyrolysis-catalysis experiments were carriedim a reactor system consisting of a two-
stage fixed bed reactor with oil condensers andogélection sample bag (Figure 1). The
pyrolysis reactor was a stainless steel fixed legattor of 480 mm length with an internal
diameter of 40 mm and was electrically heated by separately controlled 1.5 kW tube
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furnaces [20]. High purity dichloromethane (DCMIs@purchased from Sigma-Aldrich was
used to prepare the pyrolysis liquid products totHer analysis by gas chromatography.

2.2 Methods

For each experiment, the 2 g of plastic was loaoledo the top reactor bed, while the
catalysts were loaded on the bottom bed, suppdyeglass wool. Each 2 g of catalyst was
thoroughly mixed with 2 g of pre-cleaned and caddimuartz sand as support. In the absence
of catalyst, 4 g of quartz sand was loaded on #ualyst reactor as control (thermal)
experiment. The entire reactor system was contislydlushed with nitrogen gas (1 barg ,
20°C) at a flow rate of 20 ml mihto provide an inert environment and serve as @afoir
pyrolysis vapours. To begin the process, the csitdbed was first heated to the desired
temperature. Thereafter, the top reactor holdirgptlastics was heated at 10 °C Fhiftom
room temperature to 500 °C; the sample was hé&d@@PC for 30 min. The evolved pyrolysis
volatiles passed directly to the pre-heated catélgd held at 500 °C or 600 °C to investigate
the influence of catalyst bed temperatures on pgrelyields and composition. The vapour
exiting the catalyst bed passed through a condeyséem consisting of three dry-ice-cooled
condensers. The last condenser was connected r@\&eghed Tedlar gas sample bag for
collection of non-condensable gases. After 30 nfipywolysis at 500 °C, heating of both
reactors were turned off but gas collection cothfor another 30 min. At the end of the
experiment, the condensers were immediately séalptevent evaporation of highly volatile
products and weighed.

2.3. Analysis of products

The Tedlar bag was sealed and re-weighed to deterthe total mass of gas collected. Then
the gas content of the bag was analysed off-linth \ai system of Varian CP-330 gas
chromatographs [20-21]. Briefly, the gas samplesevemalysed using three packed column
gas chromatographs using standard gas mixturest@asal standards. The permanent gases,
hydrogen, nitrogen and carbon monoxide were seghi@t a 2m length by 2 mm diameter
60 — 80 mesh molecular sieve column, feeding irtteeamal conductivity detector (TCD) for
guantification. Hydrocarbon gases:(@® C,) were analysed using a 2 m length by 2 mm
diameter Haysep 80 — 100 mesh column and quahtfi¢h a flame ionization detector
(FID), while carbon dioxide was analysed using railsir Haysep column fitted to a TCD.
Details of the chromatographic conditions have badslished earlier [21]. Sample injection
volumes were adjusted accordingly for analysis witihe linear working range of the gas
chromatographs. GC results gas volume percentdgd®e @yas components, and assuming
ideal gas behaviour, these were equated to motepEges. The mole percentage of each
gas was used to multiply its molecular weight tbagyenass value. The mass values were used
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to compute mass fractions of the gas componenttudiimg the N carrier gas). Finally, the
mass fractions were used to multiply the total mafsgas collected in the Tedlar bag to
determine the mass of each component. The weighépege of each product gas was then
calculated in relation to the plastic feed usingi&opn 1 (see section 3.1).

2.4. Oil product analysis

In order to carry out quantitative analysis of thle each oil product was recovered from the
condensers using DCM solvent. After the oil recgyéne volume of the each sampled oil
was made up to 10 mL with more DCM in a glass \@ahled and quickly stored in a freezer
to minimize volatile losses. Using the same volurheil solution made it easy to compare
oil yields via peak area percentages. Each oil gamps analysed on the day of the pyrolysis
experiment as a standard procedure to ensure tamsysand the integrity of the oils. The
first oil produced was qualitatively analysed tentlify the major compounds present, using a
GC/MS system consisting of a Varian 3800-GC couptee Varian Saturn 2200 ion trap
MS/MS equipment. The column used was a 30 m x M@binner diameter Varian VF-5ms
(DB-5 equivalent), while the carrier gas was helilaha constant flow rate of 1 ml rffin
[19]. The identified compounds were used as bawmistife analytical standards used for
guantitation by external standard method on a ®iffe GC. Standard mixtures of aromatic,
polycyclic aromatic compounds and aliphatic hydrboas (C5 —C40) were obtained from
Sigma Aldrich, UK. Thereafter, each oil sample wgsantitatively analysed by liquid
injection into a Varian 430 GC with flame ionizatialetector (FID), equipped with a
split/split less injection port. The analysis wasried out on a ZB-1 capillary column (30 m
x 0.53 mm i.d., 0.um), with 100% dimethyl siloxane as liquid station@hase. Nitrogen
was used as carrier gas with a constant flow ofriLOmin. The sample injection volume
was 2.0uL. The column was temperature programmed from 4310 °C at 5 °C mif
heating rate.

3.0. Results and Discussions

The results of the pyrolysis-catalysis of the sibedl mixed plastic (SMP) waste are

presented in this section with relation to catabet temperatures of 500 °C and 600 °C. An
initial work with catalyst bed temperature of 4@Ied to deposition of melted plastic on the

catalyst bed with no real improvements in the faglge compounds in the liquid products.

So based on the preliminary work, higher catalystl bemperatures are reported in this
present study.



3.1. Product Yields

Figure 1 shows the product yields from the pyrayand pyrolysis-catalysis of the simulated
mixed plastic at different catalyst bed temperatwe500 °C and 600 °C, while the pyrolysis
temperature was 500 °C.

The product yields were calculated from equatiors3las follows;

. Ymass of gas components produced x 100
Gasyield (WtW%h) = F———————— ...\ . ;"\ s Eqg. 1
y ( A)) mass of plastic feed used q
. . mass of oil produced x 100
Oil yield (wt %) = S ol pre ettt EQL 2
mass of plastic feed used
. mass of char produced x 100
Char yield (wt %) = ! £ .. Eq. 3.

mass of plastic feed used

The results termed ‘thermal’ refer to when only thertz sand was the bed material i.e. no
added zeolite catalyst. For all the tests, incréasatalyst bed temperature led to increase in
gas yields while oil yields decreased as showniguré 2. Char yields decreased only
slightly from about 3.5 wt% to about 3 wt% for aétalysts, indicating that the main
transformations observed were due to the catalgtctions of the oil fractions. For example,
in the experiment with quartz sand alone, gas yimtdeased 3-fold from 10.3 wt% to 29.8
wt% as the quartz bed temperature was increased3a®) °C to 600 °C. With the spent FCC
catalyst, it could be seen that that the catdégsto a 60% increase in gas yield only at 500
°C compared to the quartz sand experiment, bUl@PE gas yields from both the tests were
similar at approximately 30 wt%. This may indic#tat for both tests, temperature has the
higher influence on gas production than the presexid=CC catalyst. In essence, both the
guartz sand and the spent FCC catalyst gave aasimfluence on gas yields. With the fresh
catalysts, gas yields increased by at least 80%paced to the test with quartz sand alone at
500 °C, with gas yield increasing by 150% with ¥ 1 catalyst.

On increasing the bed temperature to 600 °C, gddsyincreased significantly by 1.5 and 1.8
times with the ZY-1 and ZS-1 catalysts, respecyivéhe gas yield from using ZY-2 catalyst
was very similar to those from both the spent F@&lgst and the quartz sand tests at 600
°C. The increase in gas yield with an increasetalgst bed temperature has been reported in
literature [11, 14] and it is clear the main factor the observed changes was the bed
temperature more than the bed materials. With betpérature of 500 °C, oil yields were



greater than 70 wt% for all experiments, with thghlst oil yield of 79 wt% obtained from
the quartz sand test.

However, at 600 °C, oil yields ranged from 45 wtdmearly 70 wt%. Again, the quartz sand
test and catalytic tests with spent FCC and the22étalysts gave the highest oil yields with
similar values of 68 — 69 wt%. The yields of atrh the quartz sand test and with the ZY-2
catalyst decreased similarly by nearly 13%, whileym®ld obtained from the use of spent
FCC catalyst only decreased by 3.5 wt% when coetpto the corresponding oil yields at
500 °C. The ZY-1 and ZS-1 catalysts led to morenatac reduction in oil yields by 24% and
37%, respectively compared to yields obtained & %D. Indeed, with the ZY-1 catalyst
nearly equal wt% yields of gas and oil products ieh@btained but in the presence of ZS-1
catalyst, gas vyields surpassed oil yield by 8 wi%tese results show that under the same
temperature conditions, the catalysts have var@tites towards the reforming of the
pyrolysis vapours via catalytic reactions. Detadedlysis of the gas and oils products would
help clarify how the catalysts influenced the ralereactions.

3.2 Gas composition

Table 2 shows the volume percentage (nitrogen-tseepmponents in the gas products from
the pyrolysis and pyrolysis-catalysis of SMP usthiferent catalysts at 500 and 600 °C bed
temperatures. All the gas products obtained froesehtests consisted of hydrogen, light
hydrocarbon gases, carbon monoxide and carbond#ioXilearly, the formation of carbon
dioxide and carbon monoxide must have originatethftne pyrolysis of PET in the SMP.

In all cases, the volume percent of carbon dioxidehe gas products decreased with
increasing catalyst bed temperatures, which maycatel that decarboxylation of PET
occurred much more readily at 500 °C bed temperahan the formation of hydrocarbon
gases. Therefore, at 600 °C, when more hydrogerhgaiebcarbon gases was favoured, the
volume percent of C&decreased in the product gases. In general ah@m@ducts contained
higher percentage volumes of alkenes comparekémas at both bed temperatures; the only
exception being ZY-1 catalyst at 600 °C, wherettital volume percent of alkane gases was
higher. Although, catalytic cracking of long-chdigpdrocarbons are known to result in more
alkanes than alkenes, however, with polyolefin-riebdstock, alkene gases are known to
dominate the gas products, with cracking of primayyolysis products occuring alongside
dehydrogenation [22]. The ZY-1 catalyst, at thimperature also produced the highest
volume percent of hydrogen gas compared to otheysés or reaction conditions, which
may indicate the promotion of dehydrogenation. Tiisrence may become clearer when the
composition of the oil products are examined irtieac3.3.



Thus, the gas yield were further enhanced withinlreduction of the catalyst so that at 500
°C bed temperature, the FCC catalyst (Si/Al = 16vith strong acidic sites but lowest
surface area produced the highest yield &4C¢ hydrocarbons (89.8 vol.%). The two Y-
zeolite catalysts with high surface areas but \@fferent Si/Al ratios produced the lowest
yields of G-C, (72.4 vol.% and 74.4 vol%, respectively) and tighbast hydrogen yields.
However, ZS-1 with similar basic strength as ZY-bduced a higher yield of £C,
hydrocarbons and lower,-and CH compared to the Y-zeolite catalysts. Lin and ¢an
[13], reported G-C, hydrocarbon distribution from spent FCC catalytieel conversion of
commingled polymer over a temperature range of 3460 °C. The authors observed an
increase in &C4 hydrocarbon of 18.2% to 28.7%, with the rise imgbysis temperature but
methane and ethane were detected only at the highgveratures. Huang et al. [6] also
observed a similar change in the hydrocarbon yiefld temperature for different catalysts.

Table 2 also shows that the calorific values (in MJ) of the gas products increased
generally with the introduction of the catalystdath bed tempeartures.

The higher heating values (HHV) of the gas produdteh was calculated by equation 4;
HHV (MJm™3) = 3™ (0 HHVY) oo EQL 4
where;

i ...n = each combustible component in the gas produc

x = volume fraction of combustible component in gesduct

HHV;= calorific value of combustible gas component id if®

However, the increase in calorific values becameendoammatic with the catalysts at a bed
tempearture of 600 °C, with the strongly acidic aigh surface area ZY-1 giving a gas with
the highest calorific value of 48.8 MJ3nwhich is more than twice the calorific valuestué
gas products from the thermal, spent FCC and Z¥Xgtements at the same tempearture.
This can be explained from the composition of the groducts, which shows that the ZY-1
produced the highest vol% of hydrogen (a high C¥)gimdeed, ZY-1 produced nearly three
times the vol% of hydrogen compared to the othedimns at 600 °C.

Figure 3 shows the wt% yield of the gas compongntslation to catalysts and different bed
temperatures. The wt.% results in Figure 3 cormedptm the vol.% results in Table 3,
however they give a clearer picture of the gasdgieh relation to the mass of plastic feed.
Clearly, the G and G hydrocarbons, along with carbon dioxide (from pystd of PET) were
the dominant gases at the catalyst bed temperat&@0 °C, with propene giving the highest
yield.



As catalyst bed temperature was increased to 60€h&e was a corresponding increase in
the yields of all gases. The profiles of the carloaides show that, in the presence of the
fresh zeolite catalysts, more CO was obtained @t°@0compared to 500 °C; the experiments
with quartz and spent FCC however, produced morg &Qhe higher temperature. The
quartz bed and strongly acidic catalysts seemefavour the production of hydrocarbon
gases at this temperature, while the basic casaly¥-2 and ZS-1) favoured increased yields
of CO and CQ@gases. For the basic catalysts, the CO yieldeased by a factor of about ten
at 600 °C while C@yields reduced slightly at the higher temperatooenpared to the results
with the same catalysts at 500 °C. This could h@a@xed by the reduction of G@n the
catalysts surface via Boudouard reaction. Figur@s® confirms that ZY-1 produced the
highest yield of hydrogen (1.19 wt.%) comparedi® dther experiments.

3.3. Composition of oil products

The oil products were categorized using data fra@diFRED analysis into fuel range (G Cis)
and high molecular weight (&) compounds. The distribution of the fuel range &igh
molecular weight compounds for SMP pyrolyzed ugliifigrent catalysts at 500 °C or 600 °C
catalyst bed temperature is shown in Figure 4. da@ were evaluated on the basis of
percentage peak area of the major components amsénom the GC chromatograms. This
was possible because the oil products were preperethe same volume of solvent
(dichloromethane) prior to analysis and the sameciion volume used each time. The
compounds were identified by comparing their retantimes to those of compounds in the
standards.

Production of fuel range hydrocarbons increaset watalysts introduction from 62.9 to 85.1
% at 500 °C, with the spent FCC giving similar gigehs the fresh zeolite catalysts. The more
basic ZY-2 catalyst gave the highest fuel rangerdgarbons yield (85.1%) compared ZS-1
with the same Si/Al ratio (80). The difference be#n the yields from the two basic catalysts
may be their different surface areas and pore tstre. Thus, comparatively a general trend
was observed that showed that fuel range hydronarlmcreased in the presence of the
catalysts at 500 °C catalyst bed temperatures. tAfpam the spent FCC, fuel range
hydrocarbons increased at 600 °C for all the z=atatalysts and for the thermal run.
Although, the overall oil yields decreased at tigh&r temperature compared to 500 °C, the
fuel properties improved with the content of fushge compounds.

Figure 5 shows the distribution (based on GC amglys the hydrocarbons into aliphatic and
aromatic compounds in the oil products from theofygis process of SMP at the two catalyst
bed temperatures. In general, the aliphatic comg@diominated the oils at 500 °C and much
of 600 °C, except for the strongly acidic ZY-1, atiproduced much higher aromatics
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content. The relative contents of the aliphatic araimatic compounds in the oil product was
clearly influenced by both the catalyst type and teEmperature. At 500 °C, the spent FCC
with medium acidic property (due to its low siliead alumina ratio), appears to compete
favourably with other fresh zeolite catalysts relwog higher (36.2%) aromatic yield than

ZY-2 (33.7%) with higher Si/Al ratio and low acidtalytic sites. Apart from ZY-1, a change

in temperature from 500 °C to 600 °C appeared toebponsible for the change in the
distribution of the total aliphatic and hydrocarb@mpounds in the oil products. ZY-1 with

the strongest acidic catalytic site gave highesimatic yields at both bed temperatures
(47.1% and 61.4%, respectively for 500 °C and %0 For instance, the yield of aromatics
from ZY-1 could be linked to the composition of thas products obtained from the same
catalysts. As presented in Table 3, ZY-1 produtedhighest yields of hydrogen gas in the
gas product at both catalyst bed temperatures,winidicates that the catalyst promoted
higher rates of dehydrogenation. Clearly, dehydnagjien would have led to aromatization

and therefore the formation of aromatic compounds.

At higher bed temperature 600 °C, spent FCC redosduilar aromatic yield (38.8%) as the

zeolite ZY-2 (39.8%) and the ZS-1 (41.1%) but thgiséds were marginally higher for these

catalysts compared to the those at 500 °C. Thdtseshowed that temperature was more
effective than the catalyst type to alter the cosmpm of the oil products for the other four

experiments except for the ZY-1 catalyst. Therefamespective of the large difference in

Si/Al ratio between the FCC, ZY-2 and ZS, they gavematic yields similar to the quartz

bed. It has been suggested that during the pysobfspolyolefins, ZSM-5 catalysts lead the

reactions through an end-chain scission pathwasldivig light hydrocarbons as primary

products, instead of the typical polyolefin rand@tission pathway that takes place in
thermal pyrolysis [22-25].

3.4. Composition of light aromatic compounds ingybducts

Due to the higher yields of aromatic compounds ofegkin these experiments, it became
important to present a detailed compositional aiglgf the components. Figure 6 shows the
chromatograms of the oils products from pyrolydithe SMP sample with quartz sand alone
and in the presence of the strongly acidic ZY-hlyat at 500 °C. The chromatograms have
been obtained from a GC programme developed foattaysis of aromatic hydrocarbons

(hence no aliphatic compounds are labelled but fhesaks can be seen). Clearly, the size of
the peaks indicate the changes in the yields pk@ally the low molecular weight aromatic

compound such as benzene, toluene and xylenes (Bahge of hydrocarbons, in relation to

the different catalyst bed materials. BTX aroméatydrocarbons are important components
of gasoline fuel and are high-value chemical femzlstor the manufacture of medicines and
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household items. The composition of BTX chemicalspyrolysis oils from polyolefin
plastics have been shown to be promoted by theepcesof zeolite catalyst with strong
acidic sites [26].

Figure 7 shows the peak area percent of some amimgdrocarbons (BTX, styrene and
naphthalenes) in the oil products in relation talyst type and bed temperature. With quartz
alone, styrene was the dominant aromatic compouninie oil products obtained at both bed
temperatures. However, its yield appeared to deerfam 21% at 500 °C to 17% for 600 °C
catalyst/sand cracking temperature. The presenstycéne is often due to the polystyrene
content in the plastic feed. During the non-catalgyrolysis of polystyrene, Williams et al.
[22] reported a high mass vyield for styrene of 582600 °C, which decreased to 34% at a
higher upgrading temperature of 700 °C. The autbamained the reduction of styrene as
well as styrene dimer and trimer to be via thermtdeculartransfer followed byB-scission
leading to the production of new radical and alkene

Literature shows that the pyrolysis of polyolefican obtain oils with high aromatic
concentration; and a large number of researchess pigposed formation mechanism to be
based on Diels-Alder reaction of alkenes [22, 2B-BBaddition, other authors suggested that
the Diels-Alder reactions are accompanied by dedgeination and unimolecular cyclization
followed by dehydrogenation [23-25], which is faeied by the higher alkene content in the
catalytic pyrolysis products of polyolefins [27].

In this work, the influence of the various catadysised can be better evaluated from the
yields and composition of aromatic compounds in ¢iieproduct. In the test with quartz
sand, styrene remained the dominant aromatic contpatiboth bed temperatures. However,
the yields of toluene, benzene, ethylbenzene amththalene increased marginally while
xylenes almost completely disappeared as the epearature was increased from 500 to 600
°C. For the FCC catalyst, ethylbenzene formatiors weomoted over the other aromatic
compounds at 500 °C, including styrene; but at ®D0the production of both benzene and
toluene increased considerably. Other catalystssdlewed modest increases in benzene and
toluene yield, however the strongly acidic ZY-1 wias optimum catalyst for the production
of low molecular weight aromatic compounds. ZY-Y@aearly equal yields of benzene and
toluene (about 12 peak area %) as the dominantadicsproduced at a temperature of 500
°C. The total yield of these two compounds was nmitian 90% of all the aromatic
compounds at 600 °C with the strongly acidic catalylhese results for ZY-1, which shows
the near complete disappearance of styrene, sutiggst significant percentage of the other
aromatic compounds may have originated from styrene
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However, for this ZY-1 catalyst, the yields of amm hydrocarbons were consistently
higher than those of the other catalysts and thetguand. This may indicate that the
formation of BTX aromatic compounds was not enyiidie to the conversion of styrene via
hydrogenation, demethylation and dealkylation. €fme, the formation of BTX
hydrocarbons would have resulted mainly from bbthgtyrene and alkene routes as depicted
in Figure 8. This agrees with the work of otherhau$ [21, 26, 28, 29], who suggested
formation of aromatic compounds via Diels-Alderat@ns of the alkenes produced during
the pyrolysis of polyolefins, followed by aromatizen via dehydrogenation, promoted by the
catalysts (especially ZY-1) and delocalization sitgtof aromatic rings.

4.0. Conclusions

The influence of catalyst bed temperature and bfpeeolite catalysts (based Si/Al ratio and
surface area) on pyrolysis of a simulated mixedtmgSMP) sample have been investigated
for the production of valuable liquid fuels and cheal feedstock. Higher catalyst bed
temperature led to increased gas production, peatly C-C, hydrocarbons, while ZY-1
produced the highest hydrogen gas yield (from dedgehation). All the catalysts caused a
reduction in oil yields and an increase in gasdgelparticularly more so at 600 °C bed
temperature. The contents of low molecular weggbmatic compounds in the oil products
increased with temperature, an indication of imprbwgasoline-type fuel quality. ZY-1
produced the highest yields of the aromatic compeuat both pyrolysis temperatures;
indeed at 600 °C, the benzene and toluene accodmtadore than 90% of the aromatic
content of the oil from the experiment involving AYcatalyst. Hence, results showed that
ZY-1 could be used to obtain high yields of valeabromatic chemical feedstocks from
polyolefin plastic wastes. The formation of the raadic compounds involved Diels-Alder
reactions but arguably, there was a major coniobutrom styrene, which appeared to be a
primary aromatic compound during the pyrolysis pssx (mainly from the polystyrene
fraction of SMP). Styrene conversion to other arbesacould be via hydrogenation,
dealkylation and methylation.
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Table 1: Some characteristics of catalysts usehis work

Catalyst properties FCC ZY-1 ZY-2 ZS-1
Zeolite Structure FCC-Zeolite Y-Zeolite Y-Zeolite ZSM-5
Surface area (m * g™ 148 935 888 467
Si/Al ratio 16.4:1 5.2:1 80:1 80:1
Cation : NH," H* NH,"
Na,O (%) 0.14 2.93 0.02 0.00
Micropore volume (cm *g™) 0.032 0.340 0.315 0.204
Mesopore volume (cm *g™) - 0.040 0.221 0.117

Pore radius (A) - 7.62 7.047 7.50




Table 2. Volume of gas components in gas prodoch fhermal and catalytic pyrolysis

of SMP with different catalyst type and at differded temperatures

Quartz Sand

Quartz Sand

Quartz Sand

Quartz Sand

Quartz Sand | + FCC +ZY-1 + ZY-2 + ZS-1
Catalyst bed temperature (°C)

Gas (vol %) 500 600 500 600 500 600 500 600 500 600
H, 455 10.6 | 547 991 | 222 31.8 | 15.7 12.6 | 14.3 9.46
CH, 8.72 15.4 | 4.72 14.6 | 9.97 16.7 | 5.27 10.7 | 6.38 7.44
C,Hy 12.8 23.1 | 9.08 17.7 | 9.96 8.80 [9.81 8.98 |[119 21.7
C,Hs 6.14 6.82 | 294 5.88 |4.82 6.41 | 3.06 3.63 | 3.00 3.40
C3Hg 11.4 11.8 | 20.3 14.3 [ 17.9 10.7 | 16.1 18,5 | 19.3 17.1
CsHs 5,70 591 102 7.13 | 8.93 5.36 | 8.06 9.26 | 9.71 8.53
CsHg 6.21 455 [13.1 572 |12.6 556 | 7.35 4.15 |9.37 4.64
C4H1o 418 3.74 | 7.09 4.64 |4.67 765 | 501 261 |6.73 451
CcO 148 892 |109 7.75 |[582 4.49 (780 236 |6.32 19.7
CO; 255 917 | 16.2 12.5 | 9.66 249 |15.2 593 | 129 355
5 alkanes 247 319 |(249 323 |284 361 |214 262 |258 239
5 alkenes 304 395 |425 377 |404 251 |[333 317 |40.7 434

518 219 |101 218 |209 488 |165 226 | 137 36.7

HHV (MJ m?®)
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Highlights

Application of zeolite catalysts increased gas production at the expense of oil product, with
dramatic change in oil composition

Aromatic contents of oils increased with presence of catalysts as well asincreased bed
temperature

Strongly acidic zeolite Y catalyst (Si/Al =5.1) promoted formation of low molecular weight
aromatic hydrocarbons

Pyrolysis-catalysis can be tuned to produce fuel-grade liquid product and high-value aromatic
chemicals

Possible mechanisms of BT X aromatic formation via styrene and alkene/diene routes



