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A B S T R A C T

This work investigates the chemical upcycling of non-biodegradable polystyrene waste into useful industrial 
products via catalytic hydrocracking. Zeolite-Y and ZSM-5 catalysts were impregnated with platinum and 
ruthenium and used in the conversion of polystyrene waste into the highly-desirable liquified natural gases and 
liquid ethylbenzene. Reactions carried out in a Parr reactor gave C3 − C4 gas selectivity of 60–67% for Pt-doped 
and 41–74 % for Ru-doped HY catalyst, while the Pt-doped ZSM-5 gave 94–96% C2 − C4 selectivity of the total 
gas products. Liquid analysis revealed both Pt and Ru were selective towards single-ring aromatics, notably 
ethylbenzene: 37–44%. However, Pt-ZSM-5 gave negligible liquid products due to its relatively larger pore sizes 
(3.8 nm) which promotes faster mass transport leading to more cracking and less secondary reactions. Higher 
pressures significantly increased feedstock to fluid conversion from 37 to 73% at 15 and 25 bar H2 respectively. 
Longer reaction times and lower polymer : catalyst ratios enhanced hydrogenation and ring opening reactions to 
give lower molecular weight compounds ≤C8 and cycloalkanes. Spent catalysts were reused four times and 
similar ethylbenzene selectivity obtained, hence indicating excellent catalyst stability. We present a waste 
management control strategy in the feedstock recycling of plastic waste using bifunctional catalysts to produce 
fuels, whilst promoting alternative sources to the growing energy demand and environmentally benign synthetic 
routes in the petrochemical industry.

1. Introduction

Rapid global industrialization has led to the production of low-cost, 
light-weight plastics with versatile properties tailored towards specific 
applications. The production of these petroleum-based plastics has 
increased considerably over the past few decades from about 1.65 
million tonnes in 1950 [1] to 460 million tonnes in 2019 and its usage is 
expected to rise at a pace of 5% per year [2,3]. The extensive usage of 
these plastics (mostly single-use disposable) has, however, led to a huge 
generation of waste of about 353 million tons in 2019, with about 15% 
collected for recycling and only 9% being finally recycled [4]. This has 
led to serious global environmental problems such as increase in carbon 
footprint via waste combustion, and climate change issues whereby they 
emit greenhouse gases as they slowly decompose. Thus, the 

management of this waste, which involves their reduction, reuse, recy
cling, and recovering [5,6], is of paramount importance for minimizing 
the need for landfill. Thermoplastic polymers such as polypropylene 
(PP), polyethylene (PE), and polystyrene (PS) are the major components 
of municipal solid waste [7,8]. About 40% of this polymer waste comes 
from packaging, of which PS is a major component. Their use in pack
aging accounts for the global majority end-user market [9] and in most 
cases there is a short lifespan between their service and transformation. 
However, the majority of the collected waste is still being landfilled with 
the existing mechanical recycling and energy recovery processes not 
sufficient to deal with the ever-increasing plastic production and con
sumption [6]. Different processes can be utilized in the recycling of 
waste polymers to produce chemicals, liquid fuels, and hydrocarbon 
mixtures, such as pyrolysis, catalytic cracking and hydrocracking; and 
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understanding the structure-activity relationships in the catalytic con
version of waste is desirable [10].

Catalysis presents a valuable and sustainable tool to facilitate the 
selective conversion of plastic waste into valuable products under milder 
reaction conditions. Several catalytic strategies have been reported in 
literature towards the upcycling of plastic wastes [10–12], some of 
which involves their upgrading at the molecular level into high-value 
chemicals via depolymerisation and/or degradation. Strategies that 
have been reported in literature include: pyrolysis [7,8,13], catalytic 
pyrolysis [14–17], hydrogenolysis [18–20], hydrocracking [21,22], and 
oxidation [23–25]. Different researchers have also reported work on the 
recycling of PS, some of which include conversion into styrene over solid 
acids and bases [26–29], using supercritical solvents [30], conversion 
into polyelectrolytes [31], as well as conversion into different fractions 
of pyrolysis oil [32–34]. Current challenges involves the design and 
optimization of process conditions towards product selectivity [11], 
ensuring catalyst stability and the need to avoid catalyst poisoning to
wards real-life plastics processing. In the work reported herein, we focus 
on the catalytic hydrocracking of PS waste using cheap and sustainable 
bifunctional catalysts towards the selective production of the highly 
desirable liquefied petroleum gases and liquid ethylbenzene (EB). Cat
alytic hydrocracking in the presence of hydrogen helps in the removal of 
sulphur, nitrogen, and chlorine impurities to give products in the range 
of light to heavy hydrocarbons (diesel) with high amounts of iso
paraffins and lower amounts of olefins [2]. It generally involves the use 
of a bifunctional catalyst with both metal and acidic functionality and a 
large surface area, typically a zeolite [35]. The hydrogenation is facili
tated by the use of noble metals such as palladium or platinum, or by 
transition metals consisting of an alumina support loaded with cobalt, 
nickel, or molybdenum [36]. Selectivity and conversion are influenced 
by a number of factors such as the pore size of the zeolite, which affects 
mass transport between the molten viscous polymer and the zeolite 
structure, the acidity of the catalyst, as well as the operating reaction 
conditions.

The understanding of the adsorption of molecules in microporous 
zeolites helps in their design and applications for several industrial 
processes such as catalysis and separation [37]. The use of nuclear 
magnetic resonance (NMR) [38,39], amongst other methods such as 
infrared spectroscopy (IR) [40,41], temperature-programmed desorp
tion (TPD) [42–44], and reactive gas chromatography [45], has been 
used to study adsorption and molecular dynamics in bulk fluids and 
fluids in porous systems in the last decade. NMR relaxation measure
ment is non-invasive and is an effective technique to probe guest-host 
molecular interactions of fluids in inorganic porous materials used for 
catalytic applications [37].

In our work, we compared different catalytic systems in the hydro
cracking of expanded polystyrene (EPS) waste towards the selective 
production of liquid ethylbenzene. We synthesised Pt- and Ru-doped 
zeolite-based catalysts (1Pt0HY, 1Ru0HY, 1Pt0ZSM-5) to introduce 
enhanced activity into the catalysts support. The structural and acidic 
properties were investigated, and the catalytic degradation of PS over 
the doped catalysts was carried out in a 300 mL stainless steel batch 
reactor in the presence of hydrogen. The effect of the synthesised cata
lysts on the thermal degradation of EPS waste were studied and the 
results showed that 1Pt0HY and 1Ru0HY showed high activity in con
verting EPS into ethylbenzene (EB), with selectivity being influenced by 
variation in reaction conditions. In addition, coke analysis was also 
carried out to determine the industrial suitability of the catalysts. We 
also carried out a comparative analysis of the effects of the parent 
zeolite, the calcined and reduced forms of Pt-doped HY with the key 
performance indicators being liquid conversion, EB product selectivity. 
The reusuability of 1Pt0HY was further investigated for four repeated 
runs. Our target hydrocracking liquid product: (EB), is a valuable in
dustrial feedstock used in the production of various synthetic products 
such as fuels, carpet glues, paints, inks, and insecticides. Therefore, 
providing an alternative route to its production can serve a variety of 

purposes, in addition to being a styrene monomer. It is currently pro
duced from a liquid phase reaction between ethylene and benzene [46], 
the latter being a carcinogenic substance. The EB liquid selectivity is of 
great interest as it’s current synthetic production route consumes about 
50% of the world’s production of benzene (a potential carcinogen), thus 
making finding an alternative production route an interesting and 
desirable area of interest in the petrochemical industry. In addition, the 
current market price of EB is approximately $1500 per ton [47], with a 
high volume of exports across Europe. Hence, replacing the current 
synthetic route via sustainable hydrocracking protocols appears prom
ising and economical. This work aims to fully convert EPS into gas 
fractions (C3 and C4), liquid products (C8-EB). We also propose a 
possible reaction pathway for the degradation of PS to ethylbenzene.

2. Methods

2.1. Feedstock and catalyst preparation

Tetraammineplatinum (II) chloride hydrate (Pt(NH3)4Cl2.xH2O) 
with a purity of 98% from Sigma Aldrich was used as the source of 
platinum. Powdered virgin polystyrene (VPS) of high purity with an 
average molecular weight of 192,000 g mol− 1 was obtained from Sigma- 
Aldrich. The post-consumer EPS are from household waste and were 
crushed to an average particle size of 3.55 − 4.00 mm aperture (Fig. 
S1). Platinum and Ruthenium (1 wt%) were loaded separately, via wet 
impregnation onto two zeolite supports: HY and ZSM-5 with a SiO2: 
Al2O3 of 5 and 30 respectively which were obtained from Alfa Aesar. The 
metal salts (Pt(NH3)4Cl2.xH2O and RuCl2.xH2O) were dissolved into 100 
mL of deionized water at room temperature, and the resulting solutions 
were left to stir at 70 ℃ for about 8 h with a stirring speed of 500 rpm to 
ensure proper dispersion of the metal on the catalyst supports and 
gradual evaporation of water whilst forming a thick paste. The catalysts 
were oven-dried at 110 ℃ and the dried sample were calcined in a 
muffle furnace at 550 ℃ for 5 h at a ramp rate of 5 ℃ min− 1 to allow 
decomposition of the metal salt [48]. Afterwards, they were converted 
to pellets of size 250–600 μm for subsequent reduction. Catalyst 
reduction was carried out using a tubular reactor by heating the catalyst 
pellets under a flow of hydrogen at a rate of 5 mL min− 1 from ambient 
temperature to 400 ℃ at a flow rate of 10 ℃ min− 1 for 4 h. Going for
ward and for ease of identification, the parent zeolites are designated as 
HY(5) and ZSM-5(30). The modified Pt-doped zeolites before hydrogen 
reduction are designated as 1Pt/Cal/HY and 1Pt/Cal/ZSM-5, and the 
reduced forms are 1Pt0HY and 1Pt0ZSM-5 respectively. The calcined and 
reduced Ru-doped are designated as 1Ru/Cal/HY and 1Ru0HY 
respectively.

2.2. Polymer and catalyst characterisation

The polymer feedstock was characterised via both thermogravi
metric analysis (TGA) and Fourier transform infrared (FTIR). Catalysts 
characterisation was also performed using a range of methods including 
Pyridine-FTIR, Inductively coupled plasma optical electron spectros
copy (ICP-OES), BET nitrogen sorption isotherms, X-ray diffraction 
(XRD), ammonia-temperature programmed reduction (NH3-TPD), and 
X-ray photoelectron spectroscopy (XPS). Other techniques include: the 
scanning transmission electron microscopy (STEM) and energy disper
sive X-ray mapping which were acquired with a HAADF detector. In 
addition, NMR relaxation studies were also conducted on the HY cata
lysts carried out with a low-field carbon spinsolve Bruker DMX spec
trometer. The details of the different analytical methods are supplied in 
the Supplementary information (S1).

2.3. Hydrocracking reactions

Hydrocracking reactions were carried out using a 300 mL Parr 
reactor made of stainless steel, attached to an inlet stirrer [2]. The 
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feedstock polymer was mixed with catalyst with a specified polymer: 
catalyst ratio. The samples were loaded into the reactor, sealed, and 
purged using hydrogen gas, and subsequently charged to the reaction 
pressure of 20 bar H2. The operating parameters to be varied for 

optimization were the reaction temperature (300–330 ℃), reaction time 
(15–90 min), reaction pressure (15–25 bar H2), and polymer catalyst 
ratio (5:1, 10:1, 15:1). The desired reaction temperature was reached 
between 30 and 45 min, and subsequently kept isothermally constant for 

Fig. 1. Catalysts characterisation results: XRD patterns of parent and modified zeolite catalysts (a) HY(5) and Pt-doped HY (b) HY(5) and Ru-doped HY (c) ZSM-5 
(30) and Pt-doped ZSM-5; NH3-TPD desorption plots with acidity values (mmol/g of NH3) in red parenthesis for (d) HY(5) and Pt-doped HY (e) HY(5) and Ru-doped 
HY (f) ZSM-5(30) and Pt-doped ZSM-5; XPS peak deconvolution of (g) Al 2p and Pt 4f spectra for 1Pt0HY (h) C 1s and Ru 3d spectra in 1Ru0HY (i) Al 2p and Pt 4f 
spectra for 1Pt0ZSM5 (j) Pyridine-FTIR desorption analysis of synthesised catalysts at 30 and 300 ℃ (k) TGA analysis of fresh synthesised catalysts. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the desired reaction time with constant agitation of 400 ± 15 rpm. At 
the end of the reaction, the reactor was allowed to cool to ambient 
temperature, and the hydrocracking products were collected for further 
analysis.

Gas products were analysed using a Varian CP 3800 gas chroma
tography (GC) attached to a 50 m × 0.32 mm i.d. PLOT Al2O3/KCl 
capilliary column and a flame ionization detector (FID) with the 
hydrogen concentration present in the gas stream being measured with a 
mass spectrophotometer (MS) (Hiden Analytical). The liquid products 
were analysed using an Agilent Technologies 6890 N Network GC–MS 
fitted with a 100m × 0.25 i.d. PONA CB column. The catalysts were 
reused for four repeated runs using the conditions: 330 ℃, 20 bar H2, 
and 60 min, with an initial polymer : catalyst ratio of 10:1. At the end of 
the reaction, the product liquid was filtered, reactor dried, and the coke 
residue was obtained, followed by further hydrocracking reactions. 
Coke analysis of some spent catalysts was carried out via TGA.

3. Results and discussion

3.1. Polymer and catalysts analysis

The thermal degradation profiles of both EPS and VPS at different 
heating rates (5–20 ℃ min− 1) are shown in Fig. S2. There are three 
major degradation steps: drying, devolatilization (decomposition), and 
char formation. In the drying zone, there was negligible weight loss up 
to 330 ℃ implying that the molten polymer was thermally stable up to 
this temperature with negligible moisture. The single-step decomposi
tion stage occurred between 300 ℃ and 460 ℃ whereby there is evap
oration of both light and heavy organic carbonaceous compounds and 
about 95% of PS solid matrix has decomposed. As the heating rate of the 
polymer increases from 5 to 20 ℃ min− 1, the onset and maximum 
decomposition temperatures increase from 428 ℃ at 5 ℃ min− 1 to 460 
℃ at 20 ℃ min− 1, which is consistent with data reported in the litera
ture [49–53]. The difference in the degradation temperatures at 
different heating rates is due to kinetic or heat transfer limitations 
associated with continued weight loss as the molten polymer de
composes. The third stage is the char formation occurring at tempera
tures above 460 ℃, containing the carbon residue at constant weight. 
The difference in conversion for both VPS (100%) and EPS (97%) is 
attributed to the nature and molecular weights of the feedstock. In 
addition, the observed weight loss is an indication that the thermal 
degradation of PS in the presence of a non-inert atmosphere will exhibit 
a reductive behaviour [51].

The activation energy Ea was obtained using the Flynn-Wall-Ozawa’s 
(FWO) method [54–57] at different degrees of conversion from the slope 
of the plots of logarithm of heating rate (β) against 1/T. As temperature 
increases, conversion also increases at a constant heating rate, and the 
activation energies were obtained to be in the range of 179–184 kJ 
mol− 1 and 180–186 kJ mol− 1 for VPS and EPS respectively, which 
agrees with values reported in literature [58].

Catalysts characterisation results are shown in Figs. 1a-i. XRD pat
terns of both parent and modified HY confirmed the structure of the 
materials [59–61], with Pt diffraction peaks displayed at 2θ = 40◦ and 
46◦ for the Pt-doped catalysts [62] implying that the Pt molecules are 
effectively supported on the modified zeolites. The structural ordering of 
the doped catalysts is maintained despite the heat treatment as seen in 
Figs. 1a-c, implying that the structure has not been damaged by both 
metal impregnation and heat treatment.

On the other hand, the absence of Ru peaks (see Fig. 1b) often located 
at 2θ of 38.4, 42.2, and 44◦ which corresponds to (100), (002), and (101) 
planes [63] indicates a well dispersed ruthenium on the zeolite surface. 
The crystallinity of these zeolites were calculated in the 2θ range of 
5–55◦ (Eq. 1) and results show a slight decrease in crystallinity after Pt 
impregnation with values of 39, 35, and 31% for HY(5), 1Pt/Cal//HY, 
1Pt0HY respectively. The Ru-doped catalysts decreased in crystallinity 

values from 39% (HY(5)) to 34 (1Ru/Cal/HY), and 31% (1Ru0HY). 
However, the crystallinity of Pt-doped ZSM-5 catalysts has remained 
relatively the same at 38% following the addition of platinum. 

Crystallinity (%) =
Peak area of eight most intense peaks

Total peak area between 5 − 55◦ (1) 

NH3-TPD measurements showed different peaks associated with the 
acid and metal sites (Fig. 1d-f). The peaks at the low temperature region 
100–300 ℃ are attributed to weakly adsorbed ammonia, while the peaks 
at the high temperature region 350–600 ℃ are the strong acid and metal 
sites [43], which usually plays the active role in catalytic reactions [64]. 
There is a decrease in the number of weak acid sites (with maxima at 124 
℃) for the Pt-doped HY catalysts (Fig. 1d) which can be attributed to 
the reduction in the extra-framework penta-Al species (dealumination) 
upon Pt-doping resulting in the reduction of the Si-OH-Al concentration. 
In addition, the thermal treatment may likely replace the H+ in both 
silanol (Si-OH) and Si-Al-OH groups leading to a decrease in concen
tration of the hydroxyl groups, and thus lower number of acid sites [65]. 
The acidity of the Ru-doped HY catalysts (Fig. 1e) and Pt-doped ZSM-5 
(Fig. 1f) has increased following introduction of the metal crystallites 
resulting in a more intense maxima in the high temperature regions at 
378 and 515 ℃ respectively. The total acidity values and surface 
properties of the catalysts are shown in Table S1. The total acidity of the 
bifunctional catalysts increased as a result of the introduction of metal 
species on the catalyst surface which created new acid sites in the high 
temperature region of the thermograms. At relatively low loadings (1%), 
the transition metals are widely dispersed, interacting strongly with the 
zeolite framework to form metal cations thereby introducing more Lewis 
acidity, and producing a cumulative effect on the total acidity.

We investigated the effect of Pt doping and reduction on the HY 
catalysts using XPS. The deconvolution of the C 1s spectra of the HY 
catalysts showed identical peaks at 284.8, 285.9, and 289.3 eV (Table 
S2, Fig. S3) corresponding to the energy states of C–C, C–O, and C––O 
respectively [66]. There are no significant changes to the C 1s peaks 
upon Pt metal deposition. Al 2p analysis shows the appearance of a new 
chemical environment after the introduction of platinum (Fig. S5a-c). 
There is an overlap between Al 2p and Pt 4f7/2 energy states [67] and the 
binding energies are obtained by fitting the overlapping regions.

The Al 2p3/2 and 2p1/2 peaks of HY(5) are located at 75.0 and 75.44 
eV, respectively, with a doublet splitting of 0.44 eV corresponding to 
differently coordinated aluminium states (AlOH) in the zeolite frame
work [68,69]. There is a change in the Al 2p energy states for the Pt- 
doped catalysts with a decrease of 0.1 eV (1Pt/Cal/HY) and 0.3 eV 
(1Pt0HY) for 2p3/2 (Table S3) strongly suggesting a decrease in their 
alumina content and a possible shortening of the average Al–O bond 
[70,71] as a result of thermal treatment of the catalysts.

The survey spectra for 1Pt0HY, 1Ru0HY, and 1Pt0ZSM-5 are shown in 
Fig. S4a-c, and the peak deconvolution showing the respective oxida
tion states of the metals are highlighted in Fig. 1g-i and BE values shown 
in Table S4. The fitting of the Pt 4f profiles were subject to the con
straints Pt (4f) doublet separation (≈3.35 eV) and an intensity ratio Pt 
(4f5/2)/ Pt (4f7/2) as 0.75 [72,73] (Figs. S5b,c, 1 g,i). The peak at 71.4 
eV for 1Pt/Cal/HY (Fig. S5b) indicates the presence of Pt 4f7/2 elec
trons. However, this is higher than that of bulk Pt metal (71.0 eV) 
[69,74] by approximately 0.4 eV suggesting the presence of the for
mation of Pt2Si or a proton at this energy level due to the thermal 
decomposition of the Pt tetraamine ions prior to hydrogen reduction in 
which the decomposition of the complex ions is expected to alter the 
symmetry and the Pt zeolitic environments. The binding energy of Pt 
4f7/2 at 73.8 eV confirms the presence of PtO with the metal having an 
oxidation state of 2+ [67,75]. Pt 4f7/2 and 4f5/2 profiles for 1Pt0HY 
(Fig. 1g) showed the asymmetric doublet splitting at 71.2 and at 74.6 eV 
respectively which corresponds to the energy level of Pt metal [76]. 
Similarly, Pt metal 4f peaks were observed for 1Pt0ZSM-5 with an 
overlap with Al 2p (Fig. 1i) with the higher and lower energy levels 
observed at 71.4 and 74.8 eV (Table S4) respectively. The Ru 3d peaks 
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often overlaps with C 1s [77] and the peak deconvolution as shown in 
Fig. 1h confirms the presence of Ru metal in 1Ru0HY. The binding en
ergies of the two asymmetric Ru 3d peaks: Ru 3d5/2 and 3d3/2 are ob
tained at binding energies of 280.2 and 284.4 eV and agrees with values 
obtained from literature for Ru metal with a split spin-orbit spacing of 
4.2 eV [78].

The Pyridine-FTIR analysis (Fig. 1j) revealed both Brønsted acid sites 
(BAS) and Lewis acid sites (LAS) at 1540 and 1443 cm− 1 respectively 
[79,80], with the LAS more pronounced as a result of metal impregna
tion which increased the total acidity as seen in the TPD analysis 
(Fig. 1d-f). There is also a peak at 1490 cm− 1 which corresponds to both 
acids sites as a result of overlapping. The pyridinium ion (PyH+) at 1540 
cm− 1 is formed when the BAS reacts with pyridine via protonation, 
while the band assigned to LAS is formed as a result of pyridine coor
dinated to LAS (extra framework aluminium) through a dative bond 
[81]. The TGA analysis (Fig. 1k) showed thermally stable catalysts at 

high temperatures of up to 600 ℃, after the removal of moisture (at 
temperatures below 100 ℃).

HAADF-STEM images for the reduced catalysts are shown in Figs. 2- 
c; and their respective average particle sizes obtained as 10.3, 13.1, and 
2.5 nm (Figure 2di-iii). The elemental mappings further confirm the 
presence of the silica-alumina (Si, O, Al) contents as well as the presence 
of the metal crystallites on the zeolite.

The BET nitrogen adsorption-desorption isotherm showed an in
crease in the isotherm at low P/Po (Fig. S6) with the hysteresis loop at 
about P/Po ∼ 0.45 for the synthesised catalysts, indicating a potential 
presence of mesopores generated by dealumination during the impreg
nation process [2]. The presence of the metal crystallites on the catalyst 
support led to a decrease in the surface area (Table S1) because the 
impregnation process resulted in the reduction of the Si-OH-Al groups. 
The BET surface area of the bifunctional catalysts was obtained as 536, 
438, and 312 m2 g− 1 for 1Pt0HY, 1Ru0HY, and 1Pt0ZSM-5 respectively. 

Fig. 2. a. STEM/EDX elemental mapping for Si, O, Al, and Pt of 1Pt0HY catalyst. b. STEM/EDX elemental mapping for Si, O, Al, and Pt of 1Ru0HY catalyst. c. STEM/ 
EDX elemental mapping for Si, O, Al, and Pt of 1Pt0ZSM-5 catalyst. d. (i) Pt particle size distribution for 1Pt0HY catalyst (ii) 1Pt0ZSM-5 (iii) Ru particle size dis
tribution for 1Ru0HY (c). Symbol <ds > denotes the average particle size of platinum (nm).
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The Dubinin-Radushkevich average pore diameter of 1Pt0HY was 0.6 
nm and that of 1Ru0HY was 0.7 nm, thus indicating that the addition of 
Ru on HY(5) further increased the average pore size of the synthesised 
catalyst. However, the pore diameter of 1Pt0ZSM-5 was significantly 
higher (3.89 nm) implying that ZSM-5 has larger pore size [82] 
compared to the HY. The micropore volumes obtained for the catalysts 
all fall within the range of values reported in literature [82–86]. The 
ICP-OES analysis of the catalysts revealed 0.97% Pt, 0.91% Ru and 
0.94% Pt for 1Pt0HY, 1Ru0HY, and 1Pt0ZSM-5 respectively. These ob
tained ICP-OES values agree with the experimental amounts, implying 
the catalysts were prepared accurately.

3.2. Hydrocracking reactions

The hydrocracking of EPS produces gaseous, liquid, and coke res
idue. During reaction, the EPS polymer chains break into the molten 
state via either end-of chain scissions or random scissions of the polymer 
chains [9]. These effects lead to a simultaneous decrease in the molec
ular weight of the unconverted polymer, followed by conversion to 
various products. The amount and nature of each product depends on 
the reaction conditions. Generally, gas products of EPS ranges from 
C1–C9 with negligible amounts of olefinic content. The major gas 
products were the liquefied petroleum gases (LPG): C3H6 and C4H10. The 
liquid products for Pt-doped HY are mainly aromatics (denoted as A in 
our work) namely A6-benzene, A7-toluene, and A8- ethylbenzene (EB), p- 
xylene (PX), m-xylene (MX), and o-xylene (OX). A9, A10, and A11 are 
aromatics with 9, 10, and 11 carbon numbers respectively; and are 
mainly derivatives of benzene in which the aromatic ring is attached to 
an alkyl substituent. The cycloalkanes (denoted as Cy) consist mainly of 
Cy6–Cy10, comprising cyclohexane and its alkyl derivatives. Other liquid 
products include paraffins (butane, pentane and related compounds), 
indanes, naphthalenes, and polyaromatics (PAHs). The amount of each 
component in the liquid stream largely depends on mass transfer resis
tance associated with varying reaction conditions of temperature, time, 
pressure, polymer:catalyst ratio, as well as the reusability of the 
catalysts.

Prior to hydrocracking, preliminary reactions on thermal cracking of 
both EPS and VPS with no catalyst and it was observed that there was no 
selectivity in the distribution of products. In addition, the gas products 
contain a lot of unsaturated olefins (C2, C5–C9), while the liquid products 
contain higher amounts of the diesel-range heavy molecular weight 
hydrocarbons and polyaromatics.

3.2.1. Effect of reaction time on hydrocracking reactions of Ru-doped and 
Pt-doped catalysts

Time-dependent hydrocracking reactions between 15 and 90 min 
were carried out to investigate the effect of contact time between the 
molten polymer and the synthesised bifunctional catalysts: 1Pt0HY, 
1Ru0HY, and 1Pt0ZSM-5 on conversion and product selectivity (Table 1, 
Fig. 3a-h). There is a progressing transition from solid to fluid with 
almost complete conversion at 90 min for the HY-doped catalysts. 
Interestingly, there are approximately no liquid products obtained for 
1Pt0ZSM-5 reactions with the gas yield accounting for over 90% of the 
hydrocracking products, which is largely attributed to its relatively large 
pore size of 3.8 nm (Table S1) and smaller channels [87,88] which 
promotes fast mass transport and reducing the possibility of secondary 
reactions [89].

The volatile alkanes (C2 − C4) are the predominant gas products for 
1Pt0ZSM-5 (Fig. 3c), with C2 (23 − 27 %), C3 (52 − 54 %), and C4 (14 −

17 %) at different reaction times. Interestingly, 1Pt0ZSM-5 have higher 
selectivity towards C2 alkane compared to both 1Pt0HY and 1Ru0HY 
(Fig. 3a and b), which can be attributed to the nature of its framework 
[90], and probably due to its much lower average Pt particle size of 2.5 
nm as obtained from STEM analysis.

It was also observed that the total gas yield was found to slightly 
increase with time for Pt-doped reactions but decreased with time for 
Ru-doped reactions. In addition, Ru was more selective towards C3 (61% 
at 90 min) compared to Pt (34% at 90 min), on the same support- HY(5). 
Generally, the presence of the metal active sites promoted catalytic 
reactivity allowing formation of smaller cracked molecules.

The liquid product distribution by carbon number is shown in 
Figs. S7a-b. The liquid product distribution by selectivity revealed a 
peak of 69% of single-ring aromatics for 1Pt0HY-catalysed reaction at 
15 min. However, at 90 min reaction time, this amount decreased to 
40% leading to a corresponding increase in the number of naphthenes i. 
e. cycloalkanes (45%) (Fig. 3d). This strongly indicates that longer re
action times promoted the hydrogenation of the aromatic rings of both 
benzene and EB molecule as observed in Cy6 and Cy8 (Figs. 3e, g), sug
gesting the possibility of an equilibrium shift towards de-aromatisation 
at the active catalytic sites [86,91] likely due to its higher number of 
pore volumes 0.33 cm3 g− 1 (mesopores 0.08 cm3 g− 1) which become 
more easily accessible at longer reaction times.

For 1Ru0HY-catalysed reactions, the predominant liquid products 
are the single-ring aromatics (Fig. 3f), with EB accounting for 38 − 43% 
(Fig. 3h), which is slightly higher than those of 1Pt0HY reactions (17 −

37 %), which could be attributed to the more acidic nature of 1Ru0HY as 
discussed in the TPD analysis. In addition, at 90 min reaction time, while 
de-aromatisation occurred for 1Pt0HY reactions, the mechanism of 
1Ru0HY remained the same, implying more catalyst stability of the 
latter. These results also indicate that at higher reaction times, hydrogen 
transfer reactions involving dehydrogenation of fused ring aromatics 
into single ring aromatics becomes predominant for 1Pt0HY reactions, 
and that Ru showed enhanced selectivity and stability towards EB 
molecule compared to Pt.

It is interesting to note that EB is the major hydrocracked liquid 
product accounting for ∼92% of A8 fraction, with the remainder (<8 %) 
being the isomers of xylenes. The absence of styrene in the liquid 
product stream was due to the presence of hydrogen, which serves as an 
inhibitor in chain unzipping reactions of PS depolymerisation; thus, 
expelling styrene monomers [91]. Several authors [2,9,26,91–95] have 
reported the chemical upcycling of PS via several reaction protocols 
such as pyrolysis [95] and hydrocracking [9,96]. However, most of the 
results reported often requires higher pressure or temperature, longer 
contact times and no selectivity towards specific products. Fuentes- 
Ordóñez et al. [92] in their work in the catalytic hydrocracking of 
polystyrene in solution on Pt/H-Beta catalyst reported their major liquid 
products as isoparaffins and naphthenics [9]. González-Marcos et al. [9] 
in their use of different bifunctional Pt-supported Al2O3, HY, HBeta, and 
HZSM-5 catalysts in PS hydrocracking reported the production of gas
oline fractions and aromatics at temperatures between 325 − 425 ℃ and 
18 MPa hydrogen. The more concentrated C8 molecules which are 
preferentially formed in the liquid stream are as a result of the higher 
amount of Lewis acidity, which occurs as a direct consequence of the 
introduction of active metal sites on the catalytic surface.

Table 1 
Conversion values (%) for time-dependent hydrocracking reactions of Ru-doped and Pt-doped zeolite catalysts.

Catalysts 15 min 30 min 60 min 90 min

Gas Liquid Solid Gas Liquid Solid Gas Liquid Solid Gas Liquid Solid

1Pt0HY 24 39 37 30 63 7 30 67 3 29 71 0
1Ru0HY 42 52 6 27 70 3 27 70 3 22 76 2
1Pt0ZSM-5 93 3 4 94 2 4 96 – 4
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Fig. 3. Product distribution for time-dependent EPS hydrocracking reactions at 330 ◦C, 20 bar H2, 10:1 polymer: catalyst ratio; Gas products analysis for (a) 1Pt0HY 
(b) 1Ru0HY (c) 1Pt0ZSM-5; (d) Liquid selectivity for 1Pt0HY (e) Cycloalkane selectivity for 1Pt0HY (f) Liquid selectivity for 1Ru0HY (g) Single-ring aromatic dis
tribution for 1Pt0HY (h) Single-ring aromatic distribution for 1Ru0HY; Typical temperature-pressure profiles for PS hydrocracking over 1Pt0HY catalyst at 330 ℃, 
10:1 polymer:catalyst ratio, 20 bar H2 at different reaction times (i) 15 min (j) 90 min; t1 and t2 represents start and end of agitation respectively, with an observed 
pressure drop immediately after t1. Key: P-Paraffins, Cy-Cycloalkanes, SRA-Single-ring aromatics, Ind-Indanes, Npth-Naphthalene, PAHs-Polyaromatic hydrocarbons.
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During PS degradation, benzene is often formed at the BAS of the 
bifunctional catalysts [92] when a proton is added to the electron-rich 
phenyl group to form an intermediate carbenium ion which further 
degrades the C–C bond linking the chain with the phenyl group via 
β-scission, to produce a second carbenium ion and benzene. On the other 
hand, C8 molecules are formed over the LAS [96] at high reaction 
temperatures [91,94], whereby the LAS accept electrons from the alkyl- 
terminated saturated chain ends of the polymer molecule to produce 
carbenium ions which are further protonated to C8 molecules. However, 
the formation of EB, rather than the unsaturated styrene molecule was 
due to hydrogenation of the ethylene substituent which is attributed to 
the presence of the active metal site. The cycloalkanes were also formed 
via hydrogen transfer reactions whereby isoparaffins are converted into 
cyclic compounds. This occurs when the alkyl substituent of the iso
paraffins acts as hydrogen donors, generating carbocations in situ acting 
as hydrogen acceptors [97]. This leads to the formation of a scaffold in 
which the carbocation is subjected to a cyclization reaction forming 
naphthenes (cycloalkanes) [91].

The temperature and pressure profiles for reactions occurring at 15 
and 90 min are shown in Figs. 3i,j highlighting three different zones: 
heating, reaction, and cooling zones. The heating zone increases linearly 
with time as heating progresses, while the reaction zone is an isothermal 
process (330±3◦C) which occurs during the agitation period (between t1 
and t2), with a slight pressure drop. Both temperature and pressure 
decrease linearly with time in the cooling zone.

3.2.2. Effect of reaction pressure and polymer : catalyst ratio
Increasing hydrogen pressure from 15 to 25 bar significantly 

enhanced degradation of PS promoting Xsolid→fluid conversion from 37 to 
73% at just 15 min of reaction time (Fig. S8a). Hydrogen solubility is 
expected to increase with pressure [98], thereby enhancing diffusion 
and mixing between the polymer and catalyst leading to increasing ac
tivity between catalyst and product molecules [2]. At low pressure of 15 
bar H2, there was still small amounts of naphthalenes and PAHs (Fig. 
S8b) implying insufficient hydrogenation, while at higher pressures of 
25 bar, saturated ring-opening products are preferentially produced. 
Variation in catalyst loading relative to amount of polymer was found to 
have negligible effect on conversion, but significant effect on product 
selectivity (Fig. S8c). Higher amounts of lower molecular weight liquid 
paraffins (15%) and cycloalkanes (34%) were preferentially produced at 
5:1 than at 15:1: paraffins (1%), cycloalkanes (12%). This can be 
explained away by the fact that high amounts of catalysts increased the 
number of active metal sites responsible for hydrogenation reactions 
leading to more saturated and ring opening products [99] consisting of 
paraffins and isoparaffins. Conversely, lower catalyst loading (15:1) 
gave more aromatics (68%) than at reaction involving 5:1 (44%).

Thus, reaction pressure was found to significantly affect yield and 
conversion, while EB selectivity and product distribution are largely 
dependent on reaction time and the polymer:catalyst ratio. Thus, we can 
infer from the results obtained that for optimum PS conversion and EB 
selectivity, the optimum reaction time, pressure and polymer:catalyst 

ratio should be 15 min, 20 bar H2, and 10:1, respectively.

3.2.3. Coke analysis
The thermal degradation profiles of the bifunctional catalysts used in 

EPS hydrocracking are shown in Fig. 4a-c at different heating regimes 
from ambient to 600 ℃. The amount of coke formed was obtained as the 
weight difference when the system is switched from nitrogen to air at 
600 ◦C. Coke production increased with increasing reaction time for 
1Pt0HY: 7, 8, 14, and 14% at 15, 30, 60, and 90 min respectively 
(Fig. 4a). However, the amount of coke for 1Ru0HY were between 11 −

12% (Fig. 4b), while those of 1Pt0ZSM-5 were between 3 − 4% (Fig. 4c) 
and found to be independent of reaction time.

The difference in the amounts of coke formed for the different cat
alysts is due to the nature of their acid sites, and their extent of porosity. 
The higher mesopore volumes (0.08 cm3 g− 1) of the less acidic 1Pt0HY as 
obtained from BET Analysis (Table S1) facilitates coke formation and 
also agrees with results reported by Fals et al. [100]. Also, the presence 
of larger pores for 1Pt0ZSM-5 (3.8 nm) favours more chain cracking 
reactions resulting in lower adsorption of coke precursor species.

3.3. Proposed mechanism for production of ethylbenzene from PS

The mechanism of PS degradation follows three (3) steps: initiation, 
propagation, and termination. The degradation steps and subsequent 
products formed depends on the cracking conditions, nature and type of 
catalyst, such as the presence of metallic and acidic centres on the 
catalyst surface [96]. The initiation process of PS degradation involves 
the breaking of C–C bonds, or C–H bond fission to form free radicals; 
propagation involves different hydrogen transfer or β-scission reactions 
to produce oligomers (monomers, dimers, and trimers). It is important to 
note that most bond scissions occur on the zeolite surface sites so that 
the hydrocarbon of similar sizes can enter the pores to achieve potential 
selectivity. The termination step include recombination, dispropor
tionation, and radical addition reactions [91,101]. Several mechanisms 
have been proposed for acid-catalysed degradation of PS [92,102] with 
the first step being an initiation step involving an electrophilic proton 
attack on either the ortho- or para- position of the aromatic ring leading 
to the formation of a carbenium ion, a saturated chain end or a chain end 
cation [102]. This is followed by a series of propagation reactions 
involving chain shortening via β-scissions, inter- or intra-molecular 
hydrogen transfer reactions, hydride abstraction, proton rearrange
ment, or cyclization reactions to form different degradation products 
such as paraffins, olefins, alkyl benzenes, indane, indenes, naphtha
lene’s, and polyaromatics. The nature and abundance of products 
formed depends on the predominant decomposition pathway which is 
largely influenced by the volume of the zeolite channel. The termination 
steps often involve combination reactions between the carbenium ions 
and the free radicals or disproportionation reactions, leading to the 
formation of coke.

The initiation begins with an electrophilic attack at the ortho- posi
tion of the polymer molecule by protons which leads to the formation of 

Fig. 4. Thermal degradation profile of spent bifunctional catalysts in the hydrocracking reactions of EPS (a) 1Pt0HY (b) 1Ru0HY (c)1Pt0ZSM-5.

O. Alabi-Babalola et al.                                                                                                                                                                                                                       Fuel Processing Technology 281 (2026) 108364 

8 



a chain end cation and a methyl-terminated saturated chain end 
(Fig. 5a).

We propose three different possible propagation mechanisms in the 
formation of ethylbenzene (Fig. 5b) whereby the initiation products are 
involved in a series of transformation reactions. The chain end cation (1) 
can further decompose to form a smaller carbocation and an unsaturated 
chain end which could be styrene. The produced styrene molecule then 
undergoes hydrogenation in the presence of metal catalysts leading to 
the formation of ethylbenzene. The second involves the protonation of 
the methyl-terminated chain end, followed by decomposition and hy
drogenation reactions (2). The third pathway is the protonation of the 
aromatic ring located at the styrene-terminated chain ends, subse
quently followed by decomposition leading to the formation of ethyl
benzene (3).

3.4. Catalysts reusability reactions

The 1Pt0HY catalyst was tested for its reusability using four repeat 
experiments at 330 ◦C, 60 min, and 20 bar H2 pressure. The catalysts 

were separated from the reactions by filtration, followed by direct 
evaporation. Fig. 6a shows the overall yields of the different repeat runs 
with a slight increase in the liquid extract after each run. The increased 
liquid yield could likely be due to the initial deposition of the heavier 
cracked molecules on the catalyst’s surface, thus altering the pore 
structure and increasing the surface area for further cracking of the 
larger molecules during subsequent hydrocracking reactions. Identical 
result was also reported by García et al. [103] in their use of a liquid 
catalyst in the hydrocracking of heavy oil. The gas product distribution 
(Fig. 6b) showed a decrease in C3 molecules and a decrease in the iC4: 
nC4 ratio confirming a reduction in isomerization, and probably a 
decrease in catalyst activity. There was also the increasing presence of 
C7= molecules due to decreased level of saturation associated with the 
reduced hydrogenation function of the metal support. The quality of the 
liquid oil obtained was different as it gradually turned into pyrolysis oil 
as the number of repeated runs increases. Liquid products distribution 
(Fig. 6c) revealed a decrease in C6 which was predominantly benzene, 
suggesting a decrease in BAS of the reused catalyst [96]. Also, a steady 
increase in PAHs (C13C16) confirmed a reduction in both acid and active 

a

b

Fig. 5. a. Initiation mechanism via β-scission for PS degradation towards formation of ethylbenzene, modified from [102]. b. Proposed propagation steps in the 
production of ethylbenzene.
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metal sites since these sites are responsible for cracking and hydroge
nation reactions respectively. Interestingly, this was not the case with C8 
molecules, which shows an increase in C8 (predominately EB) with 
repeated runs; suggesting that the Lewis acid centres [9] remain rela
tively unchanged. The similar selectivity of 1Pt0HY towards EB (Fig. 6d) 
after four repeated cycles is a good indication that the catalysts can be 
regenerated and reused after evaporation for series of repeated experi
ments. It also indicates that the catalyst is thermally stable with a good 
resistance towards sintering.

3.5. NMR relaxation studies

NMR relaxation T1/T2 studies of both parent and modified catalysts 
were carried out to understand the molecular dynamics and surface 
interactions of different probe molecules in the cavity of the zeolite 
framework. Eight different probe molecules consisting of ethylbenzene, 
p-xylene, m-xylene, o-xylene, water, cyclohexane, n-octane, and squa
lene were used to obtain relaxation plots for the studied catalysts. Within 
the zeolite framework, the observed relaxation times depends on surface 
interactions at various adsorption sites of the catalysts pores [37] and 
confinement effects. Assuming confinement effect can be neglected or 
are similar across the different catalyst samples investigated, higher 
T1/T2 values usually indicate high surface adsorption interactions 

between the probe molecules and catalysts [104]. This data can be used 
to explain the molecular dynamics and adsorption properties of fluids 
within the studied catalysts HY(5), 1Pt/Cal/HY, and 1Pt0HY [37,104].

The relaxation plot of the bulk molecules is represented in Fig. S9 
with the relaxation ratios close to 1 within 5% experimental error, as 
expected from the theory, due to the absence of confinement effect or 
surface interactions [105]. This agrees with reports from literature 
whereby T1 = T2 is reported for non-viscous liquids [106]. However, in 
the case of liquids confined in porous media, these relaxation time 
constants depend on surface chemistry and morphological/textural 
properties of the pore network. Figs. S10 and S11 highlights the 
relaxation plots for the HY(5), and 1Pt/Cal/HY catalysts, while that of 
1Pt0HY is shown in Fig. 7 as an example of a typical data set.

Functionalization of the zeolites with a bifunctional metal support 
has a marked effect on surface interactions of different solvents, as 
shown by the results in Fig. 7c. Experiments were repeated three times 
and similar results were recorded in all cases confirming the robustness 
of the results.

In general, the following trend for surface interactions is observed, 
except for squalene:

HY (5) < 1Pt/Cal/HY < 1Pt0HY
This implies that the introduction of platinum and its subsequent 

Fig. 6. Reuse of 1Pt0HY catalyst for EPS hydrocracking at 330 ◦C, 20 bar H2 gas showing (a) Yield (b) Gas products distribution (c) Liquid products distribution (d) 
Selectivity.
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activation under hydrogen enhances interaction and surface affinity 
between the surface and the probe molecules. This can be attributed to 
the increased number of both mesopore volumes occasioned by their 
metal active sites [107]. The results in Fig. 7c clearly show the strength 
of interaction in terms of relaxation ratio (T1/T2) in the pattern:  

The T1/T2 values of cyclohexane is the highest (~18), which could 
be explained by the possibility of the 6‑carbon ring cyclohexane mole
cule with a molecule diameter of ~6 Å [108] been tightly confined and 
adsorbed within the 6.6 Å size of the sodalite cage of the zeolite 
framework [109]. The high affinity of water molecules can be explained 
by considering surface interaction effects, in particular by the ability of 
water to form strong hydrogen bonding interactions with the framework 
oxygen present in BAS, as previously reported [37]; in addition, there 
can be further effects related to the accessibility of water to both large 
supercages and small β-cages of the faujasite cavities [110]. It is inter
esting to note the higher T1/T2 values of cyclohexane compared to 
water, despite the cyclohexane being weakly interacting compared to 
water. This suggests that confinement effects are significant when 
cyclohexane is confined inside the zeolite cages. A high T1/T2 value is 
observed with n-octane, a saturated long chain non-polar hydrocarbon, 
for the 1Pt0HY (15.1) catalysts, relative to the bare HY zeolite and the 
1Pt/Cal/HY. This suggests that the presence of reduced Pt metal parti
cles is enhancing the interactions with the hydrocarbon molecules. The 
effect of zeolite Al framework in guest-host interactions has been re
ported by D’Agostino et al. [37] and Brauer et al. [40] using Density 
Functional Theory (DFT) calculations whereby the surface interactions 
are studied on atomic level. The relaxation ratio obtained for squalene, 
an organic compound with the formula C30H50 is 2.1, which is a much 
lower value compared to n-octane, another aliphatic hydrocarbon. The 
low relaxation ratios obtained for squalene can be attributed to its long 
carbon chain C30, hence the molecule is unable to easily access the 
zeolite catalyst pores and confinement effects influencing NMR relaxa
tion can be neglected.

The T1/T2 values of the xylenes isomers range between 7 and 9, 
which are lower than the value for cyclohexane. Similarly to squalene, 
this could be attributed to accessibility issues as xylene isomers do not 
easily enter the zeolite pores, hence they experience a faster molecular 
dynamic in the inter-cage space of the zeolite structure. The effect of 

stearic hindrance, however, comes into play for these isomers whereby 
the surface interactions with the probe molecules reduces with the 
location of the two methyl groups on the benzene ring (1,4- > 1,3- > 1,2- 
) in decreasing order of kinetic diameter [111]. Ethylbenzene, another 
aromatic A8 molecule, showed a lower T1/T2 ratio (6.2) compared to the 
xylenes (<7.7). This reduction could be due to weaker surface interac

tion due to the presence of an ethyl group rather than two methyl groups 
(in the case of the xylenes). Although, the ethyl group has a higher 
positive inductive effect (compared to methyl), its attachment to a 
conjugated aromatic ring produced a less hyperconjugation effect [112] 
compared to the xylenes, thus leading to a reduction in surface 
interactions.

D’Agostino et al. [37] reported that the adsorption energy between 
polar/non-polar guests and their zeolite hosts represents the total energy 
of interaction which considers: (i) electrostatic interactions between the 
probe molecules and the BAS of the zeolites; (ii) the dispersion forces on 
the probe molecules being exerted by the confining environment and 
unrelated to the acidic strength of the host. Therefore, either of these 
factors could be the major criterion in explaining the guest-host in
teractions. It is imperative to understand that the selectivity of a zeolite 
catalyst is influenced by other factors such as the molecular orientation 
associated with the spatial arrangement of these molecules, their tran
sition states, interactions of the sorbed molecules with available acid 
protons or lattice defects [110], in addition to adsorption and confine
ment effects. These molecular motions could be a singular axis rotation, 
isotropic or complex reorientations, or translational [109,110]. They are 
often expressed in the form of quadruple interactions of the molecular 
nuclei being measured, or at the zeolite walls, or as a result of the dipole- 
dipole interactions in the sorbed molecules.

4. Conclusion

The hydrocracking of PS with different bifunctional catalysts have 
been examined and the effects of variation in reaction parameters on 
conversion and product selectivity have been reported. Changes in 
product distribution are also explained in the presence and absence of 
metal nanoparticles on the catalyst supports. The presence of the metal 
sites introduces more mesoporosity, which enhances the diffusion of the 
molten polymer, thus promoting hydrogenation reactions of PS. The 
impregnation of Pt and Ru on the zeolites led to enhanced selectivity 

Fig. 7. NMR relaxation plots 1Pt0HY molecules (a) spin-lattice T1 (b) spin-spin T2 (c) NMR T1/T2 ratios of bulk and probed molecules; curves are fitted to Eqs. S1 and 
S2 for spin-lattice and spin-spin relaxation respectively.

Cyclohexane (17.6) > Water (15.1) > n − Octane (15.1) > p − Xylene (9.0) > m − Xylene (7.9) > o − Xylene (7.7) > Ethylbenzene (6.2)
> Squalene (2.1)

→
Decreasing order of surface interactions for 1Pt0HY catalysts 
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towards the desirable LPG and ethylbenzene, another major industrial 
liquid feedstock used in the production of many chemicals. Reaction 
pressure significantly influenced conversion, while reaction time and 
amount of catalyst altered selectivity and product distribution. The pore 
structures were found to influence the stability and acidity of the cata
lysts, as well as the amount of coke adsorbed. The reusability of the 
bifunctional catalysts was established after identical conversion rate of 
ethylbenzene with four repeated cycles of 1Pt0HY, a desirable indicator 
towards real-life plastics processing. NMR relaxation T1/T2 ratios were 
used to explain the guest-host interactions and confinement effects and 
how metal impregnation significantly enhances the activity of a zeolite 
catalyst.

Our work provides a novel approach towards understanding 
adsorbate-adsorbent interactions in microporous zeolite structures using 
NMR relaxation times, with catalytic applications in polystyrene waste 
recycling. Given the seemingly non-biodegradability of these plastic 
wastes and its tendency to occupy large volume of landfill space, its 
chemical recycling targeted towards the selective catalytic conversion 
into value-added products is a sustainable and economically viable 
waste management control strategy. In addition, the major gaseous 
products are good sources of gas for refinery fuels, while the major liquid 
product, ethylbenzene, is regarded as a good solvent suitable as poten
tial substitute for some industrial feed stocks, and in the production of 
other chemicals.
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