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Catalytic co-pyrolysis of LDPE and PET with HZSM-5, H-Beta, and 
HY: Experiments and kinetic modelling  

Sean Timothy Okonsky,a J.V. Jayarama Krishna b and Hilal Ezgi Toraman *a,b,c 

In this study, the catalytic pyrolysis of low-density polyethylene (LDPE), polyethylene terephthalate (PET) and their mixture 

(1:1 wt./wt.) with three zeolite catalysts (HZSM-5, H-Beta, HY) was investigated using a thermogravimetric analyzer (TGA) 

and a Pyroprobe® micro-reactor coupled to a gas chromatograph mass spectrometer (Py-GC/MS). The TGA results 

demonstrated that during pyrolysis at 10 °C/min, on average, zeolite catalysts decreased the maximum decomposition 

temperature by 149 °C for LDPE while only decreasing by 8 °C for PET.  The derivative thermogravimetric (DTG) curve 

evidenced interactions when the two polymers were catalytically co-pyrolyzed for all the three catalysts. A lumped nth order 

reaction scheme was able to accurately model both non-catalytic and catalytic pyrolysis and co-pyrolysis by using least 

squares fitting approach for determining the kinetic parameters. The kinetic model was able to model well the interaction 

effects observed during catalytic co-pyrolysis of LDPE and PET with HZSM-5, H-Beta, and HY (Fit%Wt% > 96%, Fit%DTG > 94%). 

Py-GC/MS experiments for the catalytic fast pyrolysis of LDPE revealed HZSM-5 resulted in the highest selectivity to aromatic 

hydrocarbons (31.6%) and HY resulted in the highest selectivity to gasoline range C5-C10 paraffins and olefins (40.9%). 

Catalytic fast pyrolysis of PET showed high selectivity to benzene for all catalysts (> 43%) and that HZSM-5 resulted in the 

highest selectivity to polyaromatic hydrocarbons (24.7%). The catalytic fast co-pyrolysis of LDPE and PET revealed interaction 

effects for all the three catalysts evidenced by a positive synergy% for alkylated benzenes (3-142%) and polyaromatics (105-

187%) with a concomitant negative synergy% for benzene (24-36%) and C5-C10 paraffins and olefins (27-53%). 

1. Introduction 

 

Since their inception in the early 1900s, plastics have become 

an essential resource for our global society being used in 

packaging, construction materials, textiles, vehicles, and 

electronics. In 2015, over 400 million metric tons (MMT) of 

plastics were produced, and this number is expected to 

continually rise each year.1 The disposal of plastics is a global 

issue as it has been shown that plastics are responsible for 60-

80% of total marine debris which have led to the formation of 

the great pacific garbage patch with an estimated surface area 

of 1.6 million square kilometers.2 In addition to harming our 

environment, waste plastics are estimated to contribute to an 

economic loss of 80-120 billion USD annually.3 A review of life 

cycle analyses has concluded that recycling plastics saves about 

1.5-2 tons of carbon dioxide per ton of plastic recycled, when 

compared to the alternatives of landfill and incineration with 

energy recovery.4 Mechanical recycling is a process in which 

plastic waste is sorted, shredded, washed, and extruded into 

plastic pellets. During the melt processing of the plastic, heating 

and mechanical shearing of the polymer results in a decrease in 

its average molecular weight, thus resulting in a loss in quality.5 

This compromised performance causes 47% of recycled 

polyethylene terephthalate (rPET) to be converted into fibers 

which can be used for clothing and carpet, while only 21% is 

used for food and beverage bottles.6 While clothing made with 

rPET has eco-friendly appeal, it is estimated that the washing of 

these synthetic garments leads to an accumulation of half a 

million tons of microplastics in the ocean per year.7 In 2015, 

three of the main polyolefin polymers viz., low-density 

polyethylene (LDPE), high-density polyethylene (HDPE), and 

polypropylene (PP) alone contributed to 19.7 MMT of waste per 

year in the USA of which only 8.3% was recycled.1 Multilayer 

packaging often contains a blend of polymers including PET and 

polyolefins, and requires complex delamination procedures for 

its recycling, thus markedly reducing its overall recycling rate.8,9 

Pyrolysis is a process of thermal degradation of feedstocks 

in inert ambience. It is an attractive alternative to mechanical 

recycling for the processing of plastic waste, as it can process 

both single streams of plastics in addition to mixtures of plastics 

at large volumes. Polyolefin plastics such as PP, HDPE, and LDPE 

are attractive feedstocks for pyrolysis due to their high 

hydrogen to carbon ratio.10,11 The non-catalytic degradation of 

polyolefins occurs via random radical scission mechanism and 

can produce high molecular weight waxes, C5-C20 range liquid 

alkanes and alkenes, and light gases such as ethylene and 
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propylene.11,12 Depending on the pyrolysis temperature used, 

wide ranges of yields for gas (11-71 wt%), oil (25-44 wt%), and 

wax (4-45 wt%) can be obtained.13 The non-catalytic pyrolysis of 

PET results in low oil yields (2-24 wt%) and high yields of gas (37-

49 wt%) and solid products (35-49 wt%).14,15 The non-catalytic 

pyrolysis of PET occurs via a 6-membered ring transition state 

which leads to the production of carbon dioxide, carbon 

monoxide, and solid waxy oxygenates such as terephthalic acid 

and benzoic acid.16 

The catalytic pyrolysis of polyolefins can help to tailor 

product distribution to increase the production of light olefins, 

gasoline, or diesel range hydrocarbons depending on the type 

of catalyst used. Acid catalyst zeolites have been widely used for 

polyolefins and act by promoting the carbocationic cracking of 

pyrolysis volatiles and subsequent reactions of isomerization, 

oligomerization-cracking and hydrogen transfer.11 For HZSM-5 

with varying Si:Al ratios leading to varying acidity, it is known 

that higher total acidity increases the capacity to crack C5-C11 

non-aromatic fractions and to condensate C2-C4 olefins leading 

to increased production of aromatic compounds.17 When 

different zeolite structures with varying pore sizes are used for 

polyolefin pyrolysis, it well known that larger pore size leads to 

heavier carbon products, higher paraffin/olefin ratio, and 

higher coke formation.18–20 Zeolites have shown the ability to 

aid in the decarboxylation of benzoic acid and terephthalic acid 

during PET pyrolysis, resulting in high yields of benzene.21,22 In 

comparison with CaO catalyst, HZSM-5 zeolite catalyst was 

shown to produce a higher amount of benzene derivatives, 

indenes and naphthalenes during the catalytic pyrolysis of PET 

waste carpet.23 

 Investigation of the co-pyrolysis of PET with polyolefins is 

valuable as the simultaneous pyrolysis of these mixed polymers 

would allow for the following: (i) the ability to process large 

volumes of mixed plastics in pyrolysis plants without the need 

of prior separation, (ii) providing an alternative to mechanical 

recycling for PET waste, and (iii) enhancing the ability to process 

inherently mixed plastics such as multilayer packaging 

containing both polyolefins and PET. It has been shown that 

during co-pyrolysis, the presence of PET helps to decrease the 

degradation temperature for HDPE.24 The pyrolysis of 50%/50% 

PE/PET mixtures with metal loaded zeolite catalysts have been 

shown to produce oil yields as high as 52.9%.25,26 When 

conducting catalytic co-pyrolysis of PE and PET with HZSM-5 

catalyst in a micro-reactor, an interaction effect which showed 

an increase in benzene and alkylated benzenes and a decrease 

in solid residue, C1-C5 alkanes/alkenes, and CO2 was observed.21 

Thermogravimetric analysis (TGA) is a powerful tool which 

allows the study of degradation kinetics for various feedstocks 

by obtaining the mass loss data as a function of time and 

temperature. The kinetic triplet viz., activation energy (Ea), pre-

exponential factor (A), and reaction order (n) can be obtained 

from TGA data using various approaches reported in the 

literature. Isoconversional approaches such as the Flynn-Wall-

Ozawa (FWO) method and the Coats-Redfern (CR) method use 

TGA data ran at various heating rates to determine the 

activation energy (Ea) for various values of conversion, and will 

often assume a first order reaction model to estimate the pre-

exponential factor.27,28 Few authors have also used least 

squares fitting method and lumped reaction schemes to derive 

kinetic parameters which can model the polymer 

decomposition for the catalytic pyrolysis of plastic waste as well 

as for the co-pyrolysis of biomass with plastics.29,30 An 

incorporation of isoconversional approach with least squares 

fitting technique has been used to model the non-catalytic 

pyrolysis of biomass,31,32 but to the best of our knowledge an 

incorporation of the two has not been used for modeling the 

catalytic co-pyrolysis of mixed plastic waste. 

 While most thermal and catalytic studies focus on individual 

polymers,13–15,17,22 the interaction effects between polymers are 

rarely studied in a systematic way.33,34 To the best of our 

knowledge, the catalytic co-pyrolysis of LDPE and PET for 

multiple zeolite frameworks has not been studied via either TGA 

or analytical pyrolysis-gas chromatography/mass spectrometry 

(Py-GC/MS). The objectives of this study are three-fold. Firstly, 

to obtain kinetic parameters for the non-catalytic and catalytic 

degradation of LDPE, PET, and their mixtures in equal 

proportions using least squares fitting technique. Secondly, to 

study the composition of pyrolysis vapors from LDPE and PET in 

the presence of three catalysts viz., HZSM-5, H-Beta, and HY. 

Thirdly, to analyze the synergistic effects observed during the 

catalytic co-pyrolysis of LDPE and PET.  

2. Experimental 

 

2.1 Materials 

Low-density polyethylene (LDPE) and polyethylene 

terephthalate (PET) powders were supplied from Goodfellow 

Corporation (Coraopolis, PA, United States). Item numbers were 

ET316031 and ES306031 for LDPE and PET, respectively. Particle 

size of both polymer powders was less than 300 µm. LDPE was 

specified by the vendor to be additive free, and PET contained 

1 ppm acetaldehyde. ZSM-5 (CBV2314), zeolite Beta (CP814C*), 

and zeolite Y (CBV600) catalysts were supplied from Zeolyst 

international. All catalysts were sieved to a particle size of 210 

µm < 250 µm prior to calcination. Catalysts were calcinated 

using a 5 °C/min ramp to 550 °C then held at 550 °C for 5 h in a 

tube furnace with air flow. Post calcination, zeolites were stored 

in a glove box until they were used for experiments. 

 

2.2 Catalyst Characterization 

2.2.1 N2 Physisorption 

A Micromeritics ASAP 2020 surface analysis instrument was 

used to compute the BET surface area, the external surface 

area, and the micropore volume of each catalyst. A catalyst 

mass of 0.12 g was loaded in the analysis tubes and heated to 

200 °C for a period of 2 h to desorb any adsorbed water prior to 

analysis. Analysis was conducted at 77 K and partial pressure 

(P/P0) values from 0.0025 to 0.994 were recorded (Figure S1). 

10 P/P0 values in the range of 0.05-0.3 were used to compute 

the BET surface area and 8 P/P0 values in the range of 0.05-0.3 
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were used to compute the micropore volume and the external 

surface area via the t-plot method.35 

 

2.2.2 NH3 Temperature Programmed Desorption (NH3-TPD) 

NH3-TPD experiments were ran using a Micromeritics 

Autochem II 2920 Chemisorption analyzer for comparing total 

acidity of the catalysts,36 as well as for determining relative acid 

strength. A catalyst mass of 0.12 g was weighed and added to 

the instrument. Helium flowrate of 50 mL/min was passed over 

the catalyst while temperature was raised to 300 °C and held for 

2 h to remove any moisture. The catalyst was then cooled to 50 

°C. Once cooled, the flow was switched to 50 mL/min of 15% 

NH3/He for 1 h to saturate the catalyst with ammonia. The flow 

was then switched back to 50 mL/min of helium at 50°C for 1 h 

to remove any physiosorbed ammonia. The temperature was 

then raised at a ramp of 10 °C/min to 500 °C and held at 500 °C 

for 1 h to desorb chemisorbed NH3 while the NH3 signal was 

recorded with a thermal conductivity detector (Figure S2). The 

relative acid strength of catalytic sites was determined using 

peak deconvolution. The NH3 desorption in the temperature 

regions of 120-200 °C, 200-350 °C, and 350-450°C correspond to 

weak, medium, and strong acid sites respectively (Figure S3, 

Table S5).37   

 

2.2.3 Pyridine TPD 

Pyridine TPD was used as a method to quantify the acidity of the 

zeolites as has been done by Osman et al.38 Pyridine was first 

dosed onto catalysts using a horizontal tube furnace. The 

calcinated catalyst of 100 mg was placed in an alumina crucible 

in the tube furnace and then under nitrogen flow, the furnace 

was raised to 207 °C for 30 min. The nitrogen flow was then 

redirected to first go through a glass saturator filled with 

pyridine (Sigma-Aldrich, 99%) before flowing into the tube 

furnace. Nitrogen was kept flowing through pyridine for 2 h at 

207 °C before switching back to pure nitrogen flow for 30 min 

at 207 °C to remove any physiosorbed pyridine molecules. 12 

mg of pyridine loaded catalyst was added to a TGA crucible and 

analyzed to determine the pyridine loading. The TGA furnace 

was first brought to 200 °C to remove any adsorbed water from 

the pyridine loaded zeolite. Then, the temperature was 

increased to 800 °C at a ramp rate of 5 °C/min and held at 800 

°C for 1 h, and the weight change between 200°C and 800°C, 

represented as 𝑚𝑝𝑦𝑟_𝐶,200℃  −  𝑚𝑝𝑦𝑟_𝐶,800℃, was defined as the 

weight of adsorbed pyridine.  

Pyridine loading was then calculated using the molar mass 

of pyridine in Eq. (1): 𝑚𝑝𝑦𝑟_𝐶,200℃  −  𝑚𝑝𝑦𝑟_𝐶,800℃ is the weight 

change of pyridine loaded catalyst measured via TGA between 

200 °C and 800 °C (mg).  𝑚𝑝𝑦𝑟_𝐶,800℃  is equal to the mass of 

catalyst post pyridine adsorption (mg). 

𝑚𝑚𝑜𝑙 𝑃𝑦𝑟

𝑔𝑐𝑎𝑡
= 
(𝑚𝑝𝑦𝑟_𝐶,200℃ −𝑚𝑝𝑦𝑟_𝐶,800℃) ×

79.1𝑚𝑚𝑜𝑙
𝑚𝑔

𝑚𝑝𝑦𝑟_𝐶,800℃ ×
1𝑔

1000𝑚𝑔

  (1) 

 

2.2.4 Attenuated Total Reflectance Fourier Transform Infrared 

(ATR-FTIR) Spectroscopy 

A Bruker Vertex V70 FTIR spectrometer was used with a Harrick 

DiaMax ATR accessory to determine the Brønsted : Lewis acid 

ratio for pyridine loaded zeolites obtained from the method 

described in Section 2.2.3. A total of 400 scans were taken at 

room temperature with six wave number resolution and the 

spectra were detected with a liquid nitrogen cooled mercury 

cadmium telluride (LN-MCT) detector (Figure S4). The areas 

under peaks at 1545 cm-1 and 1455 cm-1
 and extinction 

coefficients of 1.67 and 2.22 were used to determine the 

relative amount of Brønsted and Lewis acid sites respectively.39 

 

2.2.5 Aluminum Nuclear Magnetic Resonance (27Al NMR) 

Spectroscopy 

Solid-state magic angle spinning (MAS) NMR measurements 

were performed on a Bruker Avance-III-HD console in 

conjunction with a wide bore Magnex magnet. Zeolites were 

removed from the glovebox and then outside of the glovebox 

were loaded into a 4 mm MAS rotor. The spectrometer 

frequency was 130.25 MHz. The samples were spun at a 

frequency of 12 KHz, and 10,240 scans were recorded (Figure 

S5-S7). Calibrations were performed for 27Al with AlCl3(H2O)6 as 

a reference at 0 ppm. The areas under peaks at 60 ppm, 30 ppm, 

and 0 ppm were used to quantify the amount of AlO4 framework 

aluminate species (FAl), AlO5, and AlO6 extra-framework species 

(EFAl), respectively to determine the percentage of framework 

aluminum. 

 

2.3 Thermogravimetric Analysis (TGA)  

A TA instruments Q600 SDT DSC-TGA thermal analyzer was used 

to conduct TGA experiments to determine the degradation 

profile of polymers with and without catalyst. A heating rate of 

10 °C/min was used with a helium flowrate of 100 mL/min 

(Praxair 99.999%). The mass of the polymer feedstock was 7.5 

mg, and a catalyst to feedstock ratio of 1:1 wt./wt. was used 

resulting in a total mass of 15 mg for catalytic experiments. For 

catalytic co-pyrolysis experiments, an LDPE:PET feedstock ratio 

of 1:1 wt./wt. was used. Polymer and catalysts were well mixed 

in glass vials for a period of 5 min prior to being added to the 

TGA crucible. Water was desorbed from the polymer/catalyst 

mixture by holding the mixture at a temperature of 80 °C, below 

the melting point of both polymers, for 2 h in the TGA furnace. 

Each experiment was performed a minimum of two times and 

figures shown represent an average of repeated runs. Standard 

deviation for TGA curves can be seen in Figure S8.  

Polymer wt.% for a given time, t=i, was calculated using Eq. 

(2)-(4). Due to the hygroscopic nature of the zeolite catalysts, 

some water is desorbed from the catalysts during TGA 

experiments. To avoid misinterpreting this water desorption for 

degradation of polymer during catalytic pyrolysis, additional 

TGA experiments were conducted with 7.5 mg of only catalyst 

to determine the weight fraction curve for water adsorbed 

catalyst described in Eq. (2). This was then subtracted from the 

catalytic pyrolysis curve, taking into account the catalyst to 

feedstock ratio (CF) (Eq. (3)), to determine the mass of polymer 
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at a given time t=i during catalytic pyrolysis. This was divided by 

the initial mass of polymer, which resulted in a TGA curve 

representative of polymer weight% (Eq. (4)). The derivative 

weight% (DTG) curve was then calculated using Eq. (5). 

𝑤𝑐𝑎𝑡,𝑡=𝑖 =
𝑚𝑐𝑎𝑡,𝑡=𝑖
𝑚𝑐𝑎𝑡,𝑡=0

                                                                          (2)  

𝐶𝐹 =
𝑤𝑡𝑐𝑎𝑡,𝑚𝑖𝑥
𝑤𝑡𝑝𝑜𝑙,𝑚𝑖𝑥

                                                                                 (3)  

𝑃𝑜𝑙 𝑊𝑡%𝑡=𝑖 =
𝑚𝐶𝑃,𝑡=𝑖 × [1 − (

𝐶𝐹
1 + 𝐶𝐹

) × 𝑤𝑐𝑎𝑡,𝑡=𝑖]

𝑚𝐶𝑃,𝑡=0 × [1 − (
𝐶𝐹

1 + 𝐶𝐹
)]

× 100%                                                            (4) 

𝑑𝑊𝑡%

𝑑𝑇 𝑡=𝑖
=
𝑃𝑜𝑙 𝑊𝑡%𝑖 − 𝑃𝑜𝑙 𝑊𝑡%𝑖−1

𝑇𝑡=𝑖 − 𝑇𝑡=𝑖−1
                                       (5) 

where mcat,t=i is the recorded weight from TGA of the catalyst-

only run at a given time i (mg), wcat,t=i is the measured weight 

fraction for the catalyst-only run at a given time i, wtcat,mix is the 

weight of catalyst added to the vial which was used for pre-

mixing procedure (mg), wtpol,mix is the weight of polymer added 

to the vial which was used for pre-mixing procedure (mg), mCP,t=i 

is the recorded weight from TGA of the catalytic pyrolysis run at 

a given time i (mg), and Tt=i is the temperature for the TGA at a 

given time point i (°C).  
 

2.4 Micro-pyrolysis Gas Chromatography Mass Spectrometry    

(Py-GC/MS) 

A CDS Pyroprobe® 6200 micro-reactor was used to pyrolyze the 

polymer samples. The micro-reactor was interfaced with a 

Thermo Scientific ISQ LT Single Quadrupole Gas 

Chromatograph/Mass Spectrometer (GC/MS) for separation 

and identification of compounds. Polymer/catalyst samples 

were loaded into drop in sample chamber (DISC) quartz tubes 

which had an inner dimeter of 1.9 mm and a total length of 38 

mm. For all the experiments, a catalyst to feedstock ratio of 10:1 

was used. For catalytic co-pyrolysis experiments, an LDPE:PET 

feedstock ratio of 1:1 was used. Polymer and catalyst were pre-

mixed in a glass vial prior to sample loading. 2.2 ± 0.1 mg of the 

plastic/catalyst mixture was added to the quartz tube resulting 

in a plastic feedstock weight of 0.2 mg. The sample loaded 

quartz tubes were then placed in an autosampler which would 

then drop each tube into the platinum filament surrounded 

reaction chamber for analysis. Once the tube was dropped into 

the chamber, the platinum filament would heat at a heating 

rate of 20,000 °C/s to the pyrolysis temperature, which for 

these experiments was set to be 500 °C, for a period of 120 s. 

Krishna et al. have showed using COMSOL software that for a 

coil heating rate of 20,000 °C/s, the average heating rate of 

polymer feedstocks in the Pyroprobe® reactor is in the range of 

125-150 °C/s.40 The pyrolysis vapors were sent to the GC for 

online analysis using a carrier gas of helium (Praxair 99.999%) 

with a constant flow rate of 126.5 mL/min. Split/splitless 

injector was used for GC/MS analysis and its temperature was 

set at 300 °C. The GC inlet split ratio was set to 80 and a column 

flow rate of 1.5 mL/min was used. A 60-meter Thermo TG-1MS 

column with 0.25 mm inner diameter, and 0.25 µm film 

thickness was used. The GC oven was initially held at 35 °C for 3 

min, ramped to 280 °C at 6 °C/min, and held at 280 °C for 5 min.  

The mass spectrometer m/z scan range was 29-550. Utilizing 

Xcalibur software and NIST MS Search v.2.3 pyrolysis products 

were identified and semi-quantified through determining peak 

area%, which corresponds to the selectivity of pyrolysis vapors. 

 Each experimental condition was repeated three times, and 

an average and standard deviation of area% for products were 

reported. The calculations for additive area%, the area% 

expected to be observed for a compound or compound class “X” 

during co-pyrolysis if no interaction effects were present, can 

be found in Section S1 of Supplementary Information. Synergy% 

is calculated using Eq. (6) which involves the additive area%. A 

positive synergy% indicates a positive interaction effect in 

which more of the compound was formed during co-pyrolysis 

than would be expected.   A negative synergy% indicates a 

negative interaction effect in which less of the compound was 

formed during co-pyrolysis than would be expected.   

𝑆𝑦𝑛𝑒𝑟𝑔𝑦% = 
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑎𝑟𝑒𝑎%− 𝐴𝑑𝑑𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎%

𝐴𝑑𝑑𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎%
× 100                                                                       (6) 

3. Kinetic Analysis 

In previous papers, Marcilla et al. proposed and applied kinetic 

models to describe the catalytic pyrolysis of LDPE with HZSM-5  

and H-Beta catalysts using a lumped model fitting approach.29 

For this work, the approach applied by Marcilla et al. for the 

catalytic pyrolysis of LDPE over HZSM-5 has been extended to 

model the catalytic pyrolysis of PET and the catalytic co-

pyrolysis of LDPE and PET using the reaction scheme (R1)-(R4) 

as shown below.  

𝐿𝐷𝑃𝐸
𝑘𝑁𝐶,𝐿
→   𝐺1 (𝑅1) 

𝐿𝐷𝑃𝐸 + 𝑎𝐶
𝑘𝐶,𝐿1
→  (1 + 𝑎)𝐿𝐷𝑃𝐸𝐶

𝑘𝐶,𝐿2
→  𝛼𝐺2 +

(1 − 𝛼)(𝐶𝑜𝑘𝑒 + 𝑎𝐶𝑐𝑜𝑘𝑒𝑑) + 𝛼𝑎𝐶 (𝑅2)
 

𝑃𝐸𝑇
𝑘𝑁𝐶,𝑃
→   𝛾𝐺3 + (1 − 𝛾)𝐶ℎ𝑎𝑟 (𝑅3) 

𝑃𝐸𝑇 + 𝑏𝐶
𝑘𝐶,𝑃1
→  (1 + 𝑏)𝑃𝐸𝑇𝐶

𝑘𝐶,𝑃2
→  𝛽𝐺4 +

(1 − 𝛽)(𝐶𝑜𝑘𝑒 + 𝑏𝐶𝑐𝑜𝑘𝑒𝑑) + 𝑏𝛽𝐶 (𝑅4)
 

The model above assumes that both LDPE and PET can 

decompose either via non-catalytic degradation (R1 and R3) or 

catalytic degradation (R2 and R4) during catalytic pyrolysis. The 

subscripts NC and C refer to non-catalytic and catalytic reaction 

pathways, respectively. LDPE and PET are the two polymers, C 

represents active catalyst, LDPEC and PETC are intermediates 

formed during catalytic degradation, G1-G4 represent the 

volatiles formed through their respective pathways, Char is 

solid residual formed during the non-catalytic degradation of 

PET, Coke is solid residual formed during the catalytic 

degradation of LDPE and PET, and Ccoked is catalyst which has 

been coked and can no longer catalytically degrade the 

polymers. The stoichiometric coefficients 𝑎 and 𝑏 represent the 
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grams of catalyst per gram of LDPE and PET necessary to obtain 

the complexes LDPEC and PETC, respectively. Solid residual 

stoichiometric coefficients (𝛼, 𝛾, 𝛽) have been added to the 

kinetic model for the formation of Char and Coke, as has been 

done by Marcilla et al. when modeling the deactivation of 

HZSM-5 during the catalytic pyrolysis of LDPE.41  The term 𝛼 

corresponds to the mass fraction of LDPE in the LDPEC complex 

which is converted into volatile product “G2” during catalytic 

degradation of LDPE (R2). The term (1 − 𝛼) represents the 

mass fraction of LDPE in the LDPEC complex which is converted 

to Coke. The same applies for 𝛽 for the catalytic degradation of 

PET (R4). The term 𝛾 corresponds to the mass fraction of PET 

which is converted to volatiles during non-catalytic pyrolysis 

(R3) and (1 − 𝛾) represents the mass fraction of PET converted 

to char. 

This model assumes a single step catalytic degradation of 

both LDPE and PET. It can be used to reproduce the non-

catalytic and catalytic decomposition of LDPE and PET both 

when pyrolyzed separately (single-stream) and together (co-

pyrolysis). Assuming nth order reaction kinetics, the kinetic 

differential equations to model the pyrolysis become: 
𝑑[𝐿𝐷𝑃𝐸]

𝑑𝑡
= −𝑘𝑁𝐶,𝐿[𝐿𝐷𝑃𝐸]

𝑛𝑁𝐶,𝐿

− 𝑘𝐶,𝐿1[𝐿𝐷𝑃𝐸]
𝑛𝐶,𝐿1_𝐿[𝐶]𝑛𝐶,𝐿1_𝐶                      (7) 

𝑑[𝐿𝐷𝑃𝐸𝐶]

𝑑𝑡
= (1 + 𝑎)𝑘𝐶,𝐿1[𝐿𝐷𝑃𝐸]

𝑛𝐶,𝐿1_𝐿[𝐶]𝑛𝐶,𝐿1_𝐶

− (1 + 𝑎)𝑘𝐶,𝐿2[𝐿𝐷𝑃𝐸𝐶]
𝑛𝐶,𝐿2                        (8) 

𝑑[𝑃𝐸𝑇]

𝑑𝑡
= −𝑘𝑁𝐶,𝑃[𝑃𝐸𝑇]

𝑛𝑁𝐶,𝑃 − 𝑘𝐶,𝑃1[𝑃𝐸𝑇]
𝑛𝐶,𝑃1_𝑃[𝐶]𝑛𝐶,𝑃1_𝐶  (9) 

𝑑[𝑃𝐸𝑇𝐶]

𝑑𝑡
= (1 + 𝑏)𝑘𝐶,𝑃1[𝑃𝐸𝑇]

𝑛𝐶,𝑃1_𝑃[𝐶]𝑛𝐶,𝑃1_𝐶

− (1 + 𝑏)𝑘𝐶,𝑃2[𝑃𝐸𝑇𝐶]
𝑛𝐶,𝑃2                       (10) 

𝑑[𝐶]

𝑑𝑡
= −𝑎𝑘𝐶,𝐿1[𝐿𝐷𝑃𝐸]

𝑛𝐶,𝐿1𝐿[𝐶]𝑛𝐶,𝐿1𝐶 + 𝑎𝛼𝑘𝐶,𝐿2[𝐿𝐷𝑃𝐸𝐶]
𝑛𝐶,𝐿2

− 𝑏𝑘𝐶,𝑃1[𝑃𝐸𝑇]
𝑛𝐶,𝑃1_𝑃[𝐶]𝑛𝐶,𝑃1_𝐶

+ 𝑏𝛽𝑘𝐶,𝑃2[𝑃𝐸𝑇𝐶]
𝑛𝐶,𝑃2                                (11) 

𝑑[𝐶𝑜𝑘𝑒]

𝑑𝑡
= (1 − 𝛼)𝑘𝐶,𝐿2[𝐿𝐷𝑃𝐸𝐶]

𝑛𝐶,𝐿2

+ (1 − 𝛽)𝑘𝐶,𝑃2[𝑃𝐸𝑇𝐶]
𝑛𝐶,𝑃2                       (12) 

𝑑[𝐶𝑐𝑜𝑘𝑒𝑑]

𝑑𝑡
= 𝑎(1 − 𝛼)𝑘𝐶,𝐿2[𝐿𝐷𝑃𝐸𝐶]

𝑛𝐶,𝐿2

+ 𝑏(1 − 𝛽)𝑘𝐶,𝑃2[𝑃𝐸𝑇𝐶]
𝑛𝐶,𝑃2                    (13) 

𝑑[𝐶ℎ𝑎𝑟]

𝑑𝑡
= (1 − 𝛾)𝑘𝑁𝐶,𝑃[𝑃𝐸𝑇]

𝑛𝑁𝐶,𝑃                                        (14) 

𝑑[𝐺1]

𝑑𝑡
= 𝑘𝑁𝐶,𝐿[𝐿𝐷𝑃𝐸]

𝑛𝑁𝐶,𝐿                                                        (15) 

𝑑[𝐺2]

𝑑𝑡
= 𝛼𝑘𝐶,𝐿2[𝐿𝐷𝑃𝐸𝐶]

𝑛𝐶,𝐿2                                                   (16) 

𝑑[𝐺3]

𝑑𝑡
= 𝛾𝑘𝑁𝐶,𝑃[𝑃𝐸𝑇]

𝑛𝑁𝐶,𝑃                                                        (17) 

𝑑[𝐺4]

𝑑𝑡
= 𝛽𝑘𝐶,𝑃2[𝑃𝐸𝑇𝐶]

𝑛𝐶,𝑃2                                                     (18) 

Species in bracketed terms are representative of their mass 

fraction. ncat,pol,k is the reaction order where “cat” can be either 

NC or C depending on whether the reaction is non-catalytic or 

catalytic, “pol” can be either L or P for LDPE and PET 

respectively, and “k" is either 1_pol, 1_C, or 2 for [pol], [C], and 

[polC] respectively for reactions R2 and R4. The rate constants 

kcat,pol,i are expressed by the Arrhenius law for reaction i for a 

given catalyst and polymer: 

𝑘𝑐𝑎𝑡,𝑝𝑜𝑙,𝑖 = 𝐴𝑐𝑎𝑡,𝑝𝑜𝑙,𝑖 × exp (−
𝐸𝑐𝑎𝑡,𝑝𝑜𝑙,𝑖

𝑅𝑇
)                              (19) 

where A is the pre-exponential factor (s-1), E is the apparent 

activation energy (kJ/mol), R is the universal gas constant 

(8.314E-3kJ/mol*K), and T is the absolute temperature (K). A 

mass balance on the polymeric species leads to: 

[𝐿𝐷𝑃𝐸] + [𝑃𝐸𝑇] +
1

1 + 𝑎
[𝐿𝐷𝑃𝐸𝐶] +

1

1 + 𝑏
[𝑃𝐸𝑇𝐶] + [𝐶ℎ𝑎𝑟]

+ [𝐶𝑜𝑘𝑒] + [𝐺1] + [𝐺2] + [𝐺3] + [𝐺4]
= 1                                                                         (20) 

The mass balance on the catalyst species leads to:  

[𝐶] +
𝑎

1 + 𝑎
[𝐿𝐷𝑃𝐸𝐶] +

𝑏

1 + 𝑏
[𝑃𝐸𝑇𝐶] + [𝐶𝑐𝑜𝑘𝑒𝑑] = 𝐶𝐹 (21) 

Where the catalyst : feedstock ratio, CF, is equal to 1 for 

catalytic experiments and 0 for non-catalytic experiments for 

this paper. An initial boundary condition of [LDPE] = 1 and [PET] 

= 0, [PET] = 1 and [LDPE] = 0, and [LDPE] = 0.5 and [PET] = 0.5 at 

t = 0 is used for the single-stream pyrolysis of LDPE, PET, and the 

1:1 co-pyrolysis of LDPE and PET, respectively. For catalytic 

pyrolysis modeling, [C] = 1 at t = 0, and for non-catalytic 

pyrolysis modeling, [C] = 0 at t = 0. All other species in the kinetic 

model are set equal to 0 at t = 0. Euler’s method was utilized to 

integrate the kinetic equations, solving for the mass fraction of 

species for a given point i in the temperature ramp program, 

ultimately solving for a model polymer weight% and DTG curve 

where: 

𝑃𝑜𝑙 𝑤𝑡%𝑚𝑜𝑑,𝑖 = [[𝐿𝐷𝑃𝐸]𝑖 + [𝑃𝐸𝑇]𝑖 +
1

1 + 𝑎
[𝐿𝐷𝑃𝐸𝐶]𝑖

+
1

1 + 𝑏
[𝑃𝐸𝑇𝐶]𝑖 + [𝐶ℎ𝑎𝑟]𝑖 + [𝐶𝑜𝑘𝑒]𝑖]

× 100%                                                          (22) 

𝑑𝑊𝑡%/𝑑𝑇𝑚𝑜𝑑,𝑖 =
𝑃𝑜𝑙 𝑤𝑡%𝑚𝑜𝑑,𝑖 − 𝑃𝑜𝑙 𝑤𝑡%𝑚𝑜𝑑,𝑖−1

𝑇𝑖 − 𝑇𝑖−1
          (23) 

An objective function was used in order to solve for kinetic 

parameters which would give a model close in nature to the 

experimental results: 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 = ∑∑{[(Pol wt%i,F)exp − (Pol wt%i,F)model]
2

nd

i=1

3

F=1

+ 100[(dWt%/dTi,F)exp

− (dWt%/dTi,F)model]
2}                         (24) 

where F ranging from 1 to 3 represents the three feedstock 

combinations used in this study (LDPE, PET, LDPE+PET) and i 

ranging from 1 to nd represents the number of data points 

obtained experimentally. The Solver tool in Microsoft Excel was 

used to vary kinetic parameters to minimize the objective 

function for both non-catalytic and catalytic pyrolysis with 

HZSM-5, H-Beta, and HY. Kinetic parameters for the non-
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catalytic pyrolysis of LDPE and PET were first solved using Flynn-

Wall-Ozawa (FWO) isoconversional approach as outlined in 

Section S2 of Supplementary Information. The activation energy 

and pre-exponential factor obtained from FWO approach were 

used as initial guesses for the nth order non-catalytic pyrolysis 

parameters of ENC,P, ENC,L, ANC,P, and ANC,L.32 Once the non-

catalytic pyrolysis parameters were solved for, they were 

utilized for modeling the catalytic pyrolysis experiments. When 

solving for the catalytic parameters, the non-catalytic pyrolysis 

parameters were included but not allowed to vary. To judge the 

goodness of fit for the model curves to the experimental curves, 

the following equations for Fit% were used as has been done in 

other kinetic modeling work.42 In these equations, S is the 

objective function for DTG data, S1 is the objective function for 

polymer wt% data, nd is the number of data points recorded for 

a TGA run, and 
𝑑𝑊𝑡%

𝑑𝑇 𝑚𝑎𝑥
is the maximum DTG value for the 

experimental data. 

𝐹𝑖𝑡%𝐷𝑇𝐺 =

(

 1 −

√
𝑆
𝑛𝑑

𝑑𝑊𝑡%
𝑑𝑇 𝑚𝑎𝑥)

 100%                                     (25) 

𝐹𝑖𝑡%𝑊𝑡% = (100% −√
𝑆1

𝑛𝑑
)                                                 (26) 

where: 

𝑆 =∑[(dWt%/dTi)exp − (dWt%/dTi)model]
2

nd

i=1

                 (27) 

𝑆1 =∑[(Pol wt%i)exp − (Pol wt%i)model]
2                      (28)

nd

i=1

 

4. Results and Discussion 

4.1 Catalyst Characterization 

The results from catalyst characterization measurements are shown 

in Table 1. It is seen that the trend of surface area is consistent with 

that reported by Zeolyst. Micropore volume increases for the 

catalysts as the pore size of the zeolite framework increases. 

Calculated pyridine loading shows that the total acidity of HZSM-5 > 

H-Beta > HY. This is confirmed by the trend observed during NH3 TPD 

experiments (Figure S2). Typically, it is thought that lower Si:Al ratio 

leads to higher acidity,19 however HY with the lowest Si:Al ratio in our 

case shows the lowest acidity. This is due to the large percentage of 

non-framework aluminum in the HY catalyst compared with HZSM-5 

and H-Beta. CBV600 is produced by the steaming of CBV300, and 

framework aluminum, which is responsible for  Brønsted acid sites, 

is displaced in the process.43,44 Extra framework aluminum (EFAl) 

species are often associated with Lewis acid sites, and this 

substantiates the fact that HY with the highest EFAl content has the 

lowest  Brønsted : Lewis acid ratio among the three catalysts.44 It is 

seen that HZSM-5 has the highest acid strength of the three catalysts, 

evidenced by its highest proportion of medium and strong acid sites 

determined from NH3-TPD (Figure S3 and Table S5).  

4.2 Thermogravimetric Analysis 

4.2.1 Effect of catalyst on LDPE pyrolysis 

It can be observed from Figure 1 that for the pyrolysis of LDPE at 10 

°C/min, the effect of catalyst on the degradation temperature is 

substantial. The maximum degradation temperature (Tmax) for LDPE 

non-catalytic pyrolysis and LDPE pyrolysis with HZSM-5, H-Beta, and 

HY catalyst was found to be 472.4 °C, 314.7 °C, 312.2 °C, and 344.5 

°C, respectively. It is known that for the catalytic pyrolysis of LPDE 

with zeolite catalysts, that higher external surface area helps to 

decrease Tmax and increase conversion during pyrolysis.29,45 It has 

been proposed that the external surface helps to pre-crack polymer 

macromolecules, forming oligomers, which are then subsequently 

cracked in the internal structure of the zeolite.29 In addition to 

external surface area, higher acidity is also known the decrease 

pyrolysis decomposition temperature.46 This explains why HZSM-5, 

which had the highest acidity and moderate external surface area, 

and H-Beta, which had moderate acidity and the highest external 

surface area, both resulted in similar Tmax values. HY, which had the 

lowest acidity and the lowest external surface area, had the highest 

Tmax value.  In addition to having the highest Tmax value, HY resulted 

in a shorter wider peak in its DTG curve, indicating that LDPE was 

degrading over a larger temperature range than for HZSM-5 and H-

Beta. A similar trend was also observed by others for the catalytic 

pyrolysis of LDPE with HY in comparison with H-Beta, H-Mordenite, 

and H-Ferrierite.46 It is observed that LDPE/HZSM-5 results in a lower 

amount of residual polymer left in the TGA crucible (0.6%) than for 

LDPE/H-Beta (6.2%) and LDPE/HY (9.7%). It is known that H-Beta and 

HY both undergo significantly higher deactivation during the catalytic 

pyrolysis of LDPE when compared to HZSM-5.20,47 This trend is also 

observed in our study as the solid residual, resemblant of catalytic 

coke, is higher for H-Beta and HY. The conversion for LDPE/H-Beta 

(93.8%) is similar to that reported by Pyra et al. (97.5%) where the 

Table 1. Physico-chemical properties measured for the three 
zeolites used in this study 

Zeolite type 
HZSM-5 

(CBV2314) 
H-Beta 

(CP814C*) 
HY 

(CBV600) 

SiO2/Al2O3 Mole Ratio 23 38 5.2 

Pore diameter (Å) 
5.3×5.6 
5.1×5.8 

5.5×5.5 
7.6×6.4 

7.4×7.4 

BET surface area 
(m2/gcat) 

317 551 459 

External surface area 
(m2/gcat) 

100 182 64 

Micropore volume 
(cm3/gcat) 

0.116 0.194 0.207 

Weak : medium : strong 
acid ratio 

1:1.7:1.8 1:0.5:1 1:0.9:1.1 

Pyridine loading (mmol 
Pyr/gcat) 

1.346 0.832 0.735 

Brønsted : Lewis acid 
ratio 

80.5:1 5.3:1 1.1:1 

% Framework aluminium 76.9 74.5 35.5 
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authors used a 1:3 catalyst to feedstock ratio and 5 °C/min heating 

rate during thermogravimetric analysis.48 

4.2.2 Effect of catalyst on PET pyrolysis 

In Figure 2, it can be observed that the addition of catalyst does 

not decrease Tmax as much for PET as it does for LDPE. These 

results are in line with that observed in the literature for zeolite 

catalysts where the decrease in Tmax is more pronounced for 

polyolefins than for PET.21,49 Tmax for PET non-catalytic pyrolysis 

and PET pyrolysis with HZSM-5, H-Beta, and HY catalyst was 

observed to be 432.2 °C, 432.2 °C, 389.8 °C, and 426.1 °C, 

respectively. This low decrease in Tmax leads to an overlap of the 

catalytic DTG curves with the non-catalytic DTG curve. The area 

under the catalytic DTG curve which exists at lower 

temperatures than the non-catalytic DTG curve can be 

interpreted as a measure of the catalytic volatilization of PET. 

The area under the catalytic DTG curve which overlaps the non-

catalytic DTG curve may be interpreted as a measure for the 

non-catalytic volatilization of PET which occurs even in the 

presence of catalyst.  

It can be seen in Figure 2 that H-Beta results in the highest 

amount of catalytic volatilization. The catalytic pyrolysis of PET 

shows to have a shoulder to its main degradation peak. The 

shoulder for PET/H-Beta (421 °C) lies in the regime of non-

catalytic volatilization, where the shoulder for PET/HZSM-5 (379 

°C) and PET/HY (373 °C) occurs in the catalytic volatilization 

regime at temperatures which are close to the Tmax of PET/H-

Beta. It appears that external acid sites may be most responsible 

for PET catalytic volatilization, as H-Beta has the largest external 

surface area of all three catalysts (Table 1). It has been proposed 

that during the in-situ catalytic pyrolysis of PET degradation 

pathways can be different than the traditional 6-membered ring 

transition state and lead to high amounts of coke formation.21,50 

PET/H-Beta resulted in the largest solid residual (35.2%) 

compared with PET/HY (29.2%) and PET/HZSM-5 (17.4%). The 

solid residual for PET/H-Beta is likely the largest due to PET/H-

Beta having the largest amount of catalytic volatilization which 

leads to the highest formation of coke. While HZSM-5 and HY 

have similar amounts of catalytic volatilization, the solid 

Figure 2. Derivative thermogravimetric (DTG) and polymer weight percent curves for PET pyrolysis at 10°C/min in the presence or 

absence of catalyst at a 1:1 catalyst to feedstock ratio

Figure 1. Derivative thermogravimetric (DTG) and polymer weight percent curves for LDPE pyrolysis at 10 °C/min in the presence or 

absence of catalyst at a 1:1 catalyst to feedstock ratio.
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residual is likely higher for HY due its large pores allowing for 

the buildup of coke precursor molecules.  

 

4.2.3 Interactions effects occurring during the catalytic co-

pyrolysis of LDPE and PET 

The DTG curves for the catalytic co-pyrolysis of LDPE and PET 

with HZSM-5, H-Beta, and HY are shown in Figure 3. An additive 

DTG curve for catalytic co-pyrolysis is obtained by using Eq. (29).  

𝐴𝑑𝑑𝑖𝑡𝑖𝑣𝑒
𝑑𝑊𝑡%

𝑑𝑇 𝑖
= 0.5 ×

𝑑𝑊𝑡%

𝑑𝑇 𝑃𝐸𝑇,𝑖
+ 0.5 ×

𝑑𝑊𝑡%

𝑑𝑇 𝐿𝐷𝑃𝐸,𝑖
              (29) 

The additive DTG curve and the actual DTG curve for co-

pyrolysis of LDPE and PET over the zeolites in this study is shown 

in Figure 3. A similar representation of these curves with the 

respective contributions from LDPE and PET can be seen in 

Figure S9. Differences are observed between the additive and 

the actual DTG curves for all catalysts, which clearly indicates 

the presence of interaction effects during the catalytic co- 

pyrolysis of LDPE and PET. For HZSM-5, the degradation peak 

for LDPE at 300 °C is much lower in magnitude for the actual co-

pyrolysis curve than for the additive curve. This phenomenon is 

observed for all the three catalysts. The maximum value of 

dWt%/dT for the low temperature peak at 300-325 °C, 

representative of LDPE catalytic degradation during co-

pyrolysis, decreased in magnitude by 40%, 12% and 27% for 

HZSM-5, H-Beta, and HY respectively. The presence of PET 

appears to delay the catalytic degradation of LDPE.  

From Figure 3 (b), it can be observed that for H-Beta, there 

is a distinct shift in the temperature of maximum decomposition 

of PET. For the single-stream pyrolysis of PET it was observed 

that the Tmax decreased from 432 °C for non-catalytic pyrolysis 

to 390 °C for catalytic pyrolysis with H-Beta (Figure 2). During 

LDPE+PET/H-Beta catalytic co-pyrolysis, Tmax for the PET region 

increases to 419 °C from the 390°C observed during PET/H-Beta 

single-stream pyrolysis. The presence of LDPE appears to delay 

the catalytic degradation of PET with H-Beta catalyst. For 

LDPE+PET/HZSM-5 and LDPE+PET/HY the actual DTG curve is 

similar to the additive DTG curve for the region of PET 

degradation, however a high temperature shoulder at 480 °C 

occurs for LDPE+PET/HZSM-5 and most noticeably for 

LDPE+PET/HY. This shoulder is at temperatures higher than 

non-catalytic pyrolysis degradation and could be due to bulkier 

molecules exiting catalytic pores which would otherwise be left 

as coke at lower temperatures. An increase in conversion at 

temperatures of 500°C was observed by Pyra et al. during the 

catalytic pyrolysis of LDPE with H-Beta and was attributed to the 

consumption of coke deposits.48 

 

4.3 Model-fitting kinetic parameters 

4.3.1 Non-catalytic pyrolysis 

Kinetic parameters for non-catalytic pyrolysis were derived 

following the approach outlined in Section 3 using three 

experimental curves in the objective function: LDPE, PET, and 

LDPE+PET. LDPE and PET were both pyrolyzed non-catalytically 

at three different heating rates of 5, 10, and 50 °C/min so that 

isoconversional approach could estimate activation energy and 

pre-exponential factor via the Flynn-Wall-Ozawa method 

(FWO). The procedure for obtaining these parameters via FWO 

method are described in Section S2 of the Supplementary 

Information. The parameters obtained for various conversions 

and the corresponding regression coefficient (R2) values are 

shown in Table S1. The FWO method resulted in activation 

energy and pre-exponential factor of 227.9 ± 1.4 kJ/mol and 

Table 2. Kinetic parameters obtained for the non-catalytic 
degradation of LDPE and PET and the corresponding fit% for 
LDPE, PET, and LDPE+PET. A (s-1) and E (kJ/mol) 

LDPE kinetic parameters PET kinetic parameters 

ANC,L 6.344E16 ANC,P 7.486E18 
ENC,L 268.2 ENC,P 283.0 
nNC,L 0.788 nNC,P 1.359 
  γ 0.893 
Fit%Wt%  Fit%DTG  
LDPE 99.32 LDPE 98.88 
PET 99.38 PET 97.80 
LDPE+PET 99.48 LDPE+PET 97.84 

Figure 3. Comparison of additive and actual DTG curves for the catalytic co-pyrolysis of 

LDPE and PET with a) HZSM-5, b) H-Beta, and c) HY at 10°C/min heating rate, 1:1 

LDPE:PET ratio, and 1:1 catalyst:feedstock ratio.  
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8.18 x 1013 s-1 
 for LDPE and 203.9 ± 5.5 kJ/mol and 8.65 x 1012 s-

1
 for PET. These values for activation energy of LDPE and PET are 

in line with those reported in the literature.27,51  

The activation energy and pre-exponential values obtained 

for LDPE and PET via FWO method were used as initial guesses 

for the nth order reaction scheme, along with 𝑛𝑁𝐶,𝐿 and 𝑛𝑁𝐶,𝑃  

both equal to 1 and 𝛾 = 0.9. The boundary conditions of 5 < 

log(A) < 30, 50 < E < 350, 0.01 < n < 10, and 0 < γ < 1 were input 

into the solver. During non-catalytic pyrolysis, LDPE and PET 

show only a low level of interaction effects (Figure S10). Thus, 

one set of kinetic parameters was able to model well both the 

single stream and co-pyrolysis of LDPE and PET. The obtained 

kinetic parameters from the optimization and the 

corresponding Fit% values for LDPE, PET, and LDPE+PET can be 

seen in Table 2. The parameters deviated significantly from their 

initial guesses determined via FWO approach. This is most likely 

due to the initial guesses being derived assuming 1st order  

reaction mechanism when using FWO approach, where the 

reaction scheme using the least squares fitting is nth order and 

allows for varying of reaction order from 0.1 to 3. It has been 

reported in the literature that when modeling biomass pyrolysis 

via an independent parallel reaction scheme, that allowing 

reactions to go from being 1st order to nth order will improve 

Fit%, while also changing substantially the activation energy and 

pre-exponential factor.31   
 

4.3.2 Catalytic pyrolysis 

The experimental mass loss data obtained from the catalytic 

pyrolysis of LDPE, PET, and LDPE+PET with HZSM-5, H-Beta, and 

HY was used to evaluate kinetic parameters for catalytic 

pyrolysis. In the proposed reaction scheme (R1)-(R4), LDPE and 

PET can decompose both catalytically and non-catalytically. The 

catalyst to feedstock ratio, the coefficients a and b, and the 

difference in the kinetic triplet for non-catalytic and catalytic 

pyrolysis, all play a pivotal role in how much the polymer is 

degraded via catalytic routes as opposed to non-catalytic 

routes.  

It is worthwhile to mention that to keep consistency 

throughout, the non-catalytic pyrolysis parameters obtained in 

section 4.3.1 are used for catalytic experiments and are not 

allowed to vary while optimizing the parameters for catalytic 

pyrolysis. The boundary conditions for A, E, and n are kept the 

Table 3. Kinetic parameters obtained for the catalytic degradation of LDPE and PET over zeolite catalysts and the 

corresponding fit% for LDPE, PET, and LDPE+PET catalytic pyrolysis experiments. A (s-1) and E (kJ/mol) 

LDPE kinetic parameters PET kinetic parameters 

 HZSM-5 H-Beta HY  HZSM-5 H-Beta  HY 

AC,L1 8.971E10 3.368E10 7.899E9 AC,P1 5.473E9 3.749E6 1.877E10 

EC,L1 106.7 120.2 101.0 EC,P1 112.5 110.1 110.0 

nC,L1_L 2.505 2.507 0.987 nC,P1_P 3.107 1.214 0.900 

nC,L1_C 5.090 1.801 2.092 nC,P1_C 1.941 1.220 2.187 

AC,L2 1.139E8 1.263E8 6.291E5 AC,P2 2.515E10 3.061E6 1.438E8 

EC,L2 116.0 115.0 96.9 EC,P2 170.8 105.0 144.9 

nC,L2 1.010 0.956 3.193 nC,P2 5.459 3.311 2.430 

a 0.672 2.347 4.151 b 5.112 0.469 1.797 

𝛼 0.985 0.904 0.885 𝛽 0.821 0.619 0.687 

Fit%Wt% Fit%DTG 

LDPE 98.93 97.51 96.08 LDPE 96.24 97.54 96.43 

PET 98.74 97.12 98.33 PET 97.13 96.19 96.85 

LDPE+PET 98.97 99.00 98.32 LDPE+PET 95.44 96.36 94.18 

Figure 4. Experimental and model DTG and polymer weight% curves for the non-catalytic pyrolysis of LDPE, PET, and LDPE+PET at a 1:1 ratio 

with a heating rate of 10 °C/min 
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same as mentioned in section 4.3.1. The coke formation 

coefficients 𝛼 and 𝛽 were allowed to vary from 0 to 1, and the 

polymer to catalyst coefficients a and b from 0.01 to 10. An 

optimization of kinetic parameters was carried out such that the 

error between experimental data points and the model is 

minimized. The resulting kinetic parameters determined from 

the optimization can be seen in Table 3, and the resulting model 

curves which arise from the obtained kinetic parameters can be 

seen compared with the experimental curves in Figure 5. 

A combination of the non-catalytic kinetic parameters in 

Table 2 and the catalytic kinetic parameters in Table 3 were able 

to model LDPE catalytic pyrolysis, PET catalytic pyrolysis, and 

LDPE+PET catalytic co-pyrolysis for HZSM-5, H-Beta, and HY 

catalyst with Fit%Wt% > 96 and Fit%DTG > 93 for all experimental 

curves. The kinetic parameters used to model the single-stream 

catalytic pyrolysis were the same that were used to model the 

catalytic co-pyrolysis for a given catalyst. To the authors 

knowledge, this is the first time one set of kinetic parameters 

were used to model both the single-stream and co-pyrolysis of 

multiple polymers in the presence of a catalyst.  

Interaction effects observed during catalytic co-pyrolysis 

which can be seen in Figure 3 are able to be modeled using the 

proposed reaction scheme, which allows both LDPE and PET to 

bind to the catalyst forming the complexes LDPEC and PETC. For 

instance, when looking at Figure 3a it can be observed that for 

HZSM-5, the LDPE+PET (actual) curve is only 60% in magnitude 

of what would be expected at a temperature of 300 °C. It can be 

seen in Figure 5a that the kinetic parameters for HZSM-5 

allowed for both a higher magnitude of degradation for LDPE 

and a decreased magnitude for LDPE+PET at 300 °C.  For HZSM-

5, the optimized values for the coefficient b which represents 

the grams of catalyst needed to react with a gram of PET to form 

the complex PETC was 5.112, while the corresponding 

coefficient a for LDPE was 0.672. These results demonstrate the 

fact that PET saturates the catalyst in the reaction model due to 

the high b coefficient value, thus delaying the catalytic 

degradation of LDPE at 300 °C while in the presence of PET. 

Interaction effects were also modeled for H-Beta catalyst. In 

Figure 3b, it can be seen that Tmax for PET degradation shifts 

from 390 °C for single-stream pyrolysis to 419°C during co-

pyrolysis. The model resulted in a shift of Tmax of 396°C for 

single-stream pyrolysis to 412°C for co-pyrolysis. For H-Beta, the 

optimized value for a was 2.347, and for b was 0.469. This value 

of a which was larger than b allowed LDPE to decrease the 

available catalytic sites thus leading to a delayed catalytic 

degradation for PET.  The nth order reaction scheme with the 
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implemented boundary conditions resulted in a comparatively 

low Fit%DTG of 93.77% for LDPE/HY. It can be seen in Figure 1  

that LDPE/HY has a markedly different DTG curve than for 

LDPE/HZSM-5 and LDPE/H-Beta. The challenge for the reaction 

scheme to accurately model the elongated DTG peak for 

LDPE/HY, also resulted in a relatively low Fit%DTG for 

LDPE+PET/HY of 93.29%. 

 
4.4 Catalytic pyrolysis of LDPE and PET in a Pyroprobe® micro-
reactor (Py-GC/MS)  
 
4.4.1 LDPE catalytic pyrolysis 

Figure 6 depicts the GC/MS area% of main pyrolysis products 

formed during the catalytic fast pyrolysis of LDPE with various 

zeolites. A complete list of identified compounds with their 

corresponding area% can be found in Table S2. The total ion 

chromatogram (TIC) plots for LDPE catalytic Py/GC-MS 

experiments can be seen in Figure S11. For LDPE catalytic 

pyrolysis, C3-C10 paraffins and olefins and single ring aromatic 

compounds are the main pyrolysis products and make up 91.7, 

91.8, and 94.4% of the total area% for pyrolysis with HZSM-5, H-

Beta, and HY, respectively. It can be observed that HZSM-5 with 

the smallest pore size forms the most C3 paraffins and olefins, 

H-Beta with the medium pore size forms the most C4 paraffins 

and olefins, and HY with the largest pore size forms the most C5-

C10 paraffins and olefins. A similar trend was observed by Elordi 

et al. during the continuous fast pyrolysis of HDPE with HZSM-

5, H-Beta, and HY in a conical spouted bed reactor at 500°C.19 In 

our study, it was observed that HZSM-5 resulted in the largest 

area% of aromatic compounds (31.6%) compared with H-Beta 

and HY (13.7% and 11.4%, respectively). These results are in line 

with Xue et al. who reported a high carbon yield% of aromatic 

compounds (26.55%) for PE/HZSM-5 during in-situ catalytic 

pyrolysis in a micro-reactor at 600 °C.21 Besides, Li et al. also 

reported a single-ring aromatic yield% of 31% for LDPE/HZSM-5 

fast pyrolysis in a Pyroprobe® reactor at 650 °C.52  The yield of 

aromatics reported by Elordi et al. did not vary significantly 

between HZSM-5, H-Beta, and HY catalyst, with yield of 

aromatics being in the range of 5-12% for all the three catalysts. 

The incongruencies in the yields of the products obtained by 

various authors for polyethylene pyrolysis can be primarily due 

to different reactor types and pyrolysis temperatures used for 

their studies.  

 

4.4.2 PET Catalytic Pyrolysis 

The GC/MS area% for the main products formed during the 

catalytic pyrolysis of PET with various zeolites is shown in Figure 

7. A complete list of identified compounds with their 

corresponding area% can be found in Table S3. The TIC plots for 

PET catalytic Py/GC-MS experiments can be seen in Figure S12. 

 It is known that acid sites on zeolite catalysts help to 

decarboxylate terephthalic acid and benzoic acid, which are 

main products from PET non-catalytic pyrolysis, thus forming 

large amounts of benzene.21,23 It is seen that H-Beta and HY 

result in slightly higher area% of benzene (55.7% and 54.4%) 

compared to HZSM-5 (43.5%). The observed area% of 

polyaromatics is substantially higher with HZSM-5 (24.7%) 

compared to that observed with H-Beta and HY (10.1% and 

5.9%).  It is likely that the larger pore size of H-Beta and HY allow 

for polyaromatic compounds formed via condensation 

reactions to further condense into larger polyaromatics which 

eventually lead to formation of coke, thus decreasing the 

selectivity to polyaromatics for these catalysts. This can be 

substantiated by the fact that higher selectivity to three ring and 

four ring polyaromatics such as phenanthrene and pyrene was 

observed for H-Beta and HY (Table S3).  

Another notable trend that can be observed from Figure 7 is 

that the area% of oxygenated compounds is highest for HY and 

lowest for HZSM-5. Other studies have shown that HZSM-5 with 

high acid strength and Brønsted : Lewis acid ratio had higher 

deoxygenation capabilities for bio-oil oxygenates than for HY,53 

which coincides with the results observed in our study.  The 

oxygenated compound with the highest area% for all catalysts 

Figure 6. Py-GC/MS area% of C3-C10  paraffins and olefins (P/O) and aromatic 

compounds formed during the catalytic pyrolysis of LDPE at 500 °C over various 

zeolite catalysts at 10:1 catalyst to feedstock ratio

Figure 7. Py-GC/MS area% of various compounds formed during the catalytic 

pyrolysis of PET at 500 °C over various zeolite catalysts at 10:1 catalyst to 

feedstock ratio 
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was acetaldehyde, which resulted in an area% of 0.52%, 3.02%, 

and 7.52% for HZSM-5, H-Beta, and HY respectively. 

Interestingly the area% for benzoic acid did not follow a similar 

trend, where benzoic acid area% was 0.09%, 0.15% and 0.06% 

for HZSM-5, H-Beta, and HY respectively. It could be that the 

Lewis acid sites present in H-Beta and HY favor decarbonylation 

over decarboxylation reaction pathways which leads to 

increased amounts of acetaldehyde.54 This is supported by the 

fact that H-Beta and HY form higher amounts of benzaldehyde 

(0.09% and 0.32%) than for HZSM-5 (0.03%), as the proposed 

reaction pathway for formation of acetaldehyde produces 

benzaldehyde as a reaction intermediate, as seen in Figure 9. 

 

4.4.3 LDPE+PET Catalytic Co-Pyrolysis 
 

The area% of main products formed during the co-pyrolysis of 

LDPE and PET are shown in Figure 8 (a). A complete list of 

identified compounds with their corresponding area% can be 

found in Table S4. The TIC plots for LDPE and PET catalytic co-

pyrolysis experiments (Py/GC-MS) can be seen in Figure S13. 

During co-pyrolysis a strong co-elution between acetaldehyde 

and C4 products was observed during chromatography and thus 

area% of the two were lumped together. Figure 8 (b) depicts the 

synergy% of the main products. Synergy% > 0 implies that the 

product formed during co-pyrolysis is more than that expected 

from the product distribution obtained from single-stream 

experiments. It can be observed that for all the three catalysts, 

there is a negative synergy for C4-C10 paraffins and olefins and 

benzene, and a positive synergy for alkylated benzenes and 

polyaromatic hydrocarbons. An increase in the actual yield% of 

alkylated benzenes such as toluene and xylene was observed by 

Xue et al. during the catalytic co-pyrolysis of PE and PET with 

HZSM-5.21 The results obtained in this work are in line with that 

of Xue et al. An increased amount of alkylated benzenes is 

observed in this work. It can be thus proposed that paraffins and 

olefins produced from LDPE undergo alkylation reactions with 

benzene and phenyl radicals produced from PET leading to 

increased amounts of alkylated benzenes.55 The alkylated 

benzene synergy% for the catalysts is as follows: HY (142%) > H-

Beta (44.1%) > HZSM-5 (3.06%). HY having the highest synergy% 

for alkylated benzenes can be attributed to the low Brønsted : 

Lewis acid ratio of HY (1.1:1). Other works have shown that a 

higher synergy% for alkylated benzenes is observed during 

polyethylene-cellulose catalytic co-pyrolysis when iron is 

introduced to ZSM-5 catalyst, thus giving the catalyst a lower 

Brønsted : Lewis acid ratio.56 This reasoning corresponds well 

with our findings, as H-Beta which had moderate Brønsted : 

Lewis acid ratio (5.3:1) had moderate synergy% for alkylated 

benzenes, and HZSM-5 which had high Brønsted : Lewis acid 

(80.5:1) ratio had the lowest synergy% for alkylated benzenes. 

Figure 8. GC/MS area% of light gases (CO2 and C3 paraffins and olefins (P/O)), C4 P/O and acetaldehyde, C5-C10 P/O , benzene, alkylated 

benzenes, and polyaromatic hydrocarbons formed during the catalytic co-pyrolysis of LDPE and PET over various zeolites (a), and the 

synergy% of these products, which measures the increase or decrease of these products from what would be expected (b)
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Alkylated benzenes can be useful for liquid fuels as they act as 

octane boosters.57 The content of benzene is to be minimized in 

fuel,58 so an interaction effect which decreases benzene and 

increases alkylated benzenes would be desirable when 

pyrolyzing plastic waste for fuel. HY shows to be the most 

attractive catalyst out of the three for producing liquid fuels 

such as gasoline. This is because HY has the highest area% of C5-

C10 paraffins along with the highest positive synergy% for 

valuable alkylated benzenes and a concomitant negative 

synergy% for benzene. 

 In addition to alkylated benzenes, a positive synergy% was 

also observed for polyaromatics hydrocarbons for all catalysts. 

It is known that phenyl radicals which arise from PET pyrolysis 

could react with branched olefins to produce naphthalenes.59 

The synergy% for polyaromatics is highest for HZSM-5 and this 

could be possibly due to pyrolysis of LDPE with HZSM-5 being 

known to produce a large amount of olefins.17 The negative 

synergy% for benzene and C4-C10 paraffins and olefins is almost 

equal for all catalysts, however the type of zeolite seems to 

strongly favor the positive synergy% of alkylated benzenes and 

polyaromatics which is observed. HZSM-5 gives a large increase 

in polyaromatics and close to no increase in alkylated benzenes. 

On the other hand, HY showed a large increase and H-Beta 

showed a moderate increase in the synergy% of both 

polyaromatics and alkylated benzenes.  

 The plausible reaction pathways leading to the formation of 

main products during the catalytic fast pyrolysis and co-

pyrolysis of LDPE and PET are depicted in Figure 9. Since the 

three catalysts used in this study are all zeolite acid catalysts, 

the reaction pathways delineated in Figure 9 apply for all. The 

characteristics of the acid catalysts such as pore size, total 

acidity, acid strength, and Brønsted : Lewis acid ratio can control 

the reaction pathways which are dominant, thus altering the 

final product distribution. 

For PET, it was mentioned in section 4.2.2 that the 

volatilization seems to occur both catalytically and non-

catalytically when pyrolyzed in the presence of catalyst. The 

non-catalytic volatilization can to occur via a six-membered 

cyclic transition state in which a β-hydrogen atom is transferred 

to double bonded oxygen while the C-O bond is cleaved, 

resulting in the formation of carboxylic acid and vinyl end 

groups.16,60,61 After initial pyrolysis volatiles form, acid catalysts 

can then aid in the decarboxylation of carboxylic end groups,62 

leading to the production of vinyl benzoate. Vinyl benzoate acts 

as an intermediate which can go through multiple reaction 

pathways, either undergoing decarbonylation for production of 

acetophenone, ethylene cleavage for production of benzoic 

acid, or acetaldehyde cleavage for production of 

benzaldehyde.16 Benzoic acid can undergo further 

decarboxylation for production of benzene. Acetophenone and 

Figure 9. Plausible reaction pathways for the catalytic co-pyrolysis of LDPE and PET with zeolite acid catalysts 
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benzaldehyde undergo further decarbonylation for the 

production of toluene and benzene respectively.21,50 It can be 

observed in Table S3 that HY, which resulted in the highest 

selectivity to acetaldehyde (7.52%) of all the three catalysts, 

also had the highest selectivity to benzaldehyde (0.32%). This 

supports the proposed reaction pathway which leads to the 

concurrent production of benzaldehyde and acetaldehyde.  

In addition to non-catalytic volatilization occurring via the 

six-membered cyclic transition state, catalytic volatilization has 

been proposed to occur via the C=O bond of PET being attacked 

by external protons on zeolite acid sites, ultimately leading to 

the formation of phenyl radicals.21 The phenyl radicals can 

undergo recombination reactions for the production of benzene 

and polyaromatic hydrocarbons such as biphenyl and 

naphthalene.50,63,64 It is well-known that polyaromatic 

compounds act as coke precursor molecules,36 and this explains 

the high solid residual% observed during PET catalytic TGA 

experiments shown in Figure 2, and the high solid residual% 

observed by others during the in-situ catalytic pyrolysis of PET.21 

Ethylene and CO2 are proposed to be produced alongside 

benzene and polyaromatics via the catalytic volatilization 

pathway.21,50 

For the degradation of LDPE, either random scission or chain 

scission can occur producing either smaller olefins or larger 

olefins respectively.65,66 The light olefins from end chain 

cracking can either undergo dehydrocyclization for production 

of aromatics, condensation reactions for production of 

polyaromatics and coke, or cyclization for production of 

cycloalkanes.65–67 The larger olefins formed from random 

scission can interact with catalytic acid sites which provide the 

proton source for C=C bonds to yield carbonium ions. The 

presence of carbonium ions leads to isomerization and cracking 

reactions for the formation of branched paraffins and 

olefins.68,69 During the catalytic co-pyrolysis of LDPE and PET, 

interactions were quite evident that resulted in a decrease in 

selectivity to benzene and C4-C10 paraffins and olefins with 

concomitant increase in selectivity to alkylated benzenes and 

polyaromatics. It can be speculated that the paraffins and 

olefins react with either benzene or phenyl radicals via 

condensation and alkylation reactions, thereby increasing the 

selectivity to alkylated benzenes and polyaromatics. This is in 

accordance with the increase in alkylated benzenes during 

PE/PET catalytic co-pyrolysis with HZSM-5,21 as well as the 

proposed mechanism for benzene reacting with cracked LDPE 

chains to form substituted benzenes during the catalytic 

cracking of LDPE dissolved in benzene over HZSM-5.70 It is 

known that phenyl radicals will react with light olefins such as 

propene to form alkylated benzenes and polycyclic 

hydrocarbons such as indene,71 and that benzene will undergo 

alkylation reactions with light olefins in the presence of zeolite 

catalysts.55   

Conclusions 

The presence of catalyst decreases the degradation 

temperature for LDPE to a much greater extent for LDPE than 

for PET. For LDPE, the Tmax decreased by 158, 160, and 128 °C 

for HZSM-5, H-Beta, and HY, respectively. For PET the Tmax 

decreased 0, 42, and 6 °C for HZSM-5, H-Beta, and HY. 

Interaction effects were observed in the DTG curves during the 

catalytic co-pyrolysis of LDPE and PET for all catalysts studied. 

For all the catalysts, a decrease in the extent of the degradation 

of LDPE at 300 °C was observed, which implies that the presence 

of PET delays the catalytic degradation of LDPE. A lumped 

reaction scheme was able to model both the non-catalytic and 

the catalytic pyrolysis of LDPE, PET, and LDPE+PET mixture. The 

reaction scheme was able to capture the interaction effects 

present during catalytic co-pyrolysis via competitive binding to 

catalytic active sites between the two polymers. A single set of 

kinetic parameters was shown to model well for both the single-

stream pyrolysis of LDPE and PET and the co-pyrolysis of LDPE 

and PET. The fast catalytic pyrolysis of LDPE in a Pyroprobe® 

micro-reactor showed that the zeolite framework which was 

used had an effect on the selectivity to light paraffins and olefins 

(C3-C4), gasoline range paraffins and olefins (C5-C10), and 

aromatic compounds. A high selectivity to benzene was seen for 

all catalysts during the fast pyrolysis of PET. During catalytic co-

pyrolysis of LDPE and PET, an interaction effect where the 

selectivity of alkylated benzenes and polyaromatics was greater 

than expected and the selectivity of benzene and C4-C10 

paraffins and olefins was less than expected. HY led to the 

largest increase in alkylated benzenes during the co-pyrolysis of 

LDPE and PET and resulted in the highest area% of C5-C10 

paraffins and olefins. The high production of these gasoline 

range paraffins and olefins along with an increase in production 

of octane-boosting alkylated benzenes shows that HY could be 

a potential catalyst for converting mixed LDPE and PET waste 

into valuable liquid fuels.  
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