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ABSTRACT. Catalytic conversion of polyolefins to value-added products offers an alternative
route to capture value from plastic waste. Here we initially examine reactions of a polyethylene
model (hexatriacontane, CscH74) on a Pt/SiO2 catalyst under typical hydrogenolysis and
hydrocracking conditions, which leads to irreversibly adsorbed surface hydrocarbons after
extraction with hot toluene. The IR spectra of these catalysts reveal only aliphatic C-H stretches.
SiO2 alone leads similar hydrocarbon adsorption on the surface where extended extraction fails to
fully remove the adsorbed hydrocarbons from neat silica. The amount of hydrocarbon irreversibly
adsorbed increases nearly tenfold when the reactant is changed from hexatriacontane to
polyethylene (Mn =4000 Da), but the adsorbed quantity is insensitive to reaction temperature (200-
300 °C). These results demonstrate significant, non-extractable hydrocarbon deposition on
catalyst support surfaces without dehydrogenation catalyst present at temperatures typical of
catalytic deconstruction of polyolefin waste, which may limit catalyst turnover and impact the

product distribution.



INTRODUCTION

Plastic waste represents a significant environmental challenge due to ever-growing plastics
production'-? and inefficient end-of-life options that are dominated by landfilling and incineration.*
Despite significant efforts in the recycling of plastic waste to reduce landfill burden and prevent
microplastic release from landfill leachate,’ plastic mismanagement, e.g., release into the
environment, far surpasses the fraction of plastics that have been effectively recycled.' Plastic
waste has been traded globally under the guise of recycling without clear regard for environmental
impact,> 7 so a path to economic value from plastic waste is needed to improve resource
management. Effective mechanical recycling methods are generally limited to just a few polymers
such as poly(ethylene terephthalate) (PET) and high-density polyethylene (HDPE).% ® Even for
these, only about 1/3 - 1/2 of the HDPE that enters material recovery facilities (MRFs) can be
effectively recovered for mechanical recycling; consequently, there is growing interest chemical
recycling!'? or even upcycling!! of plastic waste. These chemical routes convert plastic waste to
liquid feedstocks or high-value products that offer the potential for circularity of carbon from the

plastics in the economy.!> 13

Chemical recycling of plastics depends on the resin; step growth polymers, such as PET, are
readily depolymerized to monomers, providing a direct route to circularity.!* Other plastics,
notably polyolefins, undergo side reactions before reaching temperatures sufficient for direct
depolymerization.!® As polyolefins comprise nearly 2/3 of all plastics produced,'> there is an
ongoing concerted effort to develop sustainable strategies for polyolefin chemical recycling or

upcycling.'6 17

Pyrolysis offers a simple approach to the conversion of plastic waste to liquid oils,'® ! but is

energy intensive and yields a complex mixture of liquids and char.?? Catalytic approaches in the
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chemical transformation of plastic waste offer opportunities to the reduce energy input*' necessary

for recycling!® as well as the potential to better tune the output towards high-value products.?> 23
These polyolefin chemical recycling approaches have generally focused on modifying the product
distribution through catalyst design.?* 2> For example, modifying a ruthenium surface with
ethylene glycol enhanced the rate of C-C bond cleavage.?® Despite these efforts, the low turnover
rate due to transport limitations?” and difficulty in product distribution control from heterogeneous
plastic waste streams limit the commercial potential for catalytic cracking routes to enable
circularity for the growing stream of polyolefin wastes. Recent work from Epps, Korley, and
Vlachos has demonstrated the differences in the evolution in the molecular mass of polyolefin

towards oligomers for catalytic and pyrolysis reactions to begin to better understand strategies to

control the product distributions.?®

Polyethylene adsorption onto catalyst surfaces has been suggested to be unfavorable due to the
entropy of the polymer chains; this has also been implicated in destabilizing transition states.?’
However, polymers, notably polystyrene, have also been reported as being irreversibly adsorbed
to silica surfaces.>*3? Recently, Vlachos and coworkers reported the preferential adsorption of
polyethylene over polypropylene on Ru-TiO:2 catalysts, as well as the segregation of higher
molecular mass polyolefins on the catalyst surface.’® These important insights were gleaned from
molecular dynamics simulations and implied from the reaction products rather than via direct
measurement. Additionally, precious metal catalysts used for polyolefin conversion (Pt, Ru) tend
to be excellent dehydrogenation catalysts, and therefore promote the formation of coke and coke
precursor species, which are well-known to foul the catalyst in gas phase dehydrogenation

reactions.?* 3



Catalyst fouling occurs at lower temperatures with polyolefin reactants, and could arise from
crosslinked polyolefins instead of coke-like aromatics.’* Here we examine the adsorption and
reaction of two alkanes (polyethylene and hexatriacontane, C3¢) on a model hydrogenolysis
catalyst (Pt/silica) to understand the role of the metal and support on catalyst fouling. These
experiments show evidence for the low-temperature reaction between alkanes and surface silanols,
and thus provide new insights into the organic surface residuals on silica supported catalyst
particles after chemical recycling. Both Fourier transform infrared spectroscopy (FTIR) and
thermogravimetric analysis (TGA) indicate the accumulation of a substantial mass of organic
material on the catalyst surface after reaction at 250 °C. Even when using C3e as the reactant feed,
the reaction generated significant surface-bound residual organics that could not be removed with
standard solvent product recovery methods.?!> 33 3¢ FTIR spectra offered no evidence for the
presence of aromatic coke-type species, and extended extraction in a good solvent for polyolefins
failed to fully remove either polyethylene or C36. Control experiments using the silica support (i.e.
no Pt present) showed similar or greater organic content as the Pt containing catalyst, suggesting
reaction between the alkane and support hydroxyl groups anchors the alkane to the surface. These
results illustrate surface reactions between polyethylene and catalyst supports can be significant
and alter the catalyst surfaces regardless of the presence of precious metal catalysts. Including
these interactions will likely be important for effective modeling of catalytic polyolefin upcycling

Processes.

EXPERIMENTAL SECTION

Materials: Silica (Davicat 1151, BET surface area: 274 m? g'') was purchased from W.R. Grace
and Company. Diamminedinitriplatinum(II) solution (Pt(NH3)2(NO3)2, 3.4 wt. % in dilute

ammonium hydroxide), ammonium hydroxide (NH4OH, 28.0-30.0% NH3), dichloromethane



(DCM, ACS reagent > 99.5%), p-xylene [((CH3)2CeHa, 99%], toluene [CsHsCHs, > 99.5%],
decane [n-CioH22, > 99%], polyethylene (PE, nominal My = 4,000 Da, average M, = 1,700 Da,
Product number: 427772, Batch number: MKCP9612) and n-paraffin mix of Cis, C20, C22, C24
(certified reference material, 2% (w/w) each component in octane) were purchased from Millipore
Sigma. The polyethylene is likely low density based on the crystallinity (ca. 22 %) obtained from
DSC measurements as shown in Figure S6. Acetone (ACS Reagent Grade, 99.5%) was purchased
from Ricca Chemical. Hexatriacontane [C36, n-C3sH74, 97+%], dotriacontane [n-Cs2Hes, 98%],
octacosane [n-CasHss, 99%], and dodecane [n-Ci2Hz6, 99%] were obtained from ThermoFisher
Scientific. Deionized (DI) water was obtained from a Milli-Q Direct-Q 3 UV Remote Water

Purification System. Chemicals and materials were used as received, unless otherwise noted.

Catalyst Synthesis.: Catalyst of Pt supported on SiO2 (Pt/SiO2, 1 wt% Pt) was synthesized by
electrostatic adsorption based on literature procedures.?” Briefly, Pt(NH3)2(NO3)2 (Sigma-Aldrich,
3.4 wt. % in dilute ammonium hydroxide) was deposited onto SiO2 from 0.4 M NH4OH solution.
The slurry was stirred for 2 h to facilitate the adsorption of cationic Pt complexes. The solids were
filtered and rinsed thrice with 100 mL of DI water. The metal loaded silica was heated in flowing
air at 0.017 °C s to 120 °C and held for 8 h. The dry Pt/SiO2 was reduced to Pt clusters by heating

under 5 mol% Hz in Ar at 0.017 °C s™! to 450 °C and holding for 3 h at 450 °C.

Hydrogenolysis / Adsorption: Hydrogenolysis of Ca¢ was carried out in a sealed 2.4 mL autoclave
reactor with a total headspace volume of 3.9 mL. Approximately 0.1 g of C3sH74 and 0.05 g of
either Pt/Si0O2 catalyst or neat SiO2 were loaded into the reactor and heated to 100 °C to melt the
C36. The reactor was then purged with 4% Hz in N2 at 5 bar for 3 min, cyclically evacuated to 1
bar and re-pressurized to 5 bar four times to remove residual oxygen, and sealed. The sealed reactor

containing 4% H2 in N2 was heated to 250 °C in a cylindrical furnace (National Element Inc.) using



a PID temperature controller (Auber-WS-1510DPMA). After the desired reaction time, the reactor

vessel was quenched in an ice bath.

Three procedures were used to recover/remove organics from the catalyst particles. The reaction
products were first soaked in 10 mL of dichloromethane (DCM) overnight at ambient temperature
and filtered using Whatman filter paper to recover smaller hydrocarbon products (ca. C¢-C20). The
DCM fraction was analyzed with gas chromatography (GC). The inorganic solid + heavy residual
hydrocarbon fraction was then dissolved in 20 mL of toluene at 100 °C and filtered (Whatman
filter paper). This treatment is expected to extract the small polymers and waxes from the catalyst
particles. A third extended extraction (~0.04 g silica) was performed using 2 mL of xylene at 120
°C for 1- 6 h. Xylene was selected for these exactions due to its high boiling point and good solvent

characteristics for polyethylene and Css at this temperature.

In a separate experiment, 0.1 g of polyethylene (PE) and 0.05 g of pure silica were loaded into the
reactor and subjected to the same experimental conditions described above. After the desired
heating time, the reactor vessel was quenched in an ice bath. The product was extracted for 1 h
using 10 mL of xylene at 120 °C (£ 3 °C); the liquid was then separated from the silica particles

by vacuum filtration.

N2 adsorption-desorption isotherms: Surface area measurements were performed on a
Micromeritics 3Flex instrument at 77.3 K. Samples were degassed on a Micromeritics external
VacPrep station by heating under active vacuum at 300°C overnight (2.7 °C min"! ramp rate) then
cooled to room temperature prior to data collection. The surface area was calculated using a

multipoint Brunauer-Emmet-Teller (BET) method using the adsorption isotherms from 0.05 <P/Po



< 0.2. The silica surface area was determined to be 274 m?sg’! from BET analysis as shown in

Figure S15.

Transmission electron microscopy (TEM): Platinum particle sizes were determined by imaging
with scanning/transmission electron microscopy (STEM) using a Talos F200C microscope at an
accelerating voltage of 200 kV. To prepare each sample, a small quantity of catalyst was crushed
in an agate mortar and pestle and dispersed in isopropanol via ultrasonification. A Cu TEM grid
(Ted Pella, Inc.) was dipped into this suspension and allowed to dry before analysis. The average

Pt nanoparticle diameter was determined using >300 particles using ImagelJ software.

Gas chromatography: Reaction products recovered in DCM and toluene were analyzed with gas
chromatography using an Agilent 7890A gas chromatograph outfitted with a 5Sm x 0.53mm x
0.17um CP-SimDist UltiMetal column and flame ionization detector (GC-FID). A standard n-
paraffin mixture (Cis, C20, C22, C24) was used to calibrate the retention times for the column as
shown in Figure S1. The response factor for quantifying the product peak areas was determined

relative to dodecane for Cio, Cis, Czs, and Css as shown in Figure S2.

For the analysis of reaction products, 200 uL of the extracted mixture was dissolved in 1.6 mL of
either DCM or toluene (to match the extracted mixture) containing 10 pg of Ci2 per mL of
DCM/toluene as the internal standard. For the mixture extracted with xylene, the solution was not
further diluted due to the low concentration of hydrocarbons. The internal standard accounts for
variations in injection volume, enabling quantitative mass balances on the system. These solutions
were then analyzed with GC-FID. The product peaks were also confirmed with gas
chromatography-mass spectrometry (GC-MS, Agilent 5975C mass spectrometer) with a 30 m x

250 um x 0.1 um VF-5ht column; mass spectra were compared to the NIST Mass Spectral Library



(Figure S3). The retention times and characteristic fragment ions were used to confirm the identity
of each compound. Mass balances based on known loading and concentrations from GC analysis

were used to determine hydrocarbon recovery.

FTIR: Transmission infrared spectra were recorded on a Bruker INVENIO R FTIR spectrometer.
Each dried sample (13 mg) was pressed into a stainless steel wire gauze (100 x 100 mesh plain,
0.004” wire diameter) in a die using a pressure of 6 metric tons for 4 min. Each pellet was mounted
into a controlled atmosphere transmission cell. All samples were heated in sifu to 120 °C under
flowing argon (40 mL min™') for ®30 min to remove surface water. Spectra were recorded in
absorbance mode at 120 °C at 1-min intervals until the spectral changes due to water desorption
were no longer observed. The C-H stretching bands near 3000 cm™! were integrated for each
spectrum and converted to the hydrocarbon content using a calibration curve. The calibration curve
relating the peak areas to percent weight hydrocarbon was developed by depositing known weights
of several hydrocarbons (Ci2H2s, CisH3s, C3sH74, and PE) dissolved in CHCI3 onto neat SiO2
pellets to provide a series of samples with different hydrocarbon:silica ratios that were pressed into
pellets in the same manner as described above. Each calibration sample was dried in an oven at 80
°C to remove the solvent before collecting the FTIR spectra. A single linear correlation was found
to describe the relationship between the peak area of the C-H stretching bands and the hydrocarbon
concentration on SiO2 for all hydrocarbons examined. This calibration curve (shown in Figure S7)
that includes data from different hydrocarbons was used to determine the residual hydrocarbon on

the catalyst or silica particles.

Thermogravimetric Analysis (TGA): Thermogravimetric analysis (TGA) of all samples was
performed using a TA Discovery TGA 550 module. TGA curves were obtained under flowing N2

(60 mL min~") with a heating rate of 20 °C min~'. Sample masses between 4.0 - 6.0 mg were added



to a platinum pan and heated from 30 to 800 °C. Extracted SiO2 and Pt/SiO2 samples were held at
120 °C for 45 min to remove residual water from the particles during the ramp period. Si02 samples
extracted with xylene were held at 140 °C for 45 min to remove residual solvent from the particles

during the ramp period.

RESULTS AND DISCUSSION

Polyolefin waste consists of polymers with a wide diversity of molecular sizes and diversity of
additives.’®3° Polymer molecular weight distributions and additives are commonly tuned to match
specific applications.*’ This feedstock diversity presents a challenge to developing a fundamental
mechanistic understanding of the cascade of processes that transform polyolefins into lower
molecular mass hydrocarbons during chemical recycling.?® To better understand the reactions,
hexatriacontane (CssH74; C36) was used as a molecularly well-defined oligomeric analog for
polyethylene (Figure la). Typical polyolefin deconstruction catalysts consist of noble metal
nanoparticles, particularly Pt and Ru, dispersed on high surface area oxide supports.*! Figure 1b
shows TEM data for the 1% Pt/SiO2 catalyst used in this study; the Pt nanoparticles are well

dispersed with an average diameter of 1.0 + 0.2 nm (Figure 1c¢).

10



@) ok
Polyethynlene

T AT o T W

Hexatriacontane (CagH74)

(b)

18041.0 £ 0.2 nm

0.0 0.5 1.0 15 20
Pt diameter (nm)

Figure 1. (a) Chemical structures of hexatriacontane and polyethylene. (b) Representative TEM

image of synthesized 1% Pt/SiO> catalyst and (c) associated Pt particle size distribution (total

counts: 335). The line shows a Gaussian fit to the TEM histogram.

Reactivity Measurements. Hexatriacontane is a high-purity saturated hydrocarbon with a

melting point of 76 °C and is accessible to GC analysis (Figure 2a). As with larger polymers,
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batch reactor studies require melting the reactant during the reaction. Unreacted Cse therefore
remains mixed with the catalyst after reaction, presenting an analytical challenge. We addressed
this by carefully measuring the catalyst and reactant masses before and immediately after the
reaction. Masses determined immediately after reaction showed only minor mass losses, closing
the carbon balance to within 1% (Table S1). Given the high precision and reproducibility of the
carbon balance, minimal gas phase products (<1 %) are produced under these reaction conditions.

Consequently, the products of batch reactor studies can be quantified using GC (Figure 2a) by
extracting product alkanes from the post-reaction mixture. Lighter hydrocarbons were extracted
with dichloromethane (DCM). Hexatriacontane is only slightly soluble in DCM, but rapidly
dissolves in hot (100 °C) toluene; lighter hydrocarbons remaining after DCM extraction will also
dissolve in hot toluene. The reaction mixture was therefore subjected to a second extraction using
hot toluene to remove the heavier hydrocarbons and any unreacted Cse¢ from the catalyst. Figure
2b shows the chromatographs for the extractions using hot toluene. In all cases, only Cse reactants
are observed, indicating that the DCM extraction effectively removed lighter products. The
combination of these two extraction techniques, along with the closed global mass balance, allows
us to use GC to garner information about reaction progress (see SI section on GC analysis for
conversion and mass balance for more details).

Figure 2a shows the isolated products at all reaction times are almost exclusively octadecane
(CisHss) and heptadecane (Ci7H36). The reaction conditions yield only modest amounts
hydrogenolysis products (<1% total C3e¢ conversion based on the concentrations of CisHss and
Ci7Hse6). The low yield is likely a result of the low Hz concentration, low catalyst:reactant ratio,
and lack of stirring during the reaction*? as partitioning of Hz into long alkane liquids is

reasonable.** The reaction products indicate hydrogenolysis preferentially occurs at the center of

12



the alkyl chain. This is consistent with gas phase hydrogenolysis studies, which show entropy loses
upon adsorption are minimized when relatively long segments near the end of the molecule are
free (not adsorbed);* # this drives adsorption, dehydrogenation, and C-C bond cleavage near the
center of the alkane chain. The two products appear in essentially equimolar ratios, suggesting an
equivalent of methane is also produced. We note the conversions are low, making this
hypothesized methane production difficult to directly observe; as evidence for this, the carbon

balances are closed to within 1%.
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Figure 2. GC-FID analyses of reaction products recovered from the hydrogenolysis of
hexatriacontane (n-CssH74) at different reaction times after initial extraction with (a) in DCM and

subsequent extraction with (b) toluene, (¢) mass (carbon) balance for CscH74 (A), CisHzs (®), and
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Ci7H36 (%) as a function of reaction time, (d) fractional conversion of C3sH74 based on the C3sH74

balance (A). Reaction conditions: 250°C and 0.2 bar H2 partial pressure.

Despite the low hydrogenolysis activity, Figure 2d shows a time dependent C36 conversion based
on the Cs¢ balance from GC. The conversion vs. time plot (Figure 2d) increases linearly, reaching
approximately 8% conversion in 6 h. The plot also shows a non-zero intercept of = 1% conversion,

suggesting the onset of reactivity during the temperature ramp to 250 °C (= 17 min).

Quantification of Surface Hydrocarbons. The time dependent change in C36 mass, along with
relatively consistent production of lower hydrocarbons, suggests the loss of C3e is associated with
the generation of some sort of surface hydrocarbon species. The spent catalysts were therefore
further characterized with TGA in N2 (Figure 3a) and transmission IR spectroscopy (Figure 4). IR
spectra confirm the presence of significant amounts of hydrocarbons on the catalyst after reaction
and extraction (details below). The TGA data show a large decrease in mass near 300 °C for two
of the specimens. Control experiments with neat C3e deposited onto silica (Figure S9) show mass
loss at approximately the same temperature. This indicates the deposited hydrocarbons are (i)
chemically similar to Cze, and (i1) thermally decompose / desorb in pathways similar to those for
C3s6. On average, Figure 3a indicates that there is a reduction in hydrocarbon on the surface at the
longer time. Based on known dynamics for polymer chain adsorption,*® the number of contacts
tends to increase with time through flattening of molecules on the surface. This flattening of the
molecule makes them more resistant to removal during extraction but reduces the available surface
sites for adsorbed hydrocarbons with few contacts that are more easily removed. We hypothesize

that a similar surface rearrangement mechanism is at play with the Cs¢ that leads to a small
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reduction in the amount of hydrocarbon left on the surface after extraction at longer reaction times.
Figure 3b shows the residual hydrocarbon mass on the catalyst per surface area of SiO2, which
initially increases when the reaction time increases from 2 h to 4 h for both FTIR and TGA
analyses. At longer times, the residual hydrocarbon mass decreases marginally from TGA analysis
while the hydrocarbon content is not changed from FTIR analysis. The missing hydrocarbon mass
calculated from the reaction mass balance measurements however increases monotonically with
reaction time. If this missing mass is assumed to be Cs¢ adsorbed on the catalysts, the difference
with the direct analyses of the catalyst particles grows with reaction time but this analysis is prone

to some error due to the small fraction of material that is unaccounted in the overall mass balance.
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Figure 3. (a) TGA curves of neat Pt/SiO2 (black) and the Pt/SiO2 residue after 2 h (blue), 4 h
(green), and 6 h (red) of reaction with the C3sH74. (b) Hydrocarbon content per SiO2 surface area
on the Pt/SiOz as determined from (®) FTIR for the integrated C-H peak areas and (©) TGA on
the basis that the residual hydrocarbons are C3sH74. From mass balance calculations, the missing
hydrocarbon including mass loss during recovery from reaction vessel and mass on the catalyst
surface (O) was assumed to be Cs3sH74 and normalized by the SiO: surface area for direct

comparison to analyses of the residual catalysts.
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FTIR spectroscopy of the post-reaction catalyst particles (Figure 4) also provides insights into
the surface species formed during the reaction. The spectrum of the as-synthesized Pt/SiO2 catalyst
(Figure 4a) showed no appreciable hydrocarbons on the surface. After the reaction, there are clear
peaks between 3000 and 2800 cm™! corresponding to aliphatic C-H stretches (the nature of the
surface hydrocarbons is discussed below). The insets in Figure 4b — d highlight wavenumber band
(3000 - 3300 cm!) typically associated with aromatic C-H stretches. The absence of peaks in this
range indicates that no aromatic compounds were produced. Transmission IR can be a quantitative
spectroscopic technique with proper normalization, so the Si-O-Si bands near 1650 cm™! can serve
as an internal standard to normalize the surface C-H stretches. This analysis shows the C-H
stretching area increases significantly on increasing the reaction time from 2 h to 4 h (Table S2).
The IR data was also quantified using the calibration curve from linear alkanes - silica mixtures
(Figure S7) for direct comparison of the quantitative TGA, FTIR, and mass balance data, shown

in Figure 3b.
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Figure 4. FTIR spectra of (a) original as-synthesized Pt/SiO: catalyst and the residual washed
Pt/Si02 catalyst after (b) 2 h, (c) 4 h, and (d) 6 h of reaction at 250 °C. The insets highlight the

wavenumber band (3000-3300 cm™) region corresponding to aromatic C-H stretches.

Nature of Surface Hydrocarbons. Hydrocarbon deposition during reaction is commonly
attributed to coking, which is generally considered as surface aromatization leading to pre-
graphitic structures.>* 33 For these catalysts, however, the observed C-H stretching frequencies
correspond to aliphatic, not aromatic hydrocarbons. The insets in Figure 4 highlight the aromatic

C-H stretching region; the IR spectra show no evidence for the presence of aromatics on the
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surface. Several additional observations make it difficult to characterize the deposited
hydrocarbons as coke. First, the post-reaction C-H stretches are virtually indistinguishable from
the reactant C-H vibrations, suggesting the deposited species are chemically similar to the parent
C36 molecule. Second, the decomposition temperature for C3¢ and the adsorbed hydrocarbons in
the TGA experiments are essentially the same, indicating likely similar structures. The
decomposition temperature is also considerably lower than temperatures typically used to remove
coke and coke precursors, even under Oz atmospheres.*”>* Third, coking is typically associated
with poisoning of metal surfaces and a loss of reactivity. In this case, C3s conversion increases
linearly over 6 h of reaction time; this behavior is indicative that the minimal coking/hydrocarbon
adsorption on the catalyst does not appreciably impact the reaction kinetics. The reaction
temperature (250 °C) is lower than what is typically reported for dehydrogenation with precious
metals like Pd and Pt.4% 30

Based on these observations, it is difficult to reasonably describe the deposited hydrocarbons as
coke or coke precursors, and the surface hydrocarbons from C3s6 reactions appear to be deposited
via a different mechanism than coke formation processes. Condensation and oligomerization
reactions are more commonly observed than aromatization processes at low temperatures (< 200
°C),** so the deep dehydrogenation pathways that lead to coke precursors may not be accessible
for the Pt/Si02 catalyst at 250 °C. The presence of liquid hydrocarbons on the catalyst surface may
also impede coke formation, particularly if coke precursors are partially solubilized or solvated by
the surface and liquid hydrocarbons. This is an added complexity to polyolefin hydrogenolysis

that is not present in traditional gas phase reactions.

Reactivity of Silica Surfaces. Our results raise several questions regarding the nature of the

hydrocarbon residue on the surfaces. The deposited hydrocarbon masses, which approach 10 wt.
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% (relative to the catalyst from Figure 3b) for the longest reaction times, are far too massive to
only be associated with the Pt nanoparticles. We therefore performed a series of control
experiments examining the reactivity of Cse with the silica support. As the coking is typically
driven by catalytic reactions,’! the C3¢ was heated with the silica support material at 250 °C and
H:2 to mimic hydrogenolysis conditions; samples were then extracted with hot toluene as described
previously for the Pt/SiO2 catalyst. The FTIR spectra (Figure 5a) shows significant residual
aliphatic hydrocarbons with no identifiable aromatic peaks. These spectra are similar to those
obtained with the Pt catalyst (Figure 4). TGA studies of the extracted silicas confirmed the
hydrocarbon content; Figure 5b shows the FTIR and TGA data from the silica reactions are well
correlated. FTIR spectra of the silica particles collected after the TGA measurement also show no
signs of aromatic hydrocarbons (Figure S10), indicating that the surface hydrocarbons do not

convert to graphitic structures in N2 at elevated temperatures.

The silica support showed the highest hydrocarbon content (= 7 wt.%) at the shortest reaction
time, suggesting the deposited hydrocarbons are not stable under the reductive reaction conditions.
Assuming a surface footprint of ~0.5 nm? per Css, this corresponds to a roughly 15-20% surface
coverage of the silica, and provides a reasonable explanation for the low activity of the Pt catalyst.
Hydrocarbon deposition onto silica is considerably faster than hydrogenolysis under these
conditions, so it is likely the Pt particles are at least partially blocked by the residues before
hydrogenolysis can take place. It is intriguing that the presence of Pt appears to slow the

hydrocarbon deposition.

More importantly, these experiments clearly identify a reaction pathway between hydrocarbons
and oxide supports that is not generally considered in polymer upcycling studies. Note our studies

are intentionally performed under low H2 pressure to promote coke formation, yet none is
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observed. Rather, irreversible (see below) hydrocarbon deposition onto the support occurs at low
temperatures; given silica cannot activate Ha, it is unlikely the reaction is at all impacted by the
hydrogen pressure. The vast majority of polymer upcycling studies utilize batch reactors loaded
and pressurized at ambient temperature, then heated to the high temperature and pressure operating
conditions of the catalyst. During the temperature ramp, the catalysts likely pass through an
operating regime similar to the conditions used in our experiments before reaching higher
operating temperatures. If polyethylene can adsorb irreversibly to a silica support, and this
interaction takes hold before the hydrogenolysis activity on the metal can start, this support-plastic

interaction should be considered in interpreting catalytic activity and modeling catalytic upcycling

reactions.
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Figure 5. (a) FTIR spectra of unreacted SiO2 (black) and SiO:z residue after heating with C3sH74
for 2h (blue), 4h (green), and 6 h (red) at 250 °C. (b) Mass of residual hydrocarbons on neat SiO2
particles as a function of heating time at 250 °C as determined from (®) FTIR for the integrated

C-H peak areas and (0) TGA

We considered three likely possibilities for the hydrocarbon deposition during C36 reactions: (i)

alkane crosslinking at elevated temperatures to yield larger polyolefins; (ii) exceptionally strong

20



non-dissociative adsorption of the alkane chains at elevated temperatures; and (iii) surface reaction
with surface silanols or Si-O-Si bonds. To clarify our terminology, we specifically refer to non-
dissociative adsorption as an adsorption event where no C-H bonds are broken to distinguish this
process from a surface reaction, which likely breaks at least one C-H bond and one surface bond.

In some cases, polymer adsorption can be effectively irreversible (i.e. non-dissociative
irreversible adsorption),’® 3! providing a potential explanation for the aliphatic hydrocarbon
deposition we observe. For example, polystyrene adsorption on silicon wafers shows an initial
increase in the polymer content during annealing;>? this study found the adsorption rate is
determined by polymer mobility.>® Large polymers have multiple polymer-support interactions
and have a propensity for developing inter-chain entanglements. However, C36 is very small
relative to a polymer, so the potential number of segmental interactions per molecule is limited
and, based on the entanglement molecular mass for polyethylene, there is no potential for
entanglements with C3e.>*

The irreversible adsorption of polymers is generally elucidated by extensive, prolonged
extraction processes; the time scale for extraction of polymer tends to be much longer than typical
reports for solids extraction during polymer upcycling.?!>33:3¢ A control experiment, in which C3s
was melted on SiO2 at 80 °C for 5 min and subsequently extracted with toluene at 100 °C,
confirmed the complete removal of Cse from the SiO2 surface, as evidenced by IR analysis as
shown in Figure S11. These results demonstrate that the irreversible hydrocarbon deposition
requires exposure to high temperatures.

We performed a more aggressive extraction to remove any strongly (physically) adsorbed
C36 or longer chains from radical-driven branching reactions.’> 337 The post-reaction silica

particles (no Pt) were further rinsed with hot (120 °C) xylene, which readily dissolves
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polyethylene.>> 3-8 Figures 6a and S12 show TGA curves for these extracted silica particles.
Figure 6¢ presents a parity plot for the two techniques (TGA and FTIR), showing the residual

hydrocarbon mass on silica (no Pt) is consistent by the two independent measures.
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Figure 6. (a) TGA traces for SiOz particles after heating with Cae for 4 h at 250 °C (b) Adsorbed
hydrocarbon content on the SiO:z particles after initial extraction with DCM and toluene (yellow)
and subsequent extraction in xylene at 120 °C for 1 h (orange) and 6 h (red). The adsorbed
hydrocarbon content is dependent on heating time at 250 °C initially and was determined by TGA

(c) Parity plot for residual hydrocarbon adsorbed on SiO: particles as determined by TGA and
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FTIR measurements. The black line represents the expected 1:1 relationship (y = x), indicating

agreement between the two methods.

Three observations from these data are of note. First, the hot xylene extraction removed
additional hydrocarbons from the surface. Second, additional time under hot xylene generally
removed additional hydrocarbons except in the case for 6 h of reaction. Third, regardless of the
C36 reaction time, after 6 h of extraction in hot xylene, a substantial and relatively consistent
amount of hydrocarbons (= 0.7 wt.%) remained on the surface. This corresponds to a surface
coverage of approximately 0.031 molecules of C3¢ per nm?, or a silica surface coverage of
approximately 2%.

These data lend themselves to several conclusions. First, the hydrocarbons remaining after 6 h
of hot xylene extraction can be characterized as irreversibly adsorbed species. Unlike large
polymers,’® 3! we can find no process by which a relatively small C3s molecule can adsorb
irreversibly without surface reaction to anchor the hydrocarbons. This is most likely due to a
surface reaction with silica silanols, which need only generate one Si-O-C bond to effectively
immobilize the hydrocarbon. This is consistent with the IR observations, indicating the majority
of the C-H stretches are unaffected by deposition.

Alternatively, radical branching of polyethylene would be expected at 250 °C; if radicals are
stabilized on the silica and these radicals promote multiple branching of adsorbed species, a

crosslinked islands of polymers/hydrocarbons on the silica could be generated. These larger MW

hydrocarbons/polymers would look more like polyethylene in their thermal characteristics. The
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TGA data, which shows increases in the temperature required to remove the remaining
hydrocarbons after extraction (Figure 6a) is consistent with this conclusion.

Second, hot xylene successfully removed some of the deposited hydrocarbons. While it is
possible the DCM and toluene extraction processes were too short to effectively remove physically
adsorbed Cs6 from the surface, this seems unlikely given our repeated control experiments. This
includes attempts at direct adsorption of C3ze from dodecane solution. Multiple attempts showed
no direct adsorption, confirming Cse-silica interactions are relatively weak. What seems more
likely is either larger hydrocarbons are present on the surface, or the xylene treatment removes
some anchored hydrocarbons, perhaps through hydrolysis reactions with trace water in the solvent.
The TGA data in Figure 6 is consistent with both possibilities. There is some correlation in the
temperature for the mass loss for the silica after the toluene extraction and the amount of
hydrocarbon extracted by the hot xylene as shown in Figure S13. This is indicative of different
species on the silica where their thermal stability is correlated with potential for extraction in hot
xylene. Examination of the xylene extract by GC-FID indicated that C3¢ were removed from the
silica (Figure S14).

We favor these explanations, or perhaps a combination of the two, because they can largely be
attributed to the generation of a few radical species at high temperatures. This is also appealing
because it provides at least a potential mechanism for the metal to slow hydrocarbon deposition
onto the surface, simply by scavenging reactive radicals. Additionally, while it is reasonable to
consider polymer adsorption to be effectively irreversible when hundreds of polymer segment-
support interactions occur simultaneously, we know of no comparable mechanism that would

allow non-activated adsorption of C3e induce similar strong adsorption. However, we cannot rule
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out the possibility that there is a strongly adsorbed (non-activated) Cs¢ species present on the
surface.

With the general framework developed for Czs, we examined hydrocarbon deposition on silica
from a low molecular mass (4 kDa) polyethylene. Our goal was to better understand the
differences in the adsorption between long alkanes and polymers on catalyst support surfaces and
extend our insights to conditions relevant to polyolefins upcycling. Figure 7 shows the irreversibly
adsorbed or anchored hydrocarbon surface coverage for C3¢ and = 4 kDa polyethylene, i.e. the
surface normalized mass of hydrocarbon remaining after hot xylene extraction for 1 h. The
reaction (deposition) time was held constant at 2 h while the reaction (deposition) temperature was

varied from 200 to 300 °C.
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Figure 7. Role of temperature on the amount of residual hydrocarbon on SiO: for (@) C3sH74 and

(M) polyethylene after extraction for 1 h with xylene at 120 °C.

In both cases, the hydrocarbon deposition is essentially insensitive to the reaction temperature,
suggesting the reaction is complete and the surface is fully covered at 200 °C after 2 h. This is
consistent with the temperature window for condensation and chain transfer reactions, which are
more common than coke formation reactions at low temperatures.>* Relative to the Cse, the

polyethylene deposits an order of magnitude more material on the silica surface. This increased
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apparent polymer adsorption on surfaces is consistent with theory of polymer adsorption for

molecular mass dependencies.>®

Perhaps more importantly, the order of magnitude increase is
consistent with the order of magnitude difference in molecular weights (4000 Da vs 590 Da). Thus,
approximately the same number of hydrocarbon chains are anchored in the reaction. This suggests
a comparable number of radicals are generated, which is reasonable considering both reactions
used equivalent masses of chemically similar C-H bonds. These data illustrate the often-
overlooked importance of the catalyst support on the products obtained from catalytic
deconstruction of polyolefin waste. Irreversible adsorption can clearly occur despite the lack of
strong specific interactions, and radical chemistry may become more important at elevated
temperatures. It should be noted that the exact details of these surface reactions and the polymer
adsorption may be dependent on the exact nature of the support. Future work will examine how

other supports, such as alumina and acidic zeolites, impact the residual polyethylene on the surface

after heating.

CONCLUSIONS

This study identifies an under-reported low-temperature reaction pathway between silica support
surfaces and long-chain alkanes or polymers; this pathway is generally not considered in modeling
polymer upcycling reactions, yet occurs under conditions most catalytic studies pass through. We
found significant quantities of residual hydrocarbons on silica supports after performing catalytic
polyolefin deconstruction reactions under conditions relevant to the upcycling of plastic waste.
Using polyethylene and a model oligomer reactant, independent TGA and FTIR measurements, as
well as careful mass balance determinations, confirmed the presence of surface hydrocarbons after
heating with C36 to 250 °C under H2. The FTIR spectra of silica and Pt-silica particles after

extraction with DCM and hot toluene exhibited clear C-H stretch bands. There were no qualitative
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differences in the residual hydrocarbons on silicas with and without Pt, indicating hydrocarbon
deposition occurred on the support. This result is inconsistent with expected coking mechanisms
associated with hydrogenolysis, as these mechanisms rely on dehydrogenation pathways on the
precious metal catalyst. Both TGA and IR confirmed typical extraction practices used for recovery
of non-polymeric products in catalytic deconstruction of polyolefins?!-33:3¢ were unable to extract
all of the post-reaction hydrocarbons from the surface. Even after 6 h of extraction in excess
xylene at 120 °C, approximately 1 wt% hydrocarbon remained on the silica surface. This
demonstrates that some Cse is effectively irreversibly adsorbed to the silica surface, despite no
apparent change in the chemistry probed by IR spectroscopy and TGA. We propose two potential
mechanisms for the unextractable hydrocarbons, both of which may be involved: (i) radical driven
surface attachment of Cze to surface silanols and (i1) radical stabilization on the silica generates
multiple branching reactions on the adsorbed Cse to effectively crosslink the hydrocarbon to the

silica.

Similarly, reactions using a low molecular mass polyethylene (Mw = 4 kDa) also generated
hydrocarbons on the silica that could not be removed via extraction. Under the same conditions
(250 °C, 2 h), the polyethylene results in an order of magnitude higher amount of residual
hydrocarbon on the silica; this value is consistent with the order of magnitude higher molecular
weight of polyethylene. The amount of polyethylene or C3¢ on the silica was effectively
independent of temperature over the range examined, 200 °C — 300 °C, suggesting the surface
reaction occurs at moderate temperatures. In aggregate, these results demonstrate the strongly
bound hydrocarbons on catalytic supports generated during chemical recycling of polyolefin waste
may not necessarily be attributable to reactions associated with the catalyst. Rather, the polymers

and related species can interact with the silica support surface to produce effectively irreversibly
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adsorbed or anchored hydrocarbons. We hypothesize radical reactions at the interfaces may be
responsible for initiating the anchoring reactions. Consequently, support-plastic interactions at
elevated temperatures should be considered in the development of catalyst systems for catalytic
plastic recycling/upcycling as these tethered polymers may be detrimental to catalyst performance.
Additional work is needed to determine the generalizability of these findings across the variety of

support chemistries common in plastic upcycling.
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