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Abstract

Polyethylene terephthalate (PET) is one of the main plastics used in food packaging products, which have
a very short life and are rapidly transformed into waste, and accounts for 7Twt% of the total plastic waste
generated. Current PET waste management, mainly via mechanical recycling and glycolysis, have encoun-
tered a number of issues: negative impact on the environment, segregation of waste and product separa-
tion/purification. Therefore other versatile alternatives such as pyrolysis should be employed to recover
value-added products from waste. Benzoic acid a precursor in the food and beverage industry, derived from
PET via thermochemical conversion opposed to the current manufacturing process from fossil fuel-based
feedstock is considered as a promising approach. In this study, the effect of operating conditions i.e. temper-
ature, catalyst to plastic mass ratio and volatiles residence time and their interactions on product yields and
properties were studied. Sulphated zirconia (SZ) was first time used for catalytic pyrolysis of PET due to its
high acidity and environmentally friendly synthesis. Results showed that up to 27-32wt% benzoic acid could
be recovered through PET pyrolysis at 450-600°C at 20s residence time. By increasing the catalyst:plastic
ratio to 10wt% only 26wt% of benzoic acid was recovered in the wax but it increased the amount of other
valuable products i.e. light hydrocarbons (C,;-C;) recovered in the gas.
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1. Introduction

Commodity plastics i.e. polyethylene terephthalate (PET), polystyrene (PS), polypropylene (PP), polyethy-
lene (PE), polyvinyl-chloride (PVC), which are produced from petroleum-based products, have been widely
used due to their versatility, durability, low weight and cost [, [2]. This causes an increase in waste i.e.
average 8.7% per year [3]. The current depletion of petroleum resources coupled with the growing concern
of plastic waste and their damaging effect on the Environment and ecological systems, recovery of monomers
from plastic waste is now more imperative than it has ever been.

In the European Union (EU), and in the UK, it is estimated that plastic waste contributes up to 10-
13% of municipal solid waste (MSW) [4l 5], of which 7wt% (1.7 million tonnes) is PET [I]. PET is widely

used in the textile and carpet industry, in the packaging of food products and in the production of bottles
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[6. [7]. PET waste is usually managed by landfill disposal, chemical recycling (methanolysis, glycolysis,
hydrolysis), energy recovery via incineration and mechanical recycling. Themelis and Mussche [2] reported
that approximately 83 % of plastic waste was disposed in landfills while only 7 % was recycled and 10 % was
converted into energy via waste-to-energy plants in the USA in 2014. Although recycling and recovery rates
were higher in the EU in the same year (30 %), still around 31 % of plastic waste was disposed in landfills
with the balance converted into energy via waste-to-energy plants [I]. However, due to lack of recycling
capacity plastic waste used to be sent to China for treatment. For instance, from the almost 600 ktonnes of
plastic waste recycled in 2009 in the UK about 75 % were shipped abroad [8]. Since the beginning of 2018,
the Chinese Government implemented a ban to import plastic waste which has led to an accumulation of
plastic waste in the UK [9] that require versatile and alternative management solutions.

Since plastic waste are non-biodegradable, their disposal in landfills causes a negative impact on ecol-
ogy, human health and wildlife [I0]. Incineration with energy recovery, a common approach that reduces
considerably the volume of wastes and produces energy, also emits airborne pollutants such as CO,4, N,O,
NOx, NH;, VOC, polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/PCDF), HCI, HF and SO,
[ITHI5]. Mechanical recycling of PET, done by melting and extrusion of PET wastes into fibres, produces
products with limited applications e.g. drinking bottles and food-graded materials require the use of virgin
PET manufactured from fossil fuels. Therefore, from a sustainable point of view, chemical recycling via
glycolysis or pyrolysis is preferred as an alternative to recover of raw materials.

Glycolysis is the common PET chemical recycling method to recover bis(hydroxyethyl) terephthalate
(BHTE) monomer. It is the depolymerisation of PET through the solvolytic chain cleavage into smaller
molecules in the presence of ethylene glycol at temperature and pressure ranges of 190-240 °C and 0.1-0.6
MPa over a long reaction time (0.5-8 h) [16]. In addition, this process requires a basic catalyst to obtain a
reasonable yield of BHTE i.e. 6-70 % [I7] at milder conditions [I8]. Most catalysts are liquids in the form of
metal acetates [I'7, [[9], titanium-phosphates [I7], solid super acids [I7], metal oxides [I7], ionic liquids[I9],
hydrotalcites [I9], or enzymes [I9]. The main disadvantages of PET glycolysis are i) the requirement of
clean and pure PET waste streams, therefore requiring high segregation costs [6] 11l [12]; ii) the use of
liquid catalysts that required further separation from glycolysis products creating waste water that requires
treatment; and iii) the catalysts cannot be reused after separation increasing operation costs. Further details
can be found elsewhere [I6] [I8] [20] but will not be discussed here as they escape the scope of this work.

Pyrolysis is an advanced thermochemical conversion carried out in a non-oxidant atmosphere at tem-
peratures between 400-700 °C with or without a catalyst. Pyrolysis of plastic waste yields three fractions:
solid residue, formed by carbon residue and any inorganic element present in the original plastic product;
gas, comprised of CH,, H,, CO,, CO and C,-C; hydrocarbons; and wax/liquid/oil which comprises of a
mixture of aliphatic and aromatic hydrocarbons. Pyrolysis can be applied to recover valuable chemicals
from PET without cleaning, waste segregation [II [0], the use of liquid catalysts and extra reagents. Unlike

glycolysis, where the monomer (BHTE) is recovered, pyrolysis of PET yields other aromatic and oxygenated



compounds like acetaldehyde, vinyl benzoate or benzoic acid [2I] due to the difference in the decomposition
mechanism. Kumagai et al. [22] showed that CaO catalyst/steam increased the amount of benzoic acid
recovered in PET pyrolysis at 600 °C from 1.83 wt% to 8.29 wt%. During glycolysis, PET ester link is
substituted by the hyroxyl group from the reagent glycol forming oligomers or oligoester diols/polyols with
hydroxyl terminal groups being the most common one BHTE [I6], 23]. Pyrolysis of PET is also produced via
the cleavage of the ester linkage. However, as there are no glycols present, the bond cleavage is produced by
the effect of either temperature or both temperature and catalyst resulting in the formation of vinyl ester and
carboxyl compounds. The vinyl ester could decompose further into other compounds such as acetaldehyde,
acetophenone or light hydrocarbons (C;-Cj) [24].

Benzoic acid, one of the products from PET pyrolysis, is mainly used in the food and beverage industry as
an intermediate to produce benazoates and other related antifungal preservatives (such as E210, E211, E212
and E213) present in numerous common foods like soft drinks, coffee, salad dressings, etc. as well as one of
the main feedstock for phenol manufacture [25]. Benzoic acid is also used as a precursor of other products
such as plasticizers, fungal ointments for medical use, and as a calibrating substance for bomb calorimeters
[25]. Its market size is expected to increase by almost 30% in the next few years (from 480 ktons in 2014 to
620 ktons in 2023) [25] and its price is around $4000/Mton [26]. Therefore, the recovery of this compound
is as important as that of the monomer BHET because benzoic acid is currently manufactured by partial
oxidation of toluene with oxygen in the presence of cobalt or manganese naphthenates.

Research on pyrolysis process for different types of plastic in the plastic waste stream has been carried
out over the years [21] [27137], but only focusing on the effects of individual parameters such as the pyrolysis
temperature (300K to 1000K), the type of catalyst (HZSM-5, HUSY, HMOR, Z-N, Silica-Alumina, Zeolite-
Beta and SZ [38]), ratio of plastic to catalyst (100:1 to 10:1), and heating rate (5, 10 and 20K /min). The effect
of temperature was also studied focusing on reactions pathways and product yields and distribution from PET
pyrolysis [30, [39]. However, none of these studies looked at the synergistic effect of the pyrolysis temperature
and SZ catalyst. In this study, the interactions of temperature and plastic:catalyst mass ratio on the product
distribution of PET waste pyrolysis to recover valuable chemicals, i.e. benzoic acid. SZ was chosen because
(i) it is a super acid catalyst [40], i.e. it activates light alkanes at room temperature [41], that is found to be
effective for cracking of long chain hydrocarbons (triglycerides/vegetable oil [42] [43] and polystyrene [38]) and
(ii) an environmentally friendly alternative compared to catalysts mentioned previously. However, limited
research has also been carried out using SZ catalyst for pyrolysis of plastic waste, particularly for PET and
examining the viability of using SZ in comparison to other common catalysts applied in the pyrolysis process

of PET [31].



2. Experimental methodology

2.1. Materials

PET samples were collected from O’Brien’s Waste Recycling Solutions (Wallsend, Newcastle upon Tyne,
UK). They were thoroughly washed with soap and water to eliminate any effects caused by unknown con-
taminants, and then cut into 1.5x1.5cm size. PET waste characterisation is shown in Table [I} PET waste
had a H/C ratio similar to that of lignite and lower than that of biomass [44] implying a very low hydrogen
content due to the existence the aromatic rings, ester and carboxylic group as shown in Figure [Il The high

calorific value of PET was similar to that of bituminous (17-23MJ/kg) or lignite coal (15-27 MJ/kg).

Table 1: PET waste characterisation

PET waste

High calorific value / [MJ/kg] 22.860+0.005
Volatile matter / [wt%)] 87.6240.26
Ash content / [wt%] 2.39+0.64
Empirical formula C;H;0,
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Figure 1: Structure of PET

2.2. Catalyst preparation and characterisation

SZ catalyst was synthesised by directly mixing zirconium (IV) oxychloride octahydrate (Sigma Aldrich)
and ammonium sulphate (Sigma Aldrich) at 1:6 molar ratio followed by 18h ageing at constant temperature
inside a VECSTAR VCI1 horizontal furnace kept at 25°C. The mixture was then calcined at 500°C for 6h
in the same furnace following the method described by Eterigho et al. [43]. The solvent free synthesis
of SZ was proven to improve catalyst characteristics [45] due to a stronger interaction between S 057 and
ZrO, that reduces catalyst deactivation [46]. The morphology of the prepared catalyst was conducted using a
Philips CM100 Transmission Electron Microscopy (TEM) with Compustage and high resolution digital image
capture particle size distribution. Particle size distribution of the prepared catalyst was determined using
Image J based on the TEM image shown in Figure|2| Results showed that around 60% of the particles were
in the 1-2.9nm range while the rest were distributed from 2.9-4.8nm (15%), 4.8-6.7nm (10%) and 6.7-18.1nm
(15%).



Figure 2: TEM image of SZ catalyst (180000x, HV = 100.0kV, scale = 100nm)

X-ray diffractograms (XRD) were obtained in a Panalytical X’Pert Pro Multopurpose Diffractometer
(MPD) fitted with a X’Celerator and a secondary monochromator (Cu-Ka radiation, wavelength (A\) =
1.54A generated at 40kV and 40mA) over a 26 range of 2° to 70° from 2°C - 100°C. As shown in Figure
the sample was mainly amorphous with relatively low tetragonal and monoclinic phase crystalline fractions.
The results were similar to those reported by Eterigho et al. [43] although the crystalline fraction of the SZ
in this study was slightly higher.
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Figure 3: X-ray diffraction spectra of SZ (T = tetragonal crystal and M = monoclinic crystal)

Surface area was obtained by N, physisorption isotherms determined at 77K using a Thermo Scientific
Surfer and Brunauer-Emmett-Teller (BET) equation with samples outgassed at 150°C over high vacuum for
12h prior to analysis. SZ had a high surface area (2774+15m?/g), which was twice higher than those reported,
ie. 108m?/g [43], 119.3m? /g [47]. The difference could be due to the conditions used during the catalyst
preparation. Hamouda et al.[48] and Stichert and Schiith [49] found that the surface area could dramatically
vary from 19m? /g (no aging) to 104m? /g (1 day aging at 423K) [49].

2.3. Kinetic parameters

Only PET waste were cut into circular particles of 1mm diameter and analysed by thermogravimetric

analysis (TGA) in a Perkin Elmer STA6000 at 5, 10, 20 and 40°C/min between 30-700°C to obtain kinetic



parameters of PET pyrolysis using isoconversional methods as described in detail elsewhere [50]. TGA
and differential TGA curves of the PET waste sample and its kinetic parameters (activation energy, pre-
exponential factor and order of reaction) are illustrated in Figure |4/ and Table [2| respectively. Figure |5|shows

the variation of the waste PET heat flow during TGA analysis as temperature increased.

Table 2: Results of kinetic analysis

PET waste
Decomposition temperature range / [°C] 395-520
Activation energy / [kJ/mol| 197.61
Order of reaction 2.8
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Figure 4: TGA (top) and differential TGA (bottom) curves for PET samples obtain at 5°C/min, 10°C/min, 20°C/min and
40°C/min between 300-700°C

From TGA analysis (Figure |4), it can be observed that PET decomposition started at around 395
°C and completed about 520 °C. Figure [5| shows a perturbation on the heat flow after PET decomposition
temperature at high heating rates (> 20 °C/min) that is not perceptible at low heating rates (< 20 °C/min).
This perturbation is thought to be caused by a temperature profile formed on the plastic particle caused by a
decrease in the uniformity of the heat distribution at high heating rates due to the low thermal conductivity
of plastics. This phenomenon prevents the PET particle to melt completely and therefore part of the thermal
decomposition occurs on melted plastic i.e. liquid and part on the non-melted plastic i.e. solid. Pyrolysis
temperature for the experiments was set based on the range determined by TGA. The minimum temperature
selected was 450 °C to ensure over 20% PET decomposition. The maximum experimental temperature

selected was 600 °C to obtain complete PET decomposition. The remaining experimental temperature was
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Figure 5: Heat flow (mW /kg) curves for PET samples obtain at 5°C/min, 10°C/min, 20°C/min and 40°C/min between
50-700°C

selected as the medium point of the selected interval.

2.4. Pyrolysis methodology

Experimental set up for pyrolysis was shown in Figure[f] Approximately 5.04+0.03 g of PET were placed
in a quartz combustion boat inside a 30 cm long and 29 mm inner diameter quartz reactor. A 10 mm long
catalyst bed was created just after the sample by mixing the desired amount of the SZ catalyst (3wt%,
6.5wt% or 10wt% of the PET sample) with 10 g of 1 mm diameter glass beads (Sigma-Aldrich) in order
to: i) obtain uniform distribution of the catalyst, ii) ensure uniform contact of the volatiles released from
pyrolysis and the catalyst and iii) prevent the catalyst to flow out of the reactor with the volatiles to prevent
wax contamination in the condenser.

The pyrolysis reactor containing the PET sample and the catalyst packed bed was placed inside a cylin-
drical horizontal Vecstar VCTF /SP furnace. The reactor was continuously purged with nitrogen at a flow
rate of 20 mL/min for 1 h. As soon as the system was air free (confirmed by gas chromatography analysis
of the gas collected at the outlet), the furnace was switched on to heat the reactor to the desired pyrolysis
temperature (450, 525 or 600 °C) at 45 °C/min. Both the sample and the catalyst bed were heated at the
same heating rate i.e. 45 °C/min up to the same final temperature i.e. 450, 525 or 600 °C as the furnace
heated zone has an uniform horizontal temperature distribution. All temperatures given referred to the one
measured at the centre of the heated zone. The heating rate given also refers to the one measured at the
centre of the heating zone during the furnace calibration prior to any experiment. The temperature was held
for 10 minutes from the time the sample reached its set point before the furnace was turned off to ensure

full decomposition of the volatiles released. The residence time of the volatiles inside the heated zone i.e.
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Figure 6: Experimental set up

the time the volatiles remained inside the catalyst bed in contact with the catalyst, was varied (10, 20 or 30
s) by altering the nitrogen flow rate (40 mL/min, 20 mL/min and 13 mL/min respectively).

At the outlet of the reactor, volatiles were condensed in two condensers cooled with ice (0°C). The gases
out of the condenser (non-condensable gases) were passed through a water trap to ensure no residues enter
the gas collection system. A 0.6L Tedlar bag (Sigma-Aldrich) was used to collect the gas when the sample
reached the final pyrolysis temperature (450°C, 525°C or 600°C) for further analysis. The solid residue in
the combustion boat and condensed fraction were collected and weighted for their yields once the system
cooled down below 100°C under N, atmosphere to minimise further decomposition of the products. The gas
yield was calculated by mass balance difference as explained in equation [I] The catalyst was recovered from

the catalyst bed by simple separation from the glass beads via agitation.

Mprer = Msotidresidue + Mwaz + Maas (1)

where Mppr is the initial mass of PET (g), MgotidRresidue 18 the mass of solid residue in the combustion boat
(), Mz is the mass of the condensed fraction i.e. wax (g), and Mgy is the mass of the non-condensable
fraction i.e. gas calculated by difference (g).

The yield of the three products recovered from PET pyrolysis i.e. solid residue, wax and gas, were

calculated based on the ratio between the mass recovered and the initial mass of PET, as described in



equation 2]

M
Mpgr

%100 (2)
where i represents the products: solid residue, wax and gas, Y; is the yield (wt%), M; the mass of product
at the end of pyrolysis (g) calculated either by weighting as explained above or by difference and Mpgr is

the initial mass of PET (g).

2.5. Product analysis

2.5.1. Gas analysis.

Gas samples were analysed by a Varian 450 gas chromatography unit equipped with (i) a TCD detector
(held at 175°C) and three columns: Haysep T ultimetal 0.5m x 0.3175mm, Haysep Q ultimetal 0.5m x
0.3175mm and Molsieve ultimetal 1.5m x 0.3175mm kept isothermally in an oven at 175°C and (ii) an FID
detector (held at 250°C) coupled with a CP-Sil 5CB 25m x 0.25mm x 0.40pm in an oven programmed as
follows: 40°C hold for 2min, 4°C/min to 50°C and hold for 0.5min, 8°C/min to 100°C and final ramp to
120°C at 10°C/min. The results from GC-TCD/FID gas analysis are referred to the initial PET sample (i.e.

mass of compound/mass of PET sample).

2.5.2. Waz analysis.

A known fraction of the wax sample was dissolved in n-hexane and analysed by both gas chromatography
mass spectrometry (GC-MS) for qualitative analysis and gas chromatography flame ionized detector (GC-
FID) for quantitative analysis. GC-MS analysis was performed in a Clarus 560D equipped with Elite-5MS
30m x 0.25mm x 0.25mm column. GC-FID analysis of the wax sample was made on an Agilent 7820N unit
equipped with a CPSil5 CB 25m x 0.25mm x 0.40mm column. The method used for both GC-MS and
GC-FID was as follows: temperature of the detector and inlet set at 280°0C and oven programmed to start
at 60°C with 3min hold and then ramped to 280°C at 6.5°C/min followed by a 13.5min hold. Quantitative
results from GC-FID were obtained based on a calibration curve with benzoic acid (99%, Alfa Aesar) at
different concentrations as well as injecting 1uL of methyl heptadecanoate dissolved in n-hexane (500ppm,
Sigma Aldrich) with every sample as internal standard. Results from GC-FID wax analysis are calculated
based on the initial PET mass (i.e. mass of compound/mass of PET sample).

An equivalent amount of wax was also dissolved in dimethyl sulfoxide (DMSO) and analysed by proton
nuclear magnetic resonance ('H-NMR) to cross examine the GC-MS results. 'H-NMR of the sample was
conducted in a Bruker Avance III HD 700 NMR Spectrometer operating at 700.13MHz. The spectra were
acquired in d6-DMSO at 298K and were referenced to TMS. The number of scans was 256. Finally, the wax

—1lo

as collected from the condensed was scanned from 4000-600cm on an Agilent Cary 630, using KBr as

background reference.
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Figure 7: Effect of temperature and catalyst:plastic mass ratio on the gas yield (left), wax yield (middle) and residue yield
(right) at volatile residence time of 20s. Red areas represent higher values while blue areas lower values according to the colour
bar on top of each subfigure. Green and yellow areas are intermediate values.Errors: gas yield = + 6.37 wt%, wax yield = +

7.60 wt% and residue yield = + 8.53 wt%

3. Results and Discussion

PET is a stiff semi crystalline polymer formed by repetition of the structure shown in Figure [I When
PET is exposed to high temperatures (>395°C), it decomposes via a random scission of the ester linkage
resulting in the formation of a vinyl ester and a carboxyl group (benzoic acid). The vinyl ester undergoes
transesterification to form acetaldehyde and other smaller molecules such as CO, CO, or ethylene [24] [51].
The rate of PET decomposition and its product distribution depends on the temperature, the amount of

catalyst/type of catalyst and the residence time of the volatiles [24].

3.1. Effect of operating conditions on decomposition of PET

Figure El shows the variation of temperature and catalyst:plastic mass ratio for the gas yield (left),
the wax yield (middle) and residue yield (right). It was found that at the tested operating conditions:
temperature (450-600 °C), volatile residence time in the heated zone (10-30s) and catalyst:plastic mass ratio
(3-10wt%), temperature had the strongest effect on the product yield, followed by the catalyst:plastic mass
ratio. Increasing temperature enhanced the production of the gas at the expense of wax fraction. At low
temperature (i.e. 450 °C) increasing the catalyst proportion increased the solid residue yield but did not
have a clear effect on the gas and wax yield. At high temperature (i.e. 600 °C), the gas yield maximised
whereas the wax yield minimised at catalyst:plastic ratio of 2/30 (i.e.6.5 wt%). In contrast, the solid residue
yield increased with catalyst (12.45 wt% with no catalyst, 13.37 wt% at 3 wt% catalyst and 20.28 wt% at
10 wt% catalyst).

As explained in section [2.4] the solid residue represented the residue recovered from the combustion boat
after PET pyrolysis. Therefore this fraction was not in contact with the catalyst bed. The solid residue yield

varied mainly due to differences in the composition of PET waste i.e. drink bottles, ready-meal packets, etc.
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The effect of the catalyst on PET decomposition was more prominent at high temperature (600 °C). For
example, increasing the catalyst:plastic mass ration at 450 °C from 0 to 1:10 (i.e. from 0 wt% to 10 wt%)
resulted in a 3 % increase of the gas yield (from 34.54 wt% to 35.87 wt%) while at 600 °C the gas yield
increased by 29 % (from 38.19 wt% to 55.91 wt%). This suggested the minimum temperature required to
activate the catalyst to enhance secondary cracking is above 450 °C.

The volatiles residence time i.e. the time the volatiles remained inside the catalyst bed in contact with
the catalyst, in the tested range of 10-30 s had little effect the product yields. This observation agreed well
with the work by Mastral et al. [52] who observed that the residence time in the range of 0.81-1.45 s had
no significant effect on the product distribution of plastic waste pyrolysis at temperatures below 685 °C.
However, there is a general consensus that longer residence times of the volatiles in the reactor enhance
the formation of light hydrocarbons and non-condensable gases due to secondary cracking reactions [32] 53].
Therefore, the little effect of the residence time on the product yields on this study could be due to the small
range tested. The residence time could not be altered over a wider range due to experimental restrictions so
the effect of reaction-space time was not further studied and will remain constant at 20 s in the discussion

from this point forward.

3.2. Effect of operating conditions on the gas composition

As expected, higher temperatures promote the cracking of heavier compounds into lighter molecules,
thereby increasing the gas yield and decreasing the wax yield as shown in Figure[7] As reported by Martin-
Gullon et al. [30] as temperature increased, a fraction of the already formed residue was further decomposed,
thereby increasing the proportion of carbon monoxide and carbon dioxide in the gas fraction. Figure[§|shows
the evolution of carbon dioxide and carbon monoxide in the gas fraction with temperature and catalyst:plastic
ratio.

It was found that without catalyst, increasing the temperature had little effect on CO, yield (19.4 wt%
at 450 °C to 17.25 wt% at 600 °C) while had no effect on the yield of CO (11.5 wt% at 450 °C to 11.6 wt%
at 600 °C). CO, yield variation was found to be corresponded to the solid residue yield due to the reverse
Boudouard reaction occurring to some extent at the tested conditions to transform CO, into CO as shown
in reaction ([3). At 450 °C (theoretical molar fraction: CO, = 0.969 and CO = 0.031 [54]) the forward
reaction was promoted towards the formation of CO, [8) and solid residue[7]) whereas increasing temperature
to 600 °C (theoretical molar fraction: CO, = 0.723 and CO = 0.277 [54]) favoured the formation of CO
(Figure . Figure [§] initially suggested that SZ could affect the reverse Boudouard reaction to form CO
from CO, and solid residue. It was reported [55] that alkali and alkaline metals (i.e. Na, Ca, Mg, etc.)
decreased the minimum temperature to promote the reverse Boudouard reaction from 700 °C to 580 °C. It
has also been suggested that the surface oxygen in metal oxides like ZrO, can act as a substrate for carbon
residue deposition via the Boudouard reaction (reaction ) at high temperatures [56]. However, no previous
work was found involving SZ as a Boudouard reaction catalyst. Therefore, the CO, yield reduction at high

temperature and high catalyst proportion is suggested to be formed via the Boudouard reaction along with
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Figure 8: Effect of temperature (450-600 °C) and catalyst:plastic mass ratio (0-10wt%) on the yield of CO, (solid line, 42.70
wt%) and CO (dashed line, £1.86 wt%) formation in PET pyrolysis gas. Triangles represent T = 450 °C and squares represent
T = 600 °C

carbon residue but consumed by methane in an oxidative coupling with CO, as oxidant to form other light
hydrocarbons. The carbon residue deposited on SZ surface causes deactivation of the catalyst. Further work

on the effect of SZ in the Boudouard reaction will be beneficial to consolidate these conclusions.

2C0 « COQ+C(5) (3)

Figure [J] shows the variation of the remaining gas products: H,, Oy, CH, and C,-Cy hydrocarbons with
temperature and catalyst:plastic mass ratio at constant volatiles residence time of 20s. The amount of light
hydrocarbons (left figure, dashed line, triangles for 450°C and squares for 600°C) increased with both the
catalyst:plastic mass ratio (Owt% to 10wt%) and temperature (450 °C to 600 °C). At low temperatures
(450 °C) the amount of CO, and CO decreased with increasing the catalyst loading (Figure , leading to
the formation of light hydrocarbons (C;-C,) and oxygen (Figure [J] At high temperatures (600 °C), the
formation of CO, and CH, was favoured at low catalyst loads whereas the formation of light hydrocarbons
and oxygen increased with the catalyst load.

SZ catalyst contained crystalline ZrO, providing surface oxygen which can interact with some of the
reaction products such as CH,. At high temperature (600 °C), a proportion of the CH, generated can react
with CO, as an oxidant agent: 2CHy +COy — CO + CyHg + H20 and CoHg + COy — CO + CoHy + H20O
[57) B8]. During this reaction oxygen is necessary to create a methyl radical intermediate (C'Hj) which can
then undergo a chain reaction mechanism to form multiple hydrocarbons i.e. C,, C; and C,. The oxygen

in gas phase it can also react with C'H3 to form further CO, via CH;0, and CH,O radicals mechanism.
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Figure 9: CH, (left, solid line, £1.50 wt%), C4-(C5) hydrocarbons (left, dashed line, £2.73 wt%), O, (right, solid line, 4-1.30
wt%) and H, (right, dashed line, +0.09 wt%) yield (in wt%) at 450 °C (triangles) and at 600 °C (squares) at 20s residence

time and catalyst:plastic mass ratio of 0-10 wt%

However, when the oxygen is available at the surface of a catalyst as in this case and not in the gas phase
the formation of CO, is suppressed and the selectivity of C,-C5 hydrocarbons increases [58] explaining the
reduction of CH, and CO, and increase in C,-Cj yield at high temperature (600 °C) shown in Figure [9}
However, it was found that part of the SO, group decomposed into SOx, specially at temperatures above
525 °C. TGA analysis of SZ performed by Srinivasan et al. [59] showed two weight loss regions for SZ in
helium; an initial 10 wt% weight loss between 100-500 °C and a second 6 wt% weight loss between 500-
700 °C. Therefore for temperatures above 525 °C, higher catalyst loads were needed to promote secondary
reactions to form light hydrocarbons rather than CO, since as the catalyst was decomposed the number of
active sites was decreased. Further discussion on SZ thermal decomposition and deactivation is discussed

later on in section [3.4]

3.3. Effect of operating conditions on the wax composition

According to 'H-NMR, PET wax was formed by aromatic compounds (peaks mostly appeared within 6.6-
8.3ppm region). Shown in Figure is the calculated proportion of aromatic and olefinic fractions presented
in the wax obtained by 'H-NMR analysis based on the method proposed by Myers et al. [60].

The olefin content corresponded to the functional groups that are attached to the benzene ring. This
confirms the presence of vinyl ester groups in the wax product identified by the GC-MS analysis. The
aromatic percentage corresponded to the hydrogen atoms that are attached to the aromatic ring implying
that most of the wax product is formed by aromatic compounds as identified by GC-MS analysis. Increasing

pyrolysis temperature caused a slight increase in the functional groups at the expense of aromatic content
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Figure 10: Proportion of aromatic and olefinic fraction in PET wax derived from pyrolysis at 450°C, 525°C and 600°C at 20s

volatiles residence time and 6.5wt% catalyst:plastic mass ratio

due to further decomposition of the primary compounds as described in Figure However, 'H-NMR
results did not show a major difference because they only provide a general composition i.e. aromatic and
olefinic, but did not provide information on the individual compounds or functional groups within those two
wide fractions. Therefore, the wax was also qualitatively analysed by FT-IR and GC-MS and quantified via
GC-FID as shown in sections B.0.1] and [3.3.2

3.3.1. Functional groups in PET wax product

The FT-IR analysis of the wax obtained at 450 °C, 525 °C and 600 °C, without catalyst at 20 s residence
time are shown in Figure As observed, temperature did not have an effect on the functional groups
distribution in the wax fraction except for the presence of two small peaks between 3013-2815 cm™! at 450
°C which were not present at 525 °C and 600 °C. These two peaks corresponding to the C-H stretch in
the methylene group (R=CH,) suggested that as temperature increased the vinyl ester bond decomposes
into other compounds. The presence of the most predominant peak at 1730-1630 cm ™' related to the
C=0 stretch and the peak between 1330-1200 cm ™! designated to the C-O stretch implies the existence
of carboxylic acids (the second peak typically found between 1380-1210 cm™!) or esters (the second peak
usually between 1300-1100 cm™1) [61] 62].

The findings from the FT-IR analysis agreed well with those obtained from 'H-NMR and GC-MS with a
significant proportion of aromatic compounds (70-80vol%) and olefins (20-30vol%). Peaks around 1000cm ™1
and 900cm~! corresponded to the C-C and C-H stretch in aromatic rings respectively. These findings
confirmed that PET wax was formed mainly by aromatic compounds and therefore it presented a low H/C

ratio as expected. The FT-IR spectrum from PET pyrolysis wax showed in Figure [I2] also agrees with
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Figure 11: Beta scission mechanism of PET thermal degradation adapted from [24]

previous spectra reported in literature [51].

3.3.2. Wax composition

Based on 'H-NMR and FT-IR results, it can be concluded that the majority of the wax was aromatic
compounds. The GC-MS results confirmed that 90-95% of pyrolysis wax comprised of: benzaldehyde,
acetophenone, methoxybenzyl alcohol, benzoic ether, benzoic acid and 2-acetylbenzoic acid which agreed
well with previous studies [21}, 24] 51 63]. The yields of individual components and the effect of temperature
and catalyst:plastic mass ratio on the product distribution are summarised in Figure[3] The GC-FID results
showed that the product distribution of PET pyrolysis wax was as follows: 19.02-31.64 wt% of benzoic
acid; 1.18-5.88 wt% of acetylbenzoic acid; 0.72-3.22 wt% of benzoic ether; 1.05-2.21 wt% of acetophenone;
0.40-1.22 wt% of styrene; 0.06-0.92 wt% of methoxybenzyl alcohol and the difference by other aromatic
compounds (1.82-6.47 wt%) which agrees with composition already suggested in literature |7, [64].

As shown in Figure PET decomposition is initiated (>395 °C) by beta scission at the carboxylic group
where the ester link is broken to form benzoic acid and vinyl benzoate. As temperature keeps increasing the
amount of vinyl benzoate formed further decomposes into other aromatic compounds in the wax fraction and
lighter compounds in the gas phase. Theoretically, vinyl benzoate undergoes a McLafferty rearrangement
yielding acetaldehyde and ethylene [24]. However, acetaldehyde was not found for any of the tested conditions
and it is not reported as a product from neither thermal nor catalytic PET pyrolysis in literature |7 211 5T,
[64]. The addition of SZ provides both Brgnsted and Lewis acid sites [40]. Lewis acidic sites correspond
to the zirconia (Zr) atoms while the Brgnsted acidic sites are protons on the surface hydroxyl groups of

sulfated zirconia oxide as shown in Figure [I3] Those active sites promote the formation of carbocations
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Figure 12: FT-IR spectrums of PET wax obtained at 450°C (bottom), 525°C (middle) and 600°C (top) without catalyst at

20s residence time.

on the surface of the species formed by thermal decomposition via proton donation (Brgnsted) or electron

acceptance (Lewis) creating active species that further crack into smaller molecules.

o]
Bronsted acid site .0 /

/ | o z_
O\Zr/ \Zr—O or
Lewis acid site =% \o/ N

Figure 13: Scheme of the Brgnsted and Lewis acid sites on SZ. Adapted from [46

Temperature and catalyst to plastic mass ratio were the main parameters affecting the formation of
benzoic acid (Figure[3). When the temperature increased from 450 °C to 600 °C the amount of benzoic acid
decreased by 26 % (26.9 wt% to 20.0 wt% + 1.7 wt%) at 3 wt% catalyst:plastic mass ratio but remained the
same (27.4 wt% to 28.0 wt% + 1.7wt%) at 10 wt% catalyst:plastic mass ratio. At low temperature (450°C)
the amount of benzoic acid remain unchangeable (26.9 - 27.5 wt% + 1.7 wt%) with increasing catalyst:plastic
mass ratio from 3 wt% to 10 wt% whereas it was 40 % increase at high temperature i.e. 600 °C (20.0 wt%
to 28.0 wt% £ 1.7 wt%).

3.4. Sulfated zirconia thermal decomposition and deactivation

During this study it was found that the SZ catalyst was deactivated due to coke deposition and was

partially decomposed at temperatures above 525 °C i.e. the weight of SZ after pyrolysis recovered from
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Table 3: Variation of PET catalytic pyrolysis wax with temperature (450-600 °C) and catalyst:plastic (C/P) mass ratio (0-
10 wt%) at 20s volatile residence time. Yield of compound i = Masscompoundi/Initial PETmass where the mass of each
compound was extracted from GC-FID via internal standard calibration. Legend: (a) Styrene (+0.44 wt%), (b) acetophenone
(+£0.61 wt%), (c) methoxybenzyl alcohol (+1.13 wt%), (d) benzoic ether (+1.54 wt%), (e) benzoic acid (+2.67 wt%), (f)
acetylbenzoic acid (£0.07 wt%) and (g) other unknown aromatics (+4.84 wt%) calculated by difference, T = Temperature/[°C],
VRT = Volatiles residence time/[s|, C:P = Catalyst:Platic/[wt%]

Product/[wt%)]

T c:P (a) (b) () (d) (¢) () (8)
450 0 0.59 1.84 0.90 1.36 27.13 1.66 1.82
3 1.00 2.21 0.88 3.15 27.53 2.93 3.71
10 0.40 1.05 0.04 0.99 25.24 1.18 2.69
525 0 0.79 1.21 0.06 2.73 23.91 1.95 3.62
600 0 1.22 2.10 0.08 3.22 31.64 5.88 5.21
3 0.48 1.60 0.92 1.75 19.02 2.81 4.15
10 0.45 1.10 0.45 0.72 25.91 2.86 6.47

the catalyst bed was lower than the initial load. The latter explained the low benzoic acid yield at 600
°C and catalyst:plastic mass ratio of 1/30 (i.e. 3 wt%) compared to the equivalent at 450 °C as shown
in Table [f] To understand the behaviour of SZ under high temperature, SZ catalyst thermal transitions
were studied in a TA Instruments Q20 differential scanning calorimeter at 5 °C/min from 30 - 550 °C. Four
exothermic peaks were found at: 82.58, 177.43, 455.53 and 525.17 °C. The first two peaks (between 80-180
°C) were caused by the loss of hydrated water molecules from the zirconium sulphate hydrate (ZrSO,so-
xH,0) according to the following reaction: Zr(SOy4)z2-2H,0 — Zr(SO4)2 - yHyO where y<x. The third and
fourth endothermic peaks (between 455 and 525 °C) were either caused by the crystallisation of tetragonal
ZrO, according to: Zr(SO4)s — ZrO, + gases or by the decomposition of the sulphate into SO, gases
and O,. This decomposition was previously reported to occur at temperatures above 700 °C [65]. Despite
Wang et al. [60] suggestion that under N, the sulphur content of SZ decreases at temperatures above 500
°C, possibly explaining the peak obtained at 525.17 °C, no sulphur compounds were found were detected
during experiments at any temperature in neither the gas not the wax fraction. Therefore, the SZ weight
loss observed after pyrolysis at high temperature is caused by the loss of hydrated water along with the
crystallisation of tetragonal ZrO,.

SZ deactivation was reported due to either the reduction of the surface sulphate groups from S+ to lower
oxidation states at temperatures above 400 °C, decreasing both the acidity and activity of the catalyst or due
to pore clogging via formation of coke during reaction [67]. SZ deactivation was further studied for another
decomposition process of plastic waste [68]. SZ and zeolite HY were both re-used up to four consecutive
plastic waste pyrolysis cycles before they showed similar yields than thermal pyrolysis i.e. deactivation of
the catalyst caused by coke deposition in the catalyst pores. Deactivated zeolite HY was partially recovered

in a parallel work by heating up to 600 °C in a CO, atmosphere. Up to 77 % of the carbon was removed and
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the catalyst recovered catalyst performed in a similar way as to spent catalyst after two cycles. Therefore,
SZ deactivation due to coke formation could be also recovered by the method mentioned above.

Despite the SZ partial decomposition, SZ has advantages as a catalyst in terms of cost and environmental
impact compared to other commercial catalyst such as zeolites, even though it may not be suitable for PET
pyrolysis at high temperatures (600 °C). When combining catalyst and thermal pyrolysis at 450 °C, the yield
of benzoic acid was up to 27.0 + 1.7 wt% and partial decomposition of the catalyst due to temperature was
not observed. This yield was comparable with the one obtained at higher temperatures (20.0 £ 1.7 wt% at
525 °C and 10 wt% catalyst and 28.0 &+ 1.7 wt% at 600 °C and 10 wt% catalyst).

Unlike PET glycolysis where the catalyst is commonly in a liquid form that needs to be separated from the
products and cannot be reused, SZ is a solid catalyst that is placed on a separate bed and therefore not mixed
with pyrolysis products. SZ deactivation was caused by coke deposition and therefore is reversible through
regeneration by combustion at 450 °C [69, [70] or treatment with hydrogen [71], allowing the reutilization of
the catalyst. From previous studies [68], SZ could also be used for several pyrolysis cycles before complete
deactivation which then be regenerated for further used without losing its activity. Therefore, the use of
this catalyst showed some enhancement over conventional PET pyrolysis and could be considered as an
alternative catalyst for low temperature PET pyrolysis.

Assuming an average 24 wt% benzoic acid yield recovered from PET waste, potentially about 408 ktons
of benzoic acid could be recovered if all PET waste generated were managed by PET pyrolysis. This could
suggest a recovery value of almost $1.8 million per year assuming steady PET waste generation as in the
UK in 2014 [I]. In addition, PET waste pyrolysis could avoid the disposal of over 600ktons of PET waste in
landfills assuming an average plastic waste landfill disposal rate in the UK of 38 wt% (plastic waste landfill
disposal rate in the UK in 2014 [1]).

4. Conclusions

PET is one of the most common plastic waste generated everyday all over the world and is mainly
used in food packaging applications which suggests a very short life and consequent rapid generation of
PET waste. Currently, chemical recycling through glycolysis and landfill are the main approaches for PET
waste management in the EU and USA. Pyrolysis is a promising alternative to recover valuable chemicals
without extra costs associated with cleaning and segregation of plastic waste like in glycolysis or mechanical
recycling. The results showed that both catalyst:plastic mass ratio and temperature play an important role in
the production of benzoic acid, a precursor widely used in the food and beverage industry. High temperature
(600°C) and no catalyst increased by 16% the benzoic acid recovery in the wax product compared to the other
conditions tested. However, operation at those conditions is energy intensive due to the energy consumption
to achieve high temperature since pyrolysis of PET is an endothermic process. The addition of the catalyst
increased the amount of another valuable product i.e. light hydrocarbons (C,-C,) from 4wt% without

catalyst to 20wt% at 10wt% catalyst:plastic ratio. SZ deactivated due to coke deposition on the catalyst
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surface as well as partially decomposed at high pyrolysis temperatures i.e. >525°C. This phenomena was
not observed when pyrolysis was performed at low temperatures. Based on the costs of catalyst and energy
(about $1.4/g (anhydrous) SZ versus $0.10/kW-h on average in 2015 in the IEA [72]), results from this study
suggest that PET catalytic pyrolysis in the presence of SZ should be carried out at temperatures below 525°C
and catalyst loads below 10wt.% to obtain high yields of benzoic acid and high value of gas products i.e.
high proportion of hydrocarbons.
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600°C

Increasing the catalyst to 10wt% enhanced other valuable products i.e. C,-C;
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Abstract

Polyethylene terephthalate (PET) is one of the main plastics used in food packaging products, which have
a very short life and are rapidly transformed into waste, and accounts for 7Twt% of the total plastic waste
generated. Current PET waste management, mainly via mechanical recycling and glycolysis, have encoun-
tered a number of issues: negative impact on the environment, segregation of waste and product separa-
tion/purification. Therefore other versatile alternatives such as pyrolysis should be employed to recover
value-added products from waste. Benzoic acid a precursor in the food and beverage industry, derived from
PET via thermochemical conversion opposed to the current manufacturing process from fossil fuel-based
feedstock is considered as a promising approach. In this study, the effect of operating conditions i.e. temper-
ature, catalyst to plastic mass ratio and volatiles residence time and their interactions on product yields and
properties were studied. Sulphated zirconia (SZ) was first time used for catalytic pyrolysis of PET due to its
high acidity and environmentally friendly synthesis. Results showed that up to 27-32wt% benzoic acid could
be recovered through PET pyrolysis at 450-600°C at 20s residence time. By increasing the catalyst:plastic
ratio to 10wt% only 26wt% of benzoic acid was recovered in the wax but it increased the amount of other
valuable products i.e. light hydrocarbons (C,;-C;) recovered in the gas.

Keywords: PET, plastic waste, pyrolysis, catalysis, sulphated zirconia

1. Introduction

Commodity plastics i.e. polyethylene terephthalate (PET), polystyrene (PS), polypropylene (PP), polyethy-
lene (PE), polyvinyl-chloride (PVC), which are produced from petroleum-based products, have been widely
used due to their versatility, durability, low weight and cost [, [2]. This causes an increase in waste i.e.
average 8.7% per year [3]. The current depletion of petroleum resources coupled with the growing concern
of plastic waste and their damaging effect on the Environment and ecological systems, recovery of monomers
from plastic waste is now more imperative than it has ever been.

In the European Union (EU), and in the UK, it is estimated that plastic waste contributes up to 10-
13% of municipal solid waste (MSW) [4l 5], of which 7wt% (1.7 million tonnes) is PET [I]. PET is widely

used in the textile and carpet industry, in the packaging of food products and in the production of bottles
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[6, [7]. PET waste is usually managed by landfill disposal, chemical recycling (methanolysis, glycolysis,
hydrolysis), energy recovery via incineration and mechanical recycling. Themelis and Mussche [2] reported
that approximately 83 % of plastic waste was disposed in landfills while only 7 % was recycled and 10 % was
converted into energy via waste-to-energy plants in the USA in 2014. Although recycling and recovery rates
were higher in the EU in the same year (30 %), still around 31 % of plastic waste was disposed in landfills
with the balance converted into energy via waste-to-energy plants [I]. However, due to lack of recycling
capacity plastic waste used to be sent to China for treatment. For instance, from the almost 600 ktonnes of
plastic waste recycled in 2009 in the UK about 75 % were shipped abroad [8]. Since the beginning of 2018,
the Chinese Government implemented a ban to import plastic waste which has led to an accumulation of
plastic waste in the UK [9] that require versatile and alternative management solutions.

Since plastic waste are non-biodegradable, their disposal in landfills causes a negative impact on ecol-
ogy, human health and wildlife [I0]. Incineration with energy recovery, a common approach that reduces
considerably the volume of wastes and produces energy, also emits airborne pollutants such as CO,4, N,O,
NOx, NH;, VOC, polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/PCDF), HCI, HF and SO,
[ITHI5]. Mechanical recycling of PET, done by melting and extrusion of PET wastes into fibres, produces
products with limited applications e.g. drinking bottles and food-graded materials require the use of virgin
PET manufactured from fossil fuels. Therefore, from a sustainable point of view, chemical recycling via
glycolysis or pyrolysis is preferred as an alternative to recover of raw materials.

Glycolysis is the common PET chemical recycling method to recover bis(hydroxyethyl) terephthalate
(BHTE) monomer. It is the depolymerisation of PET through the solvolytic chain cleavage into smaller
molecules in the presence of ethylene glycol at temperature and pressure ranges of 190-240 °C and 0.1-0.6
MPa over a long reaction time (0.5-8 h) [16]. In addition, this process requires a basic catalyst to obtain a
reasonable yield of BHTE i.e. 6-70 % [17] at milder conditions [I8]. Most catalysts are liquids in the form of
metal acetates [I7, [19], titanium-phosphates [I7], solid super acids [I7], metal oxides [I7], ionic liquids[19],
hydrotalcites [19], or enzymes [I9]. The main disadvantages of PET glycolysis are i) the requirement of
clean and pure PET waste streams, therefore requiring high segregation costs [6 11, 12]; ii) the use of
liquid catalysts that required further separation from glycolysis products creating waste water that requires
treatment; and iii) the catalysts cannot be reused after separation increasing operation costs. Further details
can be found elsewhere [16], [18, [20] but will not be discussed here as they escape the scope of this work.

Pyrolysis is an advanced thermochemical conversion carried out in a non-oxidant atmosphere at tem-
peratures between 400-700 °C with or without a catalyst. Pyrolysis of plastic waste yields three fractions:
solid residue, formed by carbon residue and any inorganic element present in the original plastic product;
gas, comprised of CH,, H,, CO,, CO and C,-C; hydrocarbons; and wax/liquid/oil which comprises of a
mixture of aliphatic and aromatic hydrocarbons. Pyrolysis can be applied to recover valuable chemicals
from PET without cleaning, waste segregation [, [6], the use of liquid catalysts and extra reagents. Unlike

glycolysis, where the monomer (BHTE) is recovered, pyrolysis of PET yields other aromatic and oxygenated
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compounds like acetaldehyde, vinyl benzoate or benzoic acid [2I] due to the difference in the decomposition
mechanism. Kumagai et al. [22] showed that CaO catalyst/steam increased the amount of benzoic acid
recovered in PET pyrolysis at 600 °C from 1.83 wt% to 8.29 wt%. During glycolysis, PET ester link is
substituted by the hyroxyl group from the reagent glycol forming oligomers or oligoester diols/polyols with
hydroxyl terminal groups being the most common one BHTE [I6], 23]. Pyrolysis of PET is also produced via
the cleavage of the ester linkage. However, as there are no glycols present, the bond cleavage is produced by
the effect of either temperature or both temperature and catalyst resulting in the formation of vinyl ester and
carboxyl compounds. The vinyl ester could decompose further into other compounds such as acetaldehyde,
acetophenone or light hydrocarbons (C;-Cj) [24].

Benzoic acid, one of the products from PET pyrolysis, is mainly used in the food and beverage industry as
an intermediate to produce benazoates and other related antifungal preservatives (such as E210, E211, E212
and E213) present in numerous common foods like soft drinks, coffee, salad dressings, etc. as well as one of
the main feedstock for phenol manufacture [25]. Benzoic acid is also used as a precursor of other products
such as plasticizers, fungal ointments for medical use, and as a calibrating substance for bomb calorimeters
[25]. Tts market size is expected to increase by almost 30% in the next few years (from 480 ktons in 2014 to
620 ktons in 2023) [25] and its price is around $4000/Mton [26]. Therefore, the recovery of this compound
is as important as that of the monomer BHET because benzoic acid is currently manufactured by partial
oxidation of toluene with oxygen in the presence of cobalt or manganese naphthenates.

Research on pyrolysis process for different types of plastic in the plastic waste stream has been carried
out over the years [21] [27H37], but only focusing on the effects of individual parameters such as the pyrolysis
temperature (300K to 1000K), the type of catalyst (HZSM-5, HUSY, HMOR, Z-N, Silica-Alumina, Zeolite-
Beta and SZ [38]), ratio of plastic to catalyst (100:1 to 10:1), and heating rate (5, 10 and 20K /min). The effect
of temperature was also studied focusing on reactions pathways and product yields and distribution from PET
pyrolysis [30, [39]. However, none of these studies looked at the synergistic effect of the pyrolysis temperature
and SZ catalyst. In this study, the interactions of temperature and plastic:catalyst mass ratio on the product
distribution of PET waste pyrolysis to recover valuable chemicals, i.e. benzoic acid. SZ was chosen because
(i) it is a super acid catalyst [40], i.e. it activates light alkanes at room temperature [41], that is found to be
effective for cracking of long chain hydrocarbons (triglycerides/vegetable oil [42] [43] and polystyrene [38]) and
(ii) an environmentally friendly alternative compared to catalysts mentioned previously. However, limited
research has also been carried out using SZ catalyst for pyrolysis of plastic waste, particularly for PET and
examining the viability of using SZ in comparison to other common catalysts applied in the pyrolysis process

of PET [31].
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2. Experimental methodology

2.1. Materials

PET samples were collected from O’Brien’s Waste Recycling Solutions (Wallsend, Newcastle upon Tyne,
UK). They were thoroughly washed with soap and water to eliminate any effects caused by unknown con-
taminants, and then cut into 1.5x1.5cm size. PET waste characterisation is shown in Table [I} PET waste
had a H/C ratio similar to that of lignite and lower than that of biomass [44] implying a very low hydrogen
content due to the existence the aromatic rings, ester and carboxylic group as shown in Figure [Il The high

calorific value of PET was similar to that of bituminous (17-23MJ/kg) or lignite coal (15-27 MJ/kg).

Table 1: PET waste characterisation

PET waste

High calorific value / [MJ/kg] 22.860+0.005
Volatile matter / [wt%)] 87.62+0.26
Ash content / [wt%] 2.39+0.64
Empirical formula C;H;0,

o O

g 1l

—-0CH,CH-0- C——
n

Figure 1: Structure of PET

2.2. Catalyst preparation and characterisation

SZ catalyst was synthesised by directly mixing zirconium (IV) oxychloride octahydrate (Sigma Aldrich)
and ammonium sulphate (Sigma Aldrich) at 1:6 molar ratio followed by 18h ageing at constant temperature
inside a VECSTAR VCI1 horizontal furnace kept at 25°C. The mixture was then calcined at 500°C for 6h
in the same furnace following the method described by Eterigho et al. [43]. The solvent free synthesis
of SZ was proven to improve catalyst characteristics [45] due to a stronger interaction between S 057 and
ZrO, that reduces catalyst deactivation [46]. The morphology of the prepared catalyst was conducted using a
Philips CM100 Transmission Electron Microscopy (TEM) with Compustage and high resolution digital image
capture particle size distribution. Particle size distribution of the prepared catalyst was determined using
Image J based on the TEM image shown in Figure|2| Results showed that around 60% of the particles were
in the 1-2.9nm range while the rest were distributed from 2.9-4.8nm (15%), 4.8-6.7nm (10%) and 6.7-18.1nm
(15%).
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Figure 2: TEM image of SZ catalyst (180000x, HV = 100.0kV, scale = 100nm)

X-ray diffractograms (XRD) were obtained in a Panalytical X’Pert Pro Multopurpose Diffractometer
(MPD) fitted with a X’Celerator and a secondary monochromator (Cu-Ka radiation, wavelength (A\) =
1.54A generated at 40kV and 40mA) over a 26 range of 2° to 70° from 2°C - 100°C. As shown in Figure
the sample was mainly amorphous with relatively low tetragonal and monoclinic phase crystalline fractions.
The results were similar to those reported by Eterigho et al. [43] although the crystalline fraction of the SZ
in this study was slightly higher.
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Figure 3: X-ray diffraction spectra of SZ (T = tetragonal crystal and M = monoclinic crystal)

Surface area was obtained by N, physisorption isotherms determined at 77K using a Thermo Scientific
Surfer and Brunauer-Emmett-Teller (BET) equation with samples outgassed at 150°C over high vacuum for
12h prior to analysis. SZ had a high surface area (2774+15m?/g), which was twice higher than those reported,
ie. 108m?/g [43], 119.3m? /g [47]. The difference could be due to the conditions used during the catalyst
preparation. Hamouda et al.[48] and Stichert and Schiith [49] found that the surface area could dramatically
vary from 19m? /g (no aging) to 104m? /g (1 day aging at 423K) [49].

2.3. Kinetic parameters

Only PET waste were cut into circular particles of 1mm diameter and analysed by thermogravimetric

analysis (TGA) in a Perkin Elmer STA6000 at 5, 10, 20 and 40°C/min between 30-700°C to obtain kinetic
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parameters of PET pyrolysis using isoconversional methods as described in detail elsewhere [50]. TGA
and differential TGA curves of the PET waste sample and its kinetic parameters (activation energy, pre-
exponential factor and order of reaction) are illustrated in Figure |4/ and Table [2| respectively. Figure |5 shows

the variation of the waste PET heat flow during TGA analysis as temperature increased.

Table 2: Results of kinetic analysis

PET waste
Decomposition temperature range / [°C] 395-520
Activation energy / [kJ/mol] 197.61
Order of reaction 2.8
100 e e S :
80 | \ : : 5°C/min | i
||~ 10°C/min | :
£ 6oL —i[ T 20°C/min | .
5 40 : ||~ 40°C/min | :
D - . S
= e
20
i i i i i i i i
gOO 350 400 450 500 550 600 650 700
Temperature (°C)
50 : : : :
z | —5°C/min |
S A 5 10°C/min|
2 : : f —40°C/min|
- 00 350 400 450 500 550 600 650 700

Temperature (°C)

Figure 4: TGA (top) and differential TGA (bottom) curves for PET samples obtain at 5°C/min, 10°C/min, 20°C/min and
40°C/min between 300-700°C

From TGA analysis (Figure [4), it can be observed that PET decomposition started at around 395
°C and completed about 520 °C. Figure [5| shows a perturbation on the heat flow after PET decomposition
temperature at high heating rates (> 20 °C/min) that is not perceptible at low heating rates (< 20 °C/min).
This perturbation is thought to be caused by a temperature profile formed on the plastic particle caused by a
decrease in the uniformity of the heat distribution at high heating rates due to the low thermal conductivity
of plastics. This phenomenon prevents the PET particle to melt completely and therefore part of the thermal
decomposition occurs on melted plastic i.e. liquid and part on the non-melted plastic i.e. solid. Pyrolysis
temperature for the experiments was set based on the range determined by TGA. The minimum temperature
selected was 450 °C to ensure over 20% PET decomposition. The maximum experimental temperature

selected was 600 °C to obtain complete PET decomposition. The remaining experimental temperature was
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Figure 5: Heat flow (mW /kg) curves for PET samples obtain at 5°C/min, 10°C/min, 20°C/min and 40°C/min between
50-700°C

selected as the medium point of the selected interval.

2.4. Pyrolysis methodology

Experimental set up for pyrolysis was shown in Figure[f] Approximately 5.04+0.03 g of PET were placed
in a quartz combustion boat inside a 30 cm long and 29 mm inner diameter quartz reactor. A 10 mm long
catalyst bed was created just after the sample by mixing the desired amount of the SZ catalyst (3wt%,
6.5wt% or 10wt% of the PET sample) with 10 g of 1 mm diameter glass beads (Sigma-Aldrich) in order
to: i) obtain uniform distribution of the catalyst, ii) ensure uniform contact of the volatiles released from
pyrolysis and the catalyst and iii) prevent the catalyst to flow out of the reactor with the volatiles to prevent
wax contamination in the condenser.

The pyrolysis reactor containing the PET sample and the catalyst packed bed was placed inside a cylin-
drical horizontal Vecstar VCTF /SP furnace. The reactor was continuously purged with nitrogen at a flow
rate of 20 mL/min for 1 h. As soon as the system was air free (confirmed by gas chromatography analysis
of the gas collected at the outlet), the furnace was switched on to heat the reactor to the desired pyrolysis
temperature (450, 525 or 600 °C) at 45 °C/min. Both the sample and the catalyst bed were heated at the
same heating rate i.e. 45 °C/min up to the same final temperature i.e. 450, 525 or 600 °C as the furnace
heated zone has an uniform horizontal temperature distribution. All temperatures given referred to the one
measured at the centre of the heated zone. The heating rate given also refers to the one measured at the
centre of the heating zone during the furnace calibration prior to any experiment. The temperature was held
for 10 minutes from the time the sample reached its set point before the furnace was turned off to ensure

full decomposition of the volatiles released. The residence time of the volatiles inside the heated zone i.e.



393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448

Temperature
controlled

furnace Catalyst and

s e

PET sample

Gas sample
bag

h

A Flowmeter

24 24
et et <ty
| 3 El ¥
. ’ N
n
L
w

Ice condensers De-ionised water trap

-
-

Figure 6: Experimental set up

the time the volatiles remained inside the catalyst bed in contact with the catalyst, was varied (10, 20 or 30
s) by altering the nitrogen flow rate (40 mL/min, 20 mL/min and 13 mL/min respectively).

At the outlet of the reactor, volatiles were condensed in two condensers cooled with ice (0°C). The gases
out of the condenser (non-condensable gases) were passed through a water trap to ensure no residues enter
the gas collection system. A 0.6L Tedlar bag (Sigma-Aldrich) was used to collect the gas when the sample
reached the final pyrolysis temperature (450°C, 525°C or 600°C) for further analysis. The solid residue in
the combustion boat and condensed fraction were collected and weighted for their yields once the system
cooled down below 100°C under N, atmosphere to minimise further decomposition of the products. The gas
yield was calculated by mass balance difference as explained in equation [I] The catalyst was recovered from

the catalyst bed by simple separation from the glass beads via agitation.

MPE'T = MSolidResidue + MWaa: + MGas (1)

where Mpgr is the initial mass of PET (g), Mgolidresidue 18 the mass of solid residue in the combustion boat
(), Mwaqz is the mass of the condensed fraction i.e. wax (g), and Mgy is the mass of the non-condensable
fraction i.e. gas calculated by difference (g).

The yield of the three products recovered from PET pyrolysis i.e. solid residue, wax and gas, were

calculated based on the ratio between the mass recovered and the initial mass of PET, as described in
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equation 2

M;
Y, = %100 2
= Noer (2)

where i represents the products: solid residue, wax and gas, Y; is the yield (wt%), M; the mass of product
at the end of pyrolysis (g) calculated either by weighting as explained above or by difference and Mpgr is
the initial mass of PET (g).

2.5. Product analysis

2.5.1. Gas analysis.

Gas samples were analysed by a Varian 450 gas chromatography unit equipped with (i) a TCD detector
(held at 175°C) and three columns: Haysep T ultimetal 0.5m x 0.3175mm, Haysep Q ultimetal 0.5m x
0.3175mm and Molsieve ultimetal 1.5m x 0.3175mm kept isothermally in an oven at 175°C and (ii) an FID
detector (held at 250°C) coupled with a CP-Sil 5CB 25m x 0.25mm x 0.40pm in an oven programmed as
follows: 40°C hold for 2min, 4°C/min to 50°C and hold for 0.5min, 8°C/min to 100°C and final ramp to
120°C at 10°C/min. The results from GC-TCD/FID gas analysis are referred to the initial PET sample (i.e.

mass of compound/mass of PET sample).

2.5.2. Waz analysis.

A known fraction of the wax sample was dissolved in n-hexane and analysed by both gas chromatography
mass spectrometry (GC-MS) for qualitative analysis and gas chromatography flame ionized detector (GC-
FID) for quantitative analysis. GC-MS analysis was performed in a Clarus 560D equipped with Elite-5MS
30m x 0.25mm x 0.25mm column. GC-FID analysis of the wax sample was made on an Agilent 7820N unit
equipped with a CPSil5 CB 25m x 0.25mm x 0.40mm column. The method used for both GC-MS and
GC-FID was as follows: temperature of the detector and inlet set at 280°0C and oven programmed to start
at 60°C with 3min hold and then ramped to 280°C at 6.5°C/min followed by a 13.5min hold. Quantitative
results from GC-FID were obtained based on a calibration curve with benzoic acid (99%, Alfa Aesar) at
different concentrations as well as injecting 1uL of methyl heptadecanoate dissolved in n-hexane (500ppm,
Sigma Aldrich) with every sample as internal standard. Results from GC-FID wax analysis are calculated
based on the initial PET mass (i.e. mass of compound/mass of PET sample).

An equivalent amount of wax was also dissolved in dimethyl sulfoxide (DMSO) and analysed by proton
nuclear magnetic resonance ('H-NMR) to cross examine the GC-MS results. 'H-NMR of the sample was
conducted in a Bruker Avance III HD 700 NMR Spectrometer operating at 700.13MHz. The spectra were
acquired in d6-DMSO at 298K and were referenced to TMS. The number of scans was 256. Finally, the wax

—1lo

as collected from the condensed was scanned from 4000-600cm on an Agilent Cary 630, using KBr as

background reference.
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3. Results and Discussion

PET is a stiff semi crystalline polymer formed by repetition of the structure shown in Figure [I When
PET is exposed to high temperatures (>395°C), it decomposes via a random scission of the ester linkage
resulting in the formation of a vinyl ester and a carboxyl group (benzoic acid). The vinyl ester undergoes
transesterification to form acetaldehyde and other smaller molecules such as CO, CO, or ethylene [24] [51].
The rate of PET decomposition and its product distribution depends on the temperature, the amount of

catalyst/type of catalyst and the residence time of the volatiles [24].

3.1. Effect of operating conditions on decomposition of PET

Figure E shows the variation of temperature and catalyst:plastic mass ratio for the gas yield (left),
the wax yield (middle) and residue yield (right). It was found that at the tested operating conditions:
temperature (450-600 °C), volatile residence time in the heated zone (10-30s) and catalyst:plastic mass ratio
(3-10wt%), temperature had the strongest effect on the product yield, followed by the catalyst:plastic mass
ratio. Increasing temperature enhanced the production of the gas at the expense of wax fraction. At low
temperature (i.e. 450 °C) increasing the catalyst proportion increased the solid residue yield but did not
have a clear effect on the gas and wax yield. At high temperature (i.e. 600 °C), the gas yield maximised
whereas the wax yield minimised at catalyst:plastic ratio of 2/30 (i.e. 6.5 wt%). In contrast, the solid residue
yield increased with catalyst (12.45 wt% with no catalyst, 13.37 wt% at 3 wt% catalyst and 20.28 wt% at
10 wt% catalyst).
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Figure 7: Effect of temperature and catalyst:plastic mass ratio on the gas yield (left), wax yield (middle) and residue yield
(right) at volatile residence time of 20s. Red areas represent higher values while blue areas lower values according to the colour
bar on top of each subfigure. Green and yellow areas are intermediate values. Errors: gas yield = + 6.37 wt%, wax yield = +

7.60 wt% and residue yield = £ 8.53 wt%

As explained in section [2.4] the solid residue represented the residue recovered from the combustion boat
after PET pyrolysis. Therefore this fraction was not in contact with the catalyst bed. The solid residue yield

varied mainly due to differences in the composition of PET waste i.e. drink bottles, ready-meal packets, etc.

10
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The effect of the catalyst on PET decomposition was more prominent at high temperature (600 °C). For
example, increasing the catalyst:plastic mass ration at 450 °C from 0 to 1:10 (i.e. from 0 wt% to 10 wt%)
resulted in a 3 % increase of the gas yield (from 34.54 wt% to 35.87 wt%) while at 600 °C the gas yield
increased by 29 % (from 38.19 wt% to 55.91 wt%). This suggested the minimum temperature required to
activate the catalyst to enhance secondary cracking is above 450 °C.

The volatiles residence time i.e. the time the volatiles remained inside the catalyst bed in contact with
the catalyst, in the tested range of 10-30 s had little effect the product yields. This observation agreed well
with the work by Mastral et al. [52] who observed that the residence time in the range of 0.81-1.45 s had
no significant effect on the product distribution of plastic waste pyrolysis at temperatures below 685 °C.
However, there is a general consensus that longer residence times of the volatiles in the reactor enhance
the formation of light hydrocarbons and non-condensable gases due to secondary cracking reactions [32] [53].
Therefore, the little effect of the residence time on the product yields on this study could be due to the small
range tested. The residence time could not be altered over a wider range due to experimental restrictions so
the effect of reaction-space time was not further studied and will remain constant at 20 s in the discussion

from this point forward.

3.2. Effect of operating conditions on the gas composition

As expected, higher temperatures promote the cracking of heavier compounds into lighter molecules,
thereby increasing the gas yield and decreasing the wax yield as shown in Figure[7] As reported by Martin-
Gullon et al. [30] as temperature increased, a fraction of the already formed residue was further decomposed,
thereby increasing the proportion of carbon monoxide and carbon dioxide in the gas fraction. Figure [§|shows
the evolution of carbon dioxide and carbon monoxide in the gas fraction with temperature and catalyst:plastic
ratio.

It was found that without catalyst, increasing the temperature had little effect on CO, yield (19.4 wt%
at 450 °C to 17.25 wt% at 600 °C) while had no effect on the yield of CO (11.5 wt% at 450 °C to 11.6
wt% at 600 °C). CO, yield variation was found to be corresponded to the solid residue yield due to the
reverse Boudouard reaction occurring to some extent at the tested conditions to transform CO, into CO
as shown in reaction (3). At 450 °C (theoretical molar fraction: CO, = 0.969 and CO = 0.031 [54]) the
forward reaction was promoted towards the formation of CO, (Figure[g]) and solid residue (Figure[7)) whereas
increasing temperature to 600 °C (theoretical molar fraction: CO, = 0.723 and CO = 0.277 [54]) favoured
the formation of CO (Figure . Figure [§] initially suggested that SZ could affect the reverse Boudouard
reaction to form CO from CO, and solid residue. It was reported [55] that alkali and alkaline metals (i.e.
Na, Ca, Mg, etc.) decreased the minimum temperature to promote the reverse Boudouard reaction from
700 °C to 580 °C. It has also been suggested that the surface oxygen in metal oxides like ZrO, can act as
a substrate for carbon residue deposition via the Boudouard reaction (reaction ) at high temperatures
[56]. However, no previous work was found involving SZ as a Boudouard reaction catalyst. Therefore, the

CO, yield reduction at high temperature and high catalyst proportion is suggested to be formed via the

11



617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672

—&—C02, T=4500C —=—C02, T=6000C -4- CO, T=4500C --u- CO,T=6000C

25
20
15
-2 N A - .
 REE
10 ———— == ) S — S ——— o repey g S S S B A
P I R I S A SR A SR R i |
0
0 1 2 3 4 5 6 7 8 9 10
Catalyst:Plastic/[wi%a)]

Figure 8: Effect of temperature (450-600 °C) and catalyst:plastic mass ratio (0-10wt%) on the yield of CO, (solid line, +2.70
wt%) and CO (dashed line, +1.86 wt%) formation in PET pyrolysis gas. Triangles represent T = 450 °C and squares represent
T = 600 °C

Boudouard reaction along with carbon residue but consumed by methane in an oxidative coupling with CO,
as oxidant to form other light hydrocarbons. The carbon residue deposited on SZ surface causes deactivation
of the catalyst. Further work on the effect of SZ in the Boudouard reaction will be beneficial to consolidate

these conclusions.

2C0 + COQ+O(S) (3)

Figure [9) shows the variation of the remaining gas products: H,, Oy, CH, and C,-Cy hydrocarbons with
temperature and catalyst:plastic mass ratio at constant volatiles residence time of 20s. The amount of light
hydrocarbons (left figure, dashed line, triangles for 450°C and squares for 600°C) increased with both the
catalyst:plastic mass ratio (Owt% to 10wt%) and temperature (450 °C to 600 °C). At low temperatures
(450 °C) the amount of CO, and CO decreased with increasing the catalyst loading (Figure , leading to
the formation of light hydrocarbons (C;-C,) and oxygen (Figure [J). At high temperatures (600 °C), the
formation of CO, and CH, was favoured at low catalyst loads whereas the formation of light hydrocarbons
and oxygen increased with the catalyst load.

SZ catalyst contained crystalline ZrO, providing surface oxygen which can interact with some of the
reaction products such as CH,. At high temperature (600 °C), a proportion of the CH, generated can react
with CO,, as an oxidant agent: 2CHy, + COs — CO + C3Hg + H20 and CoHg+ CO2 — CO + CoHy + H2O
[57, 58]. During this reaction oxygen is necessary to create a methyl radical intermediate (C'H3) which can

then undergo a chain reaction mechanism to form multiple hydrocarbons i.e. C,, C; and C,. The oxygen

12
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in gas phase it can also react with C'H3 to form further CO, via CH;0, and CH,O radicals mechanism.
However, when the oxygen is available at the surface of a catalyst as in this case and not in the gas phase
the formation of CO, is suppressed and the selectivity of C,-C; hydrocarbons increases [58] explaining the
reduction of CH, and CO, and increase in C,-Cj yield at high temperature (600 °C) shown in Figure [9}
However, it was found that part of the SO, group decomposed into SOx, specially at temperatures above
525 °C. TGA analysis of SZ performed by Srinivasan et al. [59] showed two weight loss regions for SZ in
helium; an initial 10 wt% weight loss between 100-500 °C and a second 6 wt% weight loss between 500-
700 °C. Therefore for temperatures above 525 °C, higher catalyst loads were needed to promote secondary
reactions to form light hydrocarbons rather than CO, since as the catalyst was decomposed the number of
active sites was decreased. Further discussion on SZ thermal decomposition and deactivation is discussed

later on in section [3.41

3.3. Effect of operating conditions on the wax composition

According to 'H-NMR, PET wax was formed by aromatic compounds (peaks mostly appeared within 6.6-
8.3ppm region). Shown in Figure is the calculated proportion of aromatic and olefinic fractions presented
in the wax obtained by 'H-NMR analysis based on the method proposed by Myers et al. [60].

The olefin content corresponded to the functional groups that are attached to the benzene ring. This
confirms the presence of vinyl ester groups in the wax product identified by the GC-MS analysis. The
aromatic percentage corresponded to the hydrogen atoms that are attached to the aromatic ring implying

that most of the wax product is formed by aromatic compounds as identified by GC-MS analysis. Increasing
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Figure 10: Proportion of aromatic and olefinic fraction in PET wax derived from pyrolysis at 450°C, 525°C and 600°C at 20s

volatiles residence time and 6.5wt% catalyst:plastic mass ratio

pyrolysis temperature caused a slight increase in the functional groups at the expense of aromatic content
due to further decomposition of the primary compounds as described in Figure However, 'H-NMR
results did not show a major difference because they only provide a general composition i.e. aromatic and
olefinic, but did not provide information on the individual compounds or functional groups within those two
wide fractions. Therefore, the wax was also qualitatively analysed by FT-IR and GC-MS and quantified via
GC-FID as shown in sections 3.5.1] and

3.3.1. Functional groups in PET wax product

The FT-IR analysis of the wax obtained at 450 °C, 525 °C and 600 °C, without catalyst at 20 s residence
time are shown in Figure [I2] As observed, temperature did not have an effect on the functional groups
distribution in the wax fraction except for the presence of two small peaks between 3013-2815 cm~! at 450
°C which were not present at 525 °C and 600 °C. These two peaks corresponding to the C-H stretch in
the methylene group (R=CH,) suggested that as temperature increased the vinyl ester bond decomposes
into other compounds. The presence of the most predominant peak at 1730-1630 cm™! related to the
C=O0 stretch and the peak between 1330-1200 cm~! designated to the C-O stretch implies the existence
of carboxylic acids (the second peak typically found between 1380-1210 cm~!) or esters (the second peak
usually between 1300-1100 cm™1) [61], 62].

The findings from the FT-IR analysis agreed well with those obtained from 'H-NMR and GC-MS with a
significant proportion of aromatic compounds (70-80vol%) and olefins (20-30vol%). Peaks around 1000cm ~*
and 900cm~! corresponded to the C-C and C-H stretch in aromatic rings respectively. These findings

confirmed that PET wax was formed mainly by aromatic compounds and therefore it presented a low H/C
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Figure 11: Beta scission mechanism of PET thermal degradation adapted from [24]

ratio as expected. The FT-IR spectrum from PET pyrolysis wax showed in Figure also agrees with

previous spectra reported in literature [51].

3.3.2. Wazx composition

Based on 'H-NMR and FT-IR results, it can be concluded that the majority of the wax was aromatic
compounds. The GC-MS results confirmed that 90-95% of pyrolysis wax comprised of: benzaldehyde,
acetophenone, methoxybenzyl alcohol, benzoic ether, benzoic acid and 2-acetylbenzoic acid which agreed
well with previous studies [21], 24] 51], [63]. The yields of individual components and the effect of temperature
and catalyst:plastic mass ratio on the product distribution are summarised in Figure[3] The GC-FID results
showed that the product distribution of PET pyrolysis wax was as follows: 19.02-31.64 wt% of benzoic
acid; 1.18-5.88 wt% of acetylbenzoic acid; 0.72-3.22 wt% of benzoic ether; 1.05-2.21 wt% of acetophenone;
0.40-1.22 wt% of styrene; 0.06-0.92 wt% of methoxybenzyl alcohol and the difference by other aromatic
compounds (1.82-6.47 wt%) which agrees with composition already suggested in literature [7, [64].

As shown in Figure PET decomposition is initiated (>395 °C) by beta scission at the carboxylic group
where the ester link is broken to form benzoic acid and vinyl benzoate. As temperature keeps increasing the
amount of vinyl benzoate formed further decomposes into other aromatic compounds in the wax fraction and
lighter compounds in the gas phase. Theoretically, vinyl benzoate undergoes a McLafferty rearrangement
yielding acetaldehyde and ethylene [24]. However, acetaldehyde was not found for any of the tested conditions
and it is not reported as a product from neither thermal nor catalytic PET pyrolysis in literature |7} 21, 511
[63] [64]. The addition of SZ provides both Brgnsted and Lewis acid sites [40]. Lewis acidic sites correspond

to the zirconia (Zr) atoms while the Brgnsted acidic sites are protons on the surface hydroxyl groups of

15



841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896

1128crr! and 1093cm ! unknown
Aromatic R=CH, Aromatic C-H
C-H strech C-H strech C-C strech o. ph. co Aromatic Aromatic
600°C C=0 strech strech C-Ciph C-Hstrech

525°C

% Transmittance

450°C

o A nrwY,

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wave number (cm™)

Figure 12: FT-IR spectrums of PET wax obtained at 450°C (bottom), 525°C (middle) and 600°C (top) without catalyst at

20s residence time.

sulfated zirconia oxide as shown in Figure Those active sites promote the formation of carbocations
on the surface of the species formed by thermal decomposition via proton donation (Brgnsted) or electron
acceptance (Lewis) creating active species that further crack into smaller molecules.

o
Bronsted acid site O\ /

A /s—o
u
/ | o Zr
ol _~ \ OH
Lewis acid sit ’Zr\ /Zr—O
ewls acid site o \

Figure 13: Scheme of the Brgnsted and Lewis acid sites on SZ. Adapted from [46]

Temperature and catalyst to plastic mass ratio were the main parameters affecting the formation of
benzoic acid (Figure|3). When the temperature increased from 450 °C to 600 °C the amount of benzoic acid
decreased by 26 % (26.9 wt% to 20.0 wt% + 1.7 wt%) at 3 wt% catalyst:plastic mass ratio but remained the
same (27.4 wt% to 28.0 wt% =+ 1.7wt%) at 10 wt% catalyst:plastic mass ratio. At low temperature (450°C)
the amount of benzoic acid remain unchangeable (26.9 - 27.5 wt% + 1.7 wt%) with increasing catalyst:plastic
mass ratio from 3 wt% to 10 wt% whereas it was 40 % increase at high temperature i.e. 600 °C (20.0 wt%
to 28.0 wt% £ 1.7 wt%).
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Table 3: Variation of PET catalytic pyrolysis wax with temperature (450-600 °C) and catalyst:plastic (C/P) mass ratio (0-
10 wt%) at 20s volatile residence time. Yield of compound ¢ = Masscompoundi/Initial PETmass where the mass of each
compound was extracted from GC-FID via internal standard calibration. Legend: (a) Styrene (£0.44 wt%), (b) acetophenone
(£0.61 wt%), (c) methoxybenzyl alcohol (+1.13 wt%), (d) benzoic ether (+£1.54 wt%), (e) benzoic acid (+2.67 wt%), (f)
acetylbenzoic acid (£0.07 wt%) and (g) other unknown aromatics (+4.84 wt%) calculated by difference, T = Temperature/[°C],
VRT = Volatiles residence time/[s|, C:P = Catalyst:Platic/[wt%]

Product/[wt%]

T C:P (a) (b) (©) (d) (¢) () (8)

450 0 0.59 1.84 0.90 1.36 27.13 1.66 1.82
3 1.00 2.21 0.88 3.15 27.53 2.93 3.71
10 0.40 1.05 0.04 0.99 25.24 1.18 2.69
525 0 0.79 1.21 0.06 2.73 23.91 1.95 3.62
600 0 1.22 2.10 0.08 3.22 31.64 5.88 5.21
3 0.48 1.60 0.92 1.75 19.02 2.81 4.15
10 0.45 1.10 0.45 0.72 25.91 2.86 6.47

8.4. Sulfated zirconia thermal decomposition and deactivation

During this study it was found that the SZ catalyst was deactivated due to coke deposition and was
partially decomposed at temperatures above 525 °C i.e. the weight of SZ after pyrolysis recovered from
the catalyst bed was lower than the initial load. The latter explained the low benzoic acid yield at 600
°C and catalyst:plastic mass ratio of 1/30 (i.e. 3 wt%) compared to the equivalent at 450 °C as shown
in Table To understand the behaviour of SZ under high temperature, SZ catalyst thermal transitions
were studied in a TA Instruments Q20 differential scanning calorimeter at 5 °C/min from 30 - 550 °C. Four
exothermic peaks were found at: 82.58, 177.43, 455.53 and 525.17 °C. The first two peaks (between 80-180
°C) were caused by the loss of hydrated water molecules from the zirconium sulphate hydrate (ZrSO,s-
xH,0) according to the following reaction: Zr(SOy)s-2H,0 — Zr(SO4)s - yH,O where y<x. The third and
fourth endothermic peaks (between 455 and 525 °C) were either caused by the crystallisation of tetragonal
ZrO, according to: Zr(SO4)2 — ZrO, + gases or by the decomposition of the sulphate into SO, gases
and O,. This decomposition was previously reported to occur at temperatures above 700 °C [65]. Despite
Wang et al. [66] suggestion that under N, the sulphur content of SZ decreases at temperatures above 500
°C, possibly explaining the peak obtained at 525.17 °C, no sulphur compounds were found were detected
during experiments at any temperature in neither the gas not the wax fraction. Therefore, the SZ weight
loss observed after pyrolysis at high temperature is caused by the loss of hydrated water along with the
crystallisation of tetragonal ZrO,.

SZ deactivation was reported due to either the reduction of the surface sulphate groups from ST to lower
oxidation states at temperatures above 400 °C, decreasing both the acidity and activity of the catalyst or due
to pore clogging via formation of coke during reaction [67]. SZ deactivation was further studied for another

decomposition process of plastic waste [68]. SZ and zeolite HY were both re-used up to four consecutive
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plastic waste pyrolysis cycles before they showed similar yields than thermal pyrolysis i.e. deactivation of
the catalyst caused by coke deposition in the catalyst pores. Deactivated zeolite HY was partially recovered
in a parallel work by heating up to 600 °C in a CO, atmosphere. Up to 77 % of the carbon was removed and
the catalyst recovered catalyst performed in a similar way as to spent catalyst after two cycles. Therefore,
SZ deactivation due to coke formation could be also recovered by the method mentioned above.

Despite the SZ partial decomposition, SZ has advantages as a catalyst in terms of cost and environmental
impact compared to other commercial catalyst such as zeolites, even though it may not be suitable for PET
pyrolysis at high temperatures (600 °C). When combining catalyst and thermal pyrolysis at 450 °C, the yield
of benzoic acid was up to 27.0 + 1.7 wt% and partial decomposition of the catalyst due to temperature was
not observed. This yield was comparable with the one obtained at higher temperatures (20.0 + 1.7 wt% at
525 °C and 10 wt% catalyst and 28.0 + 1.7 wt% at 600 °C and 10 wt% catalyst).

Unlike PET glycolysis where the catalyst is commonly in a liquid form that needs to be separated from the
products and cannot be reused, SZ is a solid catalyst that is placed on a separate bed and therefore not mixed
with pyrolysis products. SZ deactivation was caused by coke deposition and therefore is reversible through
regeneration by combustion at 450 °C [69, [70] or treatment with hydrogen [71], allowing the reutilization of
the catalyst. From previous studies [68], SZ could also be used for several pyrolysis cycles before complete
deactivation which then be regenerated for further used without losing its activity. Therefore, the use of
this catalyst showed some enhancement over conventional PET pyrolysis and could be considered as an
alternative catalyst for low temperature PET pyrolysis.

Assuming an average 24 wt% benzoic acid yield recovered from PET waste, potentially about 408 ktons
of benzoic acid could be recovered if all PET waste generated were managed by PET pyrolysis. This could
suggest a recovery value of almost $1.8 million per year assuming steady PET waste generation as in the
UK in 2014 [I]. In addition, PET waste pyrolysis could avoid the disposal of over 600ktons of PET waste in
landfills assuming an average plastic waste landfill disposal rate in the UK of 38 wt% (plastic waste landfill
disposal rate in the UK in 2014 [I]).

4. Conclusions

PET is one of the most common plastic waste generated everyday all over the world and is mainly
used in food packaging applications which suggests a very short life and consequent rapid generation of
PET waste. Currently, chemical recycling through glycolysis and landfill are the main approaches for PET
waste management in the EU and USA. Pyrolysis is a promising alternative to recover valuable chemicals
without extra costs associated with cleaning and segregation of plastic waste like in glycolysis or mechanical
recycling. The results showed that both catalyst:plastic mass ratio and temperature play an important role in
the production of benzoic acid, a precursor widely used in the food and beverage industry. High temperature
(600°C) and no catalyst increased by 16% the benzoic acid recovery in the wax product compared to the other

conditions tested. However, operation at those conditions is energy intensive due to the energy consumption
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to achieve high temperature since pyrolysis of PET is an endothermic process. The addition of the catalyst
increased the amount of another valuable product i.e. light hydrocarbons (C;-C,) from 4wt% without
catalyst to 20wt% at 10wt% catalyst:plastic ratio. SZ deactivated due to coke deposition on the catalyst
surface as well as partially decomposed at high pyrolysis temperatures i.e. >525°C. This phenomena was
not observed when pyrolysis was performed at low temperatures. Based on the costs of catalyst and energy
(about $1.4/g (anhydrous) SZ versus $0.10/kW-h on average in 2015 in the IEA [72]), results from this study
suggest that PET catalytic pyrolysis in the presence of SZ should be carried out at temperatures below 525°C
and catalyst loads below 10wt.% to obtain high yields of benzoic acid and high value of gas products i.e.
high proportion of hydrocarbons.
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