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Abstract 

We investigate the hydrocracking of high-density polyethylene using a bifunctional Pt/Al2O3 

and modified mordenite acid catalyst. Mass transport limitations render polymer diffusion 

into the mordenite pores complex. Initial reaction intermediates are formed on the zeolite 

outer surface. Intercrystallite open-end mesopores improve diffusion of reaction 

intermediates deeper into the crystal. Recrystallization and desilication of mordenite lead to 

a higher polymer conversion and shift the product distribution maximum from pentanes to 

hexanes-heptanes. The nature of mesopores (occluded or open) and total Brønsted acidity 

significantly impact zeolite activity and selectivity. 
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Introduction  

Plastics are widespread in our daily activities. In 2019, the fraction of plastic waste recycled 

globally was only 9%, with 49% ending in landfills, 19% in incinerators, and the rest released 

into the environment.1 Polyolefins (i.e., polyethylene – PE, polypropylene – PP), the most used 

plastic in the packaging sector,2 are difficult to depolymerize. For instance, plastic pyrolysis 

requires high temperatures (400 – 800 °C) and gives low yields and selectivities to valuable 

products.3 A recent report shows that acid-catalyzed pyrolysis can lead to high yields of C3-C7 

olefins at a lower temperature of 280 °C in 14 h reaction time.4  

The catalytic conversion of polyolefins to produce fuels, chemicals, and high-value products is 

emerging and entails hydrogenolysis and hydrocracking technologies. The former uses a 

monofunctional metal catalyst to break C-C bonds in the presence of hydrogen. It possesses 

long reaction times, high temperatures, high catalyst-to-polymer ratio, low selectivity, and 

catalyst deactivation.5 The latter technology, the focus of this work, gives tunable gasoline and 

diesel-range product selectivity, shorter reaction times, and is readily practiced in refineries 

for cracking heavy streams.6, 7 It employs bifunctional metal-acid catalysis. Mechanistically, 

paraffins dehydrogenate to alkene intermediates on metal sites. Next, alkenes diffuse to the 

Brønsted acid sites, where they undergo skeletal isomerization followed by C-C bond breaking 

via β-scission. The cracked products are hydrogenated on metal sites.8 The metal functionality 

could include noble metals, such as Pt and Pd, or transition metals, like Mo, Co, W, and Ni, 

over alumina support.9 Acid catalysts, such as silica-alumina and zeolites, e.g., HZSM-5, HY, 

beta (BEA), and mordenite (MOR), are active.10, 11  

Zeolite porosity and acid strength strongly alter the product distribution, with medium pore 

zeolites (HZSM-5) producing lighter alkanes, compared to large-pore BEA or HY.11 The impact 

of polymer diffusion in zeolite micro and mesopores on performance is expected to be much 

stronger than model (small) alkanes but remains unexplored. Proper correlation of activity 

and porosity could enable polyolefin hydrocracking with desired product distribution by 

crystal engineering. For instance, the ZSM-5 zeolite with 80-100 nm nanoplate morphology 

effectively converts 151 kDa polyethylene to C3-C7 olefins with reduced coke.4 Major 

improvement in this case stems from fast transfer of unsaturated intermediates to zeolite 

micropores without strong retention on external surface, which leads to coking.4  

MOR zeolite, extensively used in thermocatalytic processes, is a good candidate for polymer 

hydrocracking due to its tunable porosity, high thermal and acid stability, and shape 

selectivity.12 Its structure has 12-member ring channels of 0.7 x 0.65 nm, interconnected with 
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8-membered channels (referred to as side pockets) of 0.57 x 0.26 nm.13 The small opening of 

8-membered rings suppresses the diffusion of large molecules. For this reason, mordenite is 

considered 1-dimensional, with [001] crystallographic direction. To access the active sites and 

therefore improve diffusivity, one could tune the particle size or introduce mesoporosity.14 

The latter can be achieved by dealumination, which extracts aluminum from the framework, 

destroying side pockets and making the whole structure three-dimensional.15 C2(OOH)2, HCl, 

and HNO3 have been used for MOR dealumination.16 An alternative entails alkali treatment 

that selectively removes silica from the framework (desilication) using NaOH, TEAOH, TMA, 

Na2CO3, etc.12, 17 Recrystallization of MOR introduces ordered mesoporosity by dissolution and 

re-assembly.18  

Herein, we demonstrate for the first time that Pt/Al2O3 mixed with MOR modified by 

introducing mesoporosity or varying the acidity affects catalytic activity and product 

selectivity in HDPE (high density polyethylene) hydrocracking. Recrystallization results in 

spherical occluded pores (HyMOR) in contrast to dealumination followed by desilication, 

which creates cylindrical open pores (DDMOR6). Open mesopores improve Brønsted acid site 

accessibility (shown by FTIR of bulky substituted pyridine), which increases polymer-zeolite 

contact and accelerates cracking rates. HyMOR also showed activity enhancement but mainly 

due to faster diffusion of intermediates inside the crystal but not because of the initial polymer 

cracking. Zeolites with reduced Brønsted acid site density exhibit a selectivity shift to lighter 

products.  

Table 1. Summary of samples prepared and their abbreviations. 

Desilication* 

Sample name Conditions 

DMOR1 0.1 M NaOH (1 h desilication time), 85°C and 500 rpm 

DMOR61 0.6 M NaOH (1 h desilication time), 85°C and 500 rpm 

DMOR63 0.6 M NaOH (3 h desilication time), 85°C and 500 rpm 

DMOR65 0.6 M NaOH (5 h desilication time), 85°C and 500 rpm 

Dealumination 

DLMOR3 3 M NaOH (4 h dealumination time), 110°C and 400 rpm 

DLMOR6 6 M NaOH (4 h dealumination time), 110°C and 400 rpm 
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Desilication treatments of the dealuminated sample 

DDMOR6 DLMOR6 followed by desilication using 0.6 M NaOH (3 h desilication 

time), 85°C and 500 rpm 

Hydrothermal treatment  

HyMOR 0.15 M NaOH, 1.49 g CTAB (7 h hydrothermal treatment), 150 °C  

* - in all experiments 2 g of zeolite powder were used. 

Results and discussion 

Catalyst physicochemical characterization 

The Pt/Al2O3 metal component of the catalyst blend was prepared by standard incipient 

wetness impregnation. It has 170 m2/g BET surface area and 40% Pt dispersion based on CO 

pulse chemisorption.  

For the acid component, we used MOR as a reference material. We prepared four classes of 

materials, namely dealuminated (DLMOR), desilicated (DMOR), desilicated samples of 

dealuminated MOR (DDMOR), and hydrothermally treated MOR (HyMOR); see Materials and 

Methods. Table 1 summarizes the catalysts prepared and the nomenclature used. All zeolite 

samples were characterized to correlate their physicochemical properties with catalytic 

performance. TEM images (Fig. 1a and Fig. S1) show that MOR crystals have no intracrystalline 

mesopores, while recrystallized HyMOR exhibits regular spherical pores occluded within the 

crystal. DDMOR6, subjected to dealumination followed by desilication, has highly etched 

crystals with multiple irregular mesopores of cylindrical shape.  

BET analysis of nitrogen sorption shows that the total surface area of the mordenite is 

independent of the modification process due to the preserved framework and constant 

microporous volume (Fig. 1b, Table 2, and Fig. S2). Fig. 1c, S2 show BJH-derived pore size 

distributions highlighting the differences in mesoporosity created during the mordenite 

modification using hydrothermal and dealumination-desilication methods. The initial MOR 

sample has almost no mesopores, consistent with the TEM analysis, while HyMOR has pores 

with a sharp peak at ~3.5 nm, a fingerprint of constricted intercrystalline pores.19 In contrast, 

DDMOR6 forms mainly open mesopores with broad distribution, which facilitates diffusion to 

the acid sites (Fig. 1c).  

XRD was conducted to monitor structural changes. Fig. 1d, S3 indicate that the degree of 

crystallinity of modified samples is maintained (sharp reflection lines at the characteristic 2-

theta positions), except DDMOR6 that has a slightly decreased crystallinity, attributed to its 
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higher mesoporosity than HyMOR (Table 2). The unit cell volume, calculated using diffraction 

data (Table 2 and Fig. S4), increases with the total Al content. Samples with high Al content 

also have more Al in the framework, leading to unit cell volume expansion due to a 1.5x larger 

ionic radius of Al3+ than Si4+.20 

27Al MAS NMR spectra show that all samples have a narrow peak at 54.9 ppm, indicative of 

tetrahedral AlO4
 and a peak at 0 ppm characteristic of octahedral extra-framework Al (Fig. S5). 

The desilication process does not change the framework to extra-framework aluminum peak 

ratio. The ratio in MOR, DDMOR6, and HyMOR is almost constant (Table 2). In dealuminated 

mordenites, extra-framework Al is selectively removed leading to an increased ratio, without 

removing framework Al to the same extent. 

XRF analysis highlights that the desilication slightly decreases the Si/Al ratio from 10.5 to 9.1 

under harsh conditions (0.6 M NaOH and 5 h desilication time), which demonstrates that 

removing Si from the mordenite structure is challenging (Table 2). DSC was also used to 

characterize the solid residues from the reactions (Fig. S10). 
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Figure 1. Physicochemical characterization of the samples. a) TEM images of zeolite samples. b) Nitrogen 

physisorption isotherms at -196°C. c) BJH pore size distribution.  d) XRD patterns. e) Transmission FTIR spectra of 

OH stretching region of fresh dehydrated samples and after saturation with pyridine at 150 °C. f) FTIR difference 

spectra of pyridine ring vibration region after saturation at 150 °C. g) FTIR difference spectra of samples saturated 

with 2,4,6-tri-tert-butylpyridine at 50 °C. 

 

FTIR spectroscopy of zeolite samples after dehydration in He flow before saturation with 

pyridine (Fig. 1e and Fig. S6) shows that MOR has peaks at 3604, ~3643, and 3742 cm-1 due to 

Brønsted acid sites (BAS), extra-framework non-acidic Al-OH groups, and Si-OH groups, 

respectively.21 After pyridine adsorption, most BAS are protonated by pyridine. A small 
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fraction of BAS in side-pockets does not interact with pyridine. HyMOR shows a much higher 

relative content of non-acidic Si-OH and Al-OH groups due to the creation of defects, likely 

associated with the mesopores. After pyridine exposure, a small fraction of BAS remains 

unoccupied, indicating that HyMOR still contains some purely microporous mordenite 

structure. DDMOR6 spectra reveal the lowest intensity of BAS, compared to Si-OH groups, due 

to high defect concentration and loss of framework Al during dealumination. The BAS peak 

disappears after interaction with pyridine due to high accessibility provided by the mesopores. 

Difference FTIR spectra in Fig. 1f shows that for all samples, pyridine forms a protonated 

adduct (1632 and 1542 cm-1) and coordinates to Lewis acid sites (1620, 1612 and 1453 cm-1). 

The peak at 1542 cm-1 decreases for DDMOR6 due to its lower BAS density than other samples. 

Interestingly, recrystallized HyMOR has similar acidity as the MOR, demonstrating that the 

formation of occluded mesopores is not accompanied with destruction of the framework. 

Desilication of the MOR decreases the BAS concentration from 500 μmol g-1 to ~400 μmol g-1 

(Table 2). The total acidity of desilicated samples remains constant, because desilication 

partially transforms BAS to Lewis acid sites. Indeed, under harsh desilication conditions, the 

concentration of Lewis sites increases from 56 μmol/g (MOR) to 99 μmol g-1 (DMOR65). 27Al 

MAS NMR and pyridine chemisorption data taken together indicates that probably not all 

extra-framework Al forms Lewis acid sites, while some species are in non-acidic form as 

Al(OSi)x(OH)y. or as bulkier Alx(OH)y oligomers. Zeolites with larger unit cell volume (more 

framework Al content) also have smaller relative fraction of Lewis acid sites (less extra-

framework Al) (Fig. S4). 

Bulky substituted pyridines are frequently used to characterize the acid site accessibility in 

hierarchical zeolites.22 Here, we use 2,4,6-tri-tert-butylpyridine (TTBP) of a large kinetic 

diameter of ~11 Å as a probe molecule (Fig. 1g). Upon saturation, the microporous MOR 

sample shows some protonation of TTBP manifested with a characteristic ν(=N-H+) peak at 

3365 cm-1 and ring vibration at 1613 cm-1. The very intense set of broad peaks at ~2868, 2400, 

1930 and 1700 cm-1 indicates that the majority of TTBP interacts with the acid sites and Si-OH 

groups via strong hydrogen bonding (Fig. 1g, broad peak at ~1750 cm-1).23 Confinement in 

MOR micropores limits TTBP’s ability to be protonated, leading to a small fraction being fully 

protonated. HyMOR has 2.6x more protonated TTBP upon saturation due to the enhanced 

acid sites accessibility. Potentially some BAS are located at the mesopore surface or near 

them, leading to lower confinement and steric hindrance to protonate. Interestingly, 

DDMOR6 reveals the highest content of protonated TTBP than others, despite its lowest total 
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amount of BAS, based on pyridine IR. Thus, open mesopores in DDMOR6 enable high 

accessibility of BAS, superior to occluded mesopores.  

In summary, microporous MOR was partially recrystallized to HyMOR to create purely 

intercrystallite occluded mesopores, accessible only through the micropores. This sample also 

has ~30% higher acidity. Dealumination followed by desilication of MOR (DDMOR6) gives a 

substantial fraction of open mesopores with higher acid site accessibility. Due to 

dealumination, this sample has lower acidity than MOR and HyMOR. 

Table 2. Physicochemical properties of MOR samples. 

 

Sample 

Surface 
Area,   
S

BET
 

(m
2
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Total pore 

volume, 

V
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(cm
3
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V
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3
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Si / Al  

Al
(IV)
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from 27Al 

NMR 

Unit cell 

volume 

(Å
3

) 

C
Brønsted 

 

(μmol  

g-1) 

C
Lewis

 

(μmol  

g-1) 

MOR 450 0.28 0.11 10.5 5 2766 444 56 

HyMOR 460 0.43 0.27 7.3 5 2769 576 84 

DDMOR6 480 0.59 0.44 18.0 4 2730 167 105 

Desilication 

DMOR1 450 0.33 0.14 10.2 5 2762 275 58 

DMOR61 415 0.27 0.13 9.7 6 2766 333 75 

DMOR63 445 0.41 0.22 9.8 5 2755 319 76 

DMOR65 440 0.37 0.21 9.1 5 2770 320 99 

Dealumination 

DLMOR3 445 0.34 0.16 23.0 8 2725 183 128 

DLMOR6 460 0.32 0.14 35.0 27 2661 90 192 

 

Impact of MOR modification on the catalytic conversion of HDPE 

We investigated the reaction of HDPE at mild conditions (T=250°C, 𝑃𝐻2
=30 bar) using Pt/Al2O3 

as the metal component and MOR and various modified MOR as the acid catalyst. 

Experimental (reproducibility) error for liquid yields and conversion was below 10-15%. The 
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conversion was calculated based on the residual yield of the solid polymer. This approximation 

was validated by DSC of solid residue (Fig. S7). Analysis revealed that unreacted solid has the 

same melting point and heat of fusion as initial polymer. So, it confirms, that all solid residue 

collected after reaction contains mostly unreacted polymer without formation of wax.6 

Control experiments demonstrate that the individual Pt/Al2O3, Al2O3, and MOR materials show 

low activity for HDPE hydrocracking (Fig. S8). The inactivity of MOR zeolite in HDPE conversion 

is caused by the low reaction temperature and relatively short reaction times, while at 280 °C 

it should exhibit larger cracking activity.4 Physical mixtures of Pt/Al2O3 with MOR or modified 

MOR (Fig. 2a and Fig. S9-S17) are active, and the HDPE conversion increases with reaction 

time. The unmodified MOR converts HDPE with an induction period: the conversion reaches 

33% in 4 h and then jumps to 64% at 5 h. The induction period is associated with mass transfer 

effects at short reaction times. The reaction media contains unreacted polymer and has a high 

viscosity, leading to slow transport of reaction intermediates from the Pt sites to the acid sites 

of the zeolite. Anchoring of Pt and acid sites on the same support, as happens in Pt/WO3/ZrO2 

6, reduces or eliminates the induction period.  

The modified samples reach higher HDPE conversion at 4 h; DDMOR6 yields 67.5% and 

HyMOR 83.6% conversion. The carbon yield product distribution shows that MOR favors 

lighter hydrocarbons (C1-4) compared to mesoporous HyMOR and DDMOR6 at all reaction 

times (Fig. 2b and Fig. S10-S11). With increasing reaction time from 2 and 8 h, the average 

carbon number in products shifts to heavier compounds (C5+) for all zeolites. A similar 

phenomenon was previously observed during LDPE hydrocracking over Pt/WO3/ZrO2 

catalyst.10 Mass transfer limitation at early reaction times can hinder intermediates transport 

between metal and acid sites. This leads to intermediates having longer retention over acid 

sites and crack deeper. The average carbon number at 5 h in Fig. 2c confirms that MOR 

produces lighter products. We also investigated the impact of mordenite modification on 

product selectivity by building selectivity/yield-conversion plots.24 Extrapolation to zero 

conversion gives intrinsic selectivities to C4-C9 primary products (Fig. 2d and Fig. S18-S21). This 

method allows us to compare selectivities among samples in a broad conversion range of ~5-

30%. Selectivity to butanes decreases from 24 for MOR to 15% for HyMOR, whereas the total 

selectivity to C7+ heavier products increases from 25 to 34%. Modified samples favor longer 

alkane products. 
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Figure 2. Impact of mordenite modification on the catalytic performance. a) HDPE conversion vs. reaction time. 

b) Product distribution by carbon number over MOR, HyMOR, and DDMOR6. c) Average carbon number in the 

product mixture at 5 h reaction time. d) Product selectivity estimated from selectivity curves. Experimental 

conditions: 2 g HDPE, 25 mg of Pt/Al2O3, 25 mg of zeolite, 30 bar H2 pressure, reaction temperature of 250°C. 

 

To explain the observed differences in catalytic activity, we conducted control experiments 

using hexacosane (n-C26 alkane) as a surrogate (Fig. 3). Mass transport limitations are less 

severe for n-C26 due to its smaller size compared to HDPE and a ~104 higher self-diffusion 

coefficient in solution at 250 oC.25 n-C26 conversion over HyMOR (∼90%) is higher than MOR 

(27%) and DDMOR6 (23%), as shown in Fig. 3b. The product distribution shows a broad 

maximum at C8 that decays toward C21 (Fig. 3a). Larger products C24-C27 are also present, and 

their relative fraction decreases in the order: DDMOR6 > MOR > HyMOR, indicating increasing 

cracking tendency. At similar conversion, DDMOR6 produces mainly a C24-C27 fraction, 

compared to MOR. Fig. 3c compares the apparent turnover number (TON) per Brønsted acid 

site for n-C26 and HDPE. HyMOR shows ~2x higher TON than MOR for both substrates due to 

the improved acid site accessibility and reactant diffusion provided by the occluded 

mesopores in the crystal. DDMOR6 TON improvement over MOR is more pronounced in HDPE 

conversion than in n-C26. For n-C26 conversion, DDMOR6 and HyMOR have similar TON values 

and product distributions. Apparently, both samples have similar transport properties, and 

conversion is mostly limited by cracking over acid sites. The difference in n-C26 conversion over 

DDMOR6 and HyMOR is due to lower acid site density in DDMOR6 caused by dealumination. 
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n-C26 and its cracking intermediates do not experience as severe diffusion limitations in the 

occluded pores of HyMOR and open-pore structure of DDMOR6 due to their small size.  

 
Figure 3. Hydrocracking of n-C26 alkane. A) Product yield distribution over MOR, HyMOR, and DDMOR6. B) n-C26 

alkane conversion. C) Cross-comparison of apparent TON value for HDPE and n-C26 consumption; dashed line is the 

parity y=x curve. Experimental conditions: 3 g n-C26, 25 mg of Pt/Al2O3, 25 mg of zeolite, 30 bar H2 pressure, reaction 

temperature 250°C, reaction time 1 h. 

 

Polymer hydrocracking is facilitated more in the open mesoporosity in DDMOR6, leading to 

its higher TON value, compared to HyMOR (Fig. 3c). The HDPE conversion is confined to the 

external surface of the zeolite crystal, making the open mesopores of DDMOR6 better suited 

for enhanced polymer-zeolite contact. This conclusion is in line with the higher amount of 

protonated bulky TTBP, observed for DDMOR6, compared to other samples. In HyMOR, the 

diffusion only of the smaller secondary cracking products is enhanced; the primary HDPE is 

not influenced.  

The role of Lewis acid sites (LAS) in hydrocracking can be rationalized as follows. High content 

of LAS can potentially reduce diffusion rates in zeolite micropores,26 and LAS localized near 

Accepted Manuscript 
Version of Record at: https://doi.org/10.1021/acssuschemeng.3c01515



12 
 

12 
 

BAS can alter their intrinsic acidity.27 Our results do not show direct correlation between LAS 

in MOR, HyMOR, and DDMOR6 with reactivity.  

To further understand structure-performance relations, we treated MOR with various 

concentrations of NaOH or HNO3 to remove silica or alumina, respectively. Although MOR, 

DLMOR3, and DLMOR6 have comparable surface area and pore volume (Table 2), 

dealumination has a detrimental impact on the HDPE conversion and average carbon number 

in the product distribution (Fig. 4a and b). Specifically, the HDPE conversion decreases, and 

the product distribution shifts to lighter alkanes – propane and butane – with extending 

dealumination. Therefore, the dominant factor affecting activity is the Brønsted acidity (Table 

2), which correlates with the increasing Si/Al ratio up to 35 caused by dealumination.  

Contrary, desilication does not affect activity and selectivity (Fig. 4c and d; Fig. 5a and b). The 

lack of correlation between LAS density and activity indirectly suggests that LAS do not play a 

major role in hydrocracking, at least in desilicated samples. 

 
Figure 4. Impact of alkali and acid mordenite modification on the catalytic activity. Comparison of a) conversion 

and b) average carbon number among DLMOR3, DLMOR6, and MOR. Corresponding data in c) and d) for desilicated 

samples (DMOR1, DMOR61, DMOR63, and DMOR65) compared to MOR. Experimental conditions: 2 g HDPE, 25 

mg of Pt/Al2O3, 25 mg of zeolite, 30 bar H2 pressure, and reaction temperature 250°C.  
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Impact of acidity on product distribution 

To investigate the influence of acidity on the product selectivity, we categorized the samples 

into two groups of similar mesoporous volume (“high” 0.21 - 0.27 cm3 g-1 and “low” 0.10 - 0.15 

cm3 g-1). Desilication and recrystallization of MOR lead to relatively big constricted mesopores 

(Fig. 1b). At comparable constricted mesoporosity (Vmeso 0.21-0.27 cm3 g-1), HyMOR enhances 

the C7+ selectivity compared to DMOR65 (Fig. 5a). This result is in line with a previous 

observation on dealuminated MOR samples (Fig. 4b), where the average carbon number 

decreases due to reduced acid site density in purely microporous crystals. So selectivity shift 

between DMOR65 and HyMOR correlates with higher acidity of HyMOR. 

Desilication under mild conditions does not create significant mesoporosity, but rather 

suppresses zeolite acidity (Table 2). Comparison of microporous mordenites with different 

acid site densities (Fig. 5b) shows that lower acidity promotes lighter products – butanes and 

pentanes – at the expense of C7+. Reduction in acid site density shifts hydrocracking 

distribution to lighter products. This observation holds for dealuminated and desilicated 

mordenites, with and without constricted intercrystallite mesopores. The hydrocarbon 

intermediates residence time and penetration depth in the crystal increase due to a reduction 

in acidity, leading to deeper cracking. Over crystals with high acidity, cracking is restricted to 

the subsurface layer, increasing selectivity to C7+ products. These results show that acid site 

density in zeolite crystals strongly affects product selectivity. Importantly, this rule hold in case 

of reaction in highly viscous polymer melts. 
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Figure 5.  Effect of acidity on product selectivity. Samples with similar mesopores volume. a) ∼0.21 - 0.27 cm3 g-1 

and b) ∼0.10 - 0.15 cm3 g-1. c) Selectivity over samples of similar acidity. Experimental conditions: 2 g HDPE, 25 mg 

of catalyst Pt/Al2O3, 25 mg of zeolite, 30 bar H2 pressure, reaction temperature 250 °C, 2-5 h reaction time data.  

 

Another crucial factor influencing selectivity is zeolite porosity. Fig. 5c compares DDMOR6, 

DLMOR3, and DLMOR6 with similar acidity (CBrønsted~90-180 μmol g-1), but different porosity 

(Table 2). DDMOR6 of a mesoporous volume of 0.44 cm3 g-1 selectively produces C7+ products 

up to 34%. DLMOR3, which does not have mesopores, shows only 24% C7+ selectivity and 

produces more butanes and pentanes. Fig. 1c shows that open cylindrical mesopores in 

DDMOR6 facilitate the formation of heavier products. DLMOR6 shows poor selectivity to C7+ 

due to the low concentration of Brønsted acid sites (almost half of DDMOR6 and DLMOR3) 

(Table 2).  

The concentration of LAS is higher in dealuminated samples than in other samples; the 

DLMOR6 has the highest density (192 μmol g-1). The increase in LAS concentration correlates 

with some framework aluminum transforming into extra framework aluminum.  

Zeolite samples after reaction contain mainly residual unreacted polyethylene and some 

relatively light coke species, according to TGA-DSC (Fig. S22, Table S1). No significant 

difference in solid residue decomposition was detected by DSC between different zeolites. 

Mesopores allow to reduce the coke content from 40 (MOR) to 29 and 22% for DDMOR6 and 

HyMOR, respectively. The spent catalyst was regenerated by calcination at 550 °C in air, 
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showing no substantial change in conversion or product distribution (Table S2). No changes in 

crystallinity for HyMOR and DDMOR6 were detected with XRD. The unit cell volume did not 

change beyond the experimental error (Table S1), indicating that the Al content in zeolite 

framework was not altered during reaction or regeneration. 

Conclusions 

To assess the key factors affecting the hydrocracking of HDPE, we created a library of modified 

MOR materials of different mesopores and Bronsted acid site density using desilication 

(increased acidity and occluded mesoporosity) and dealumination (reduced acidity with 

constant porosity). We also created hydrothermally treated MOR (HyMOR) with occluded 

mesopores by recrystallization. Beyond creating mesoporosity, MOR modification does not 

change the zeolite framework, as it alters only the concentration of framework Al and slightly 

changes extra-framework Al content.  

We evaluated these materials in activity and selectivity. Open mesopores, formed by 

sequential dealumination followed by desilication, increase the HDPE cracking activity by up 

to 6x at short times when normalized to the Bronsted acid site content. Open mesopores and 

high external surface area increase polymer-zeolite contact leading to increased activity. 

Occluded pores, introduced in MOR by partial recrystallization, on the other hand, improve 

the mass transfer of smaller secondary cracking intermediates only but not of the original 

polymer. This leads to less pronounced activity improvement of HDPE and a shift in the 

product distribution from C4-C5 to C6-C7 alkanes. Increased acidity leads to higher selectivity 

to C7+ products; conversely, lower acidity results in lighter alkanes. Both types of mesoporosity 

provide the same activity enhancement of the smaller n-C26 alkane surrogate because the 

effect of the external surface area is less pronounced. Thus, the rate is limited by the transport 

of secondary cracking intermediates and reaction over acid sites. This finding is further 

supported by FTIR spectroscopy of bulky TTBP, which shows a correlation between acid sites 

accessibility and HDPE cracking.  

This work also underscores that low molecular weight surrogates have different diffusion 

properties and reactivity compared to macromolecules. It also shows that the polymer-

catalyst interface strongly affects the activity of zeolite catalysts, whereas the selectivity is 

determined more by the retention time of secondary cracking products in the framework. 
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Experimental 

Pt/Al2O3 preparation. Commercial boehmite (Pural SB from Sasol) was calcined at 550 °C in 

static air to prepare γ-alumina. Pt/Al2O3 was prepared by incipient wetness impregnation. For 

the catalyst synthesis, alumina support was impregnated with a chloroplatinic acid solution 

(H2PtCl6, Sigma – Aldrich, 8 wt % in H2O) at room temperature for around 3 h, dried in air at 

110 °C overnight, and then calcined at 500 °C for 3 h (2°C min-1 ramp) in static air. XRF analysis 

confirmed 1.0 ± 0.1 wt% Pt loading. The BET surface area estimated via N2 physisorption was 

170 m2 g-1, with a pore volume of 0.47 cm3 g-1. The Pt dispersion estimated from pulse 

chemisorption of CO was 40%, with an average crystal size (cube approximation) equal to 2.2 

nm. Before reaction, the metal catalyst was reduced in 50% H2/He flow for 2 h at 250 °C (10 

oC min-1 ramp rate). 

Zeolite preparation. Ammonium mordenite powder (SiO2 / Al2O3 mole ratio 20; CBV 21A) was 

purchased from Zeolyst International. To convert the ammonium form into protonated one, 

the zeolite powder was calcined at 550 oC for 5 h (2 °C min-1 ramp) in static air. 

Zeolite desilication. For the desilication of MOR, concentrated sodium hydroxide (NaOH, 50% 

NaOH in H2O, Honeywell Fluka) was used. Two concentrations of 0.1 M NaOH and 0.6 M NaOH 

were prepared by dilution with deionized water. Samples were for 1 h, 3h or 5 h with 50 ml 

NaOH solution and 5 g zeolite. The treatment temperature and stirring were maintained 

constant at 85 °C and 500 rpm. Then, zeolite solution was centrifuged and washed three times 

with ultra-purified water up to pH 7, and then it was dried in air at 70 °C overnight. After that 

sample was immersed in 100 ml of 0.1 M ammonium nitrate solution (NH4NO3, ≥ 98 %; Sigma 

– Aldrich) at 80 °C under continuous stirring (400 rpm) for 3 h. The ion-exchange process was 

performed 3 times for all samples. After each ion-exchange, the sample was centrifuged and 

washed with ultra-pure water three times up to pH 7, and then it was left drying in air at 70 

°C. Prior to catalytic experiments, each desilicated sample was calcined at 500 °C for 3 h (1 °C 

min-1 ramp) in static air to get its H-form. 

Zeolite dealumination. The dealumination of the MOR employed a diluted solution prepared 

from concentrated nitric acid (HNO3, 15.8 M; trace metal basis, Thermo Fischer Scientific). The 

parent MOR was dealuminated at concentrations 3 M HNO3 and 6 M HNO3, for 4 h at constant 

temperature (110 oC) under continuous stirring (400 rpm). At both concentrations, 100 ml 

HNO3 solution and 5 g zeolite were used. As above, each zeolite solution was centrifuged, 

washed, and dried. Prior to catalytic experiments, each dealuminated sample was calcined at 

500 °C for 3 h (1 °C min-1 ramp) in static air, in order to get its H-form. 
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Zeolite dealumination followed by desilication. DLMOR6 sample was selected for further 

desilication, using sodium hydroxide to create extra mesopores. The desilication was 

conducted with 0.6 M NaOH for 3 h at a constant temperature (85 °C) and stirring (500 rpm).  

After the desilication, the sample (DDMOR6) was ion-exchanged as previously. Prior to 

catalytic experiments, the DDMOR6 was calcined at 500 °C for 3 h (1 °C min-1 ramp) in static 

air. 

Zeolite hydrothermal treatment (recrystallization). To hydrothermally treat the mordenite, 

2 g of MOR was mixed with 0.15 M sodium hydroxide solution (made by mixing 0.32 ml of 

NaOH concentrate and 40 ml deionized water), and 1.49 g of cationic surfactant, 

cetyltrimethylammonium bromide (CTAB, Sigma). Part of the mixture was placed into an 

autoclave of 41 ml total volume, at 150 °C, and treated for 7 h. The treated mordenite was 

centrifuged with ultra-purified water and washed and dried in air at 70 °C overnight. Then, 

ion-exchange was conducted 3 times following the procedure described above. Prior to 

catalytic experiments, the hydrothermal sample, HyMOR, was calcined at 500 °C for 3 h (1 °C 

min-1 ramp) in static air. Table 1 summarizes the preparation conditions for all samples. 

Feedstock. For the catalytic experiments, HDPE (Sigma-Aldrich) with a molecular weight of 65 

kDa. Hexacosane (n-C26; Merck) was used as a surrogate molecule.  

Catalyst characterization. The elemental analysis (Si to Al molar ratio) of each sample was 

determined with the X-Ray Fluorescence (XRF) method on a Rigaku Supermini 200 WDXRF. 

The Micromeritics ASAP 2020 BET Analyzer was used to measure nitrogen sorption at -196 oC. 

The micropore volume (Vmicro) was measured using the t-plot method, while the mesopore 

volume (Vmeso) was determined by the Barrett-Joyner-Halenda (BJH) of the desorption branch. 

XRD analysis was performed on a Bruker D8 diffractometer in the 5-60° 2θ range with Cu Κα 

radiation. XRD patterns were indexed in orthorhombic crystal system (Cmcm) with unit cell 

parameters estimated using the Jana software.28 TEM images of mesopores were collected on 

a Talos F200C microscope. Before the measurements, samples were dispersed in ethanol, 

dropped on a Lacey carbon grid, and dried at 70 oC for 1 h. 27 Al MAS NMR spectroscopy 

measurements were carried out on a Bruker AVANCE III HD spectrometer operating at a 

proton resonance frequency of 500.13 MHz. Samples were packed in a zirconia rotor with a 

K-FEL cap at 12 kHz. A direct polarization pulse sequence was used with a 1 μs pulse and a 

recycle delay of 1 s. For each spectrum, 2048 scans were collected and averaged at room 

temperature. To estimate the acidity of the zeolites, pyridine chemisorption was used. 

Samples were pressed in self-supported disks (20 mg, 1.3 cm2, pressure ~50 bar) and placed 

Accepted Manuscript 
Version of Record at: https://doi.org/10.1021/acssuschemeng.3c01515



18 
 

18 
 

in a homemade Pyrex tubular cell for transmission measurements. The cell was loaded in a 

Nicolet 8700 FTIR spectrometer with a liquid-nitrogen cooled MCT detector operating at 4 cm-

1 resolution. After purging the sample with pure He flow for 1 h at 300 oC, the temperature 

was reduced to 150 oC and the initial spectra were recorded. Then, liquid pyridine (1 μl, 99.8%; 

Sigma-Aldrich) was injected into the He flow through a septum port. Injections were repeated 

until saturating the sample surface with pyridine.  

The spent catalyst after 8 hours of reaction was dried at room temperature overnight and 

analyzed using TGA-DSC on a STD Q600 instrument to measure coke content and the burn off 

temperature. The temperature was ramped at 7 °/min rate up to 700 °C in 50 ml/min air flow.  

Catalytic experiments. Prior to the catalytic testing, Pt/Al2O3 was reduced under equimolar 

H2/He flow of 100 ml/min total flow at 250 °C for 2 h. In all catalytic experiments, 25 mg of 

Pt/Al2O3 was mechanically mixed with 25 mg of zeolite in mortar. Then the catalyst was stirred 

with 2 g of HDPE, and placed into a stainless-steel batch 25 ml Parr reactor, with a magnetic 

stirring bar. The Parr reactor with the mixture was sealed and purged several times with H2 up 

to 15 bar and then charged with H2 at 30 bar. The Parr reactor was heated to 250 °C. The 

reaction was conducted for various periods of time at 250 °C and 500 rpm stirring. Once the 

reaction was over, the Parr reactor was quenched into a water-ice bath. Products were 

collected after the temperature reached 2 °C. 

Product collection and analysis. Gaseous products were collected in a 1 L Tedlar gas sampling 

bag and analyzed using GC-FID on an Agilent 7890a chromatograph with a CP-Volamine 

column. Liquid and solid products were mixed with 20 ml of methylene chloride (CH2Cl2, ACS 

grade; Fischer Scientific) and 20 mg of octacosane (n-C28H58, ≥ 98.0 %; TCI), used as an internal 

standard. This mixture was filtered (GE Whatman, 100 μm) to separate the liquid from the 

solid residue. The liquid products were further analyzed with GC-FID equipped with a HP-1 

column. The FID detector calibration coefficients and retention times were measured using 

standard linear alkane calibration set (49451-U, Supelco). The absence of olefins and aromatic 

hydrocarbons in the product mixture were further confirmed with GC-MS analysis performed 

on Agilent 7890B-5977A instrument with DB-5 column. The solids were collected from the 

filtration paper and were measured gravimetrically. The solid residues were analyzed with 

Differential Scanning Calorimetry (DSC), with nitrogen as a carrier gas with a flow of 50 ml min-

1 and a ramp from 25 to 200 °C, 10 °C/min rate. 

For the calculation of the product yield of the ith product, the following formula was used: 
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𝑌𝑖 =
𝑛𝑖

𝑛𝑖𝑛𝑖𝑡𝑖𝑎𝑙
     (1) 

where 𝑛𝑖 are the moles of carbon in the ith product and 𝑛𝑖𝑛𝑖𝑡𝑖𝑎𝑙 are the moles of carbon in the 

initial polymer (HDPE). The yield of the solid residue was measured gravimetrically.  

The total yield of extractable products (𝑌𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑏𝑙𝑒𝑠) was calculated by summing all gas and 

liquid products:  

𝑌𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑏𝑙𝑒𝑠 =  ∑ 𝑌𝑙𝑖𝑞𝑢𝑖𝑑 + ∑ 𝑌𝑔𝑎𝑠
6
𝑗=1

15
𝑖=4     (2). 

Selectivity curves were plotted as 𝑌𝑖  vs. 𝑌𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑏𝑙𝑒𝑠 using experiments with the same catalyst 

and different reaction times. For each reaction product, a linear model was built in the 0-30% 

𝑌𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑏𝑙𝑒𝑠 range to estimate the initial slope, which gives the intrinsic selectivity to this 

product. The carbon average for each sample at each reaction time was estimated using the 

following formula, where i is the number of carbon atoms in the ith product and 𝑌𝑖  is the 

relevant product yield: 

𝐶𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 
∑ 𝑖15

𝑖=1 ∙𝑌𝑖

∑ 𝑌𝑖
15
𝑖=1

     (3) 

Catalyst regeneration. The solid residue after 8 h reaction (sample HyMOR mixed with solid 

unreacted polymer and Pt/Al2O3) was filtered, dried at room temperature overnight and 

calcined in a muffle furnace at 550 °C for 6 h in static air. Then, the solid was reduced in a 

tubular furnace at 250 °C for 2 h in 50%H2/He flow. After that, the regenerated catalyst was 

mixed with HDPE and reacted according to standard procedure. 

Supporting Information 

Zeolite characterization data, including TEM, XRD, 27Al MAS NMR and N2 physisorption, DSC 

of solid residue, reaction performance for different catalyst mixtures with product 

distributions and selectivity curves, analysis of spent catalyst, and results on catalyst 

regeneration. 
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