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Abstract

A new strategy for polyethylene (PE) deconstruction via alkane metathesis is presented, in which
WO,/SiO2 catalyzes the olefin metathesis reaction step. Zeolite 4A is an essential component to protect
the metathesis active sites from poisoning by in-situ-generated oxygenates in a batch reaction system.
High conversion of 1-hexadecene (96%) and n-hexadecane (92%)—surrogates of long-chain
molecules—demonstrates the high reactivity of WOx/SiO2 metathesis catalyst for olefin and alkane
metathesis reactions, respectively, at moderate reaction temperatures of 300 °C for 2 to 3 h. Pretreatment
temperature and length of the short n-alkane-chain solvent significantly affect the metathesis reactivity
and selectivity. Results for the deconstruction of low-density PE (LDPE) in n-decane demonstrate a
remarkable potential for PE upgrading with the advantages of short reaction times (3 h), the low mass

ratio of solvent to LDPE, and the production of solid products with narrow molecular weight distributions.

Keywords

Alkane metathesis, molecular redistribution, chemical upgrading



1. Introduction

The negative environmental impact of plastic waste requires the urgent development of effective and
economical plastic recycling and upgrading processes [1]. Polyethylene (PE) is the largest portion of the
plastics waste stream and presents major challenges to chemical recycling due to the stability of the
polymers’ C-C bonds [2,3]. Numerous investigations utilizing various catalytic reactions for PE upgrading
have been reported recently [4—17]. Catalytic alkane metathesis chemistry—comprising tandem
(de)hydrogenation and olefin metathesis—has been explored as an alternative to direct deconstruction
methods (e.g., pyrolysis or hydrocracking) due to its moderate operating temperature (~200 °C) and
absence of reactive gases (i.e., H2) in the process, two factors favorable for the economic viability of a

metathesis-based chemical recycling process [18,19].

While alkane metathesis-based PE deconstruction has been demonstrated in the literature, the approach
typically relies on a rhenium oxide catalyst for the olefin metathesis reaction [18,19]. Rhenium oxide is
expensive, cannot be applied at the high temperatures at which reaction kinetics are most favorable (due
to the high volatility of surface rhenium oxide species), and can be complex to regenerate [18-24]. We
sought to substitute this catalyst with a silica-supported tungsten oxide (WOx/SiOz), a relatively
inexpensive material that addresses the adverse features of rhenium oxide (cost ratio of
rhenium/tungsten = 106 (w/w) [25]). Olefin metathesis [20,26-44] and alkane metathesis [45,46] using
WO,/SiO2 have been applied in plug-flow reactor systems. They are generally known as molecular weight
redistribution processes. However, there have been no reports of the application of this catalyst for either
olefin or alkane metathesis reactions in a batch reactor system or for PE deconstruction. A batch reactor
may be preferable to a flow reactor for PE upgrading to address the challenges of converting mixed
plastics waste; therefore, understanding the conditions needed for catalyst operation in a closed system

is key to developing successful upgrading processes.

A critical barrier to implementing closed-system alkane metathesis is the generation of aldehydes and
ketones during catalyst activation because these species poison catalytic active sites—tungsten

alkylidenes—on the surface of WOx/SiOz [26,27,40,47]. Furthermore, given the molecular weight



redistribution features of alkane metathesis chemistry—which not only shortens but also lengthens the
chains of the initial reactants—a thorough investigation of reaction variables, such as dilution ratio and
catalyst pretreatment conditions, is needed to design processes that can control product distribution
toward higher-value components. The development of a model reaction system that utilizes polymer
surrogates to screen and optimize the most crucial reaction conditions must precede widespread

adoption of polymer metathesis upgrading processes.

Herein, we develop model reactions of catalytic olefin and alkane metathesis using a WOx/SiOz catalyst in
a batch system. Using these model reactions, we evaluate the role of zeolite 4A (abbreviated 4A)
adsorbent in facilitating catalyst activation and reaction in a closed/batch system. We assess the factors
that affect the catalytic reactivity and selectivity of the system. We demonstrate that because WO,/SiO2
can operate in the range of temperatures inaccessible to rhenium oxide, shorter reaction times can
produce high conversions of the surrogate reactant. Finally, we show that the reaction system described
herein has significant potential for LDPE upgrading with remarkable efficiency gains in comparison to
reports on the deconstruction of PE using catalytic metathesis via rhenium oxide [18,19]. To the best of
our knowledge, this report is the first study in which WO«/SiO2 has been successfully implemented in the

closed-batch reactor and, specifically, for the chemical upgrading of PE.

2. Experimental

Please see Appendix for the list of acronyms and abbreviations.

2.1. Catalyst synthesis

WO,/SiO2 (2 wt%) was prepared by wet impregnation. 6.4 g of 4.7 mM ammonium meta-tungstate
hydrate ((NH4)sH2W12040-xH20, 99.99%; Sigma Aldrich) precursor solution was added dropwise to 4.0 g
of a silica support (SiO2; Davisil, Grade 643; Sigma Aldrich) and mixed using a spatula for 12 min. The
mixture was dried under static air at 120 °C for 24 h in an oven. Finally, the dried mixture was transferred
to a tube furnace at 120 °C for 2 h and then calcined at 500 °C for 12 h with a ramp rate of 3 °C/min in a

1000 mL/min flow of air.



Zeolite 4A (beads, 8-12 mesh) was purchased from Sigma Aldrich and activated by heating from ambient
temperature (~23 °C) to 310 °C (1 °C/min) and then holding at 310 °C for 15 h under airflow (200 mL/min)
in a muffle furnace. The activated 4A was stored in an airtight container before use. Pt/y-Al203 (1 wt%,

abbreviated PA) was purchased from Alfa-Aesar and used as received.

2.2, Catalyst characterization

The X-ray diffraction (XRD) patterns of samples were collected using a Brucker D8 diffractometer in 6-6
geometry with a step size of 0.03° and a 1 s scan per point. The catalyst surface area and pore volume
were measured by N2 adsorption-desorption experiments at 77 K using a 3Flex surface characterization
analyzer (Micrometrics) after the samples were pretreated at 300 °C for 6 h under vacuum. Elemental
analysis via X-ray fluorescence (XRF) was conducted using a Rigaku wavelength dispersive XRF
(WDXRF) instrument. Carbon monoxide chemisorption was performed using the pulse technique on a
Micromeritics AutoChem II. Images of the surface morphology of the samples were obtained with a
scanning electron microscope (SEM, Auriga-60, ZEISS) using 3.00 kV accelerating voltage. Prior to the
SEM experiments, the samples were coated with gold/palladium alloy. The Raman spectrum of catalyst

powder was collected by a Horiba LabRam microscope using a 325 nm UV-laser with a 15x objective.

2.3. Model reactions of catalytic olefin and alkane metathesis

For the olefin metathesis model reaction, the metathesis of 1.56 g of 1-hexadecene (>99.0%; TCI
America) was carried out in n-heptane (99%; Fisher Chemical) at a molar ratio of 9.8:1 (n-heptane:1-
hexadecene). A total of 0.8 g of WOx/SiO2 and 1.0 g of 4A were added to the reactor as olefin metathesis

catalyst and adsorbent, respectively. This model reaction is denoted olefin-metathesis (C7/C16).

The alkane metathesis model reaction was carried out using 1.58 g of n-hexadecane (99%, anhydrous;
Acros Organics) and the corresponding amount of short-chain alkane, either n-heptane or n-decane
(>99.0%; TCl America), at a molar ratio of 9.8:1 (short-chain alkane:n-hexadecane). These model
reactions are named alkane-metathesis (C7/C16) and alkane-metathesis (C10/C16), respectively. For
alkane metathesis of PE, 1.55 g of LDPE (Mw ~ 75 kDa; Sigma Aldrich) and 9.7 g of n-decane were used,

and the model reaction was denoted alkane-metathesis (C10/LDPE). For all alkane metathesis reactions,



0.5 g of PA was used as a (de)hydrogenation catalyst together with the same amount of WOx/nd 4A as

used for the olefin-metathesis (C7/C16).

All the liquid reactants for each experiment were mixed using a magnetic stirrer and dehydrated using the
activated 4A in an airtight glass bottle at room temperature for 2 h prior to the reaction. Plastic pellets of

LDPE were used as received without any further mechanical treatment (e.g., grinding).

2.4. Catalyst pretreatment and reactivity tests

Catalyst pretreatment and the metathesis reactions were performed as follows: catalysts and adsorbent
were placed into a 50-mL, stainless-steel, pressure reactor (Parr) and mechanically mixed by a spatula
prior to closing the reactor. The pretreatment consisted of dehydrating this mixture under 100 mL/min flow
of helium at the desired temperature (450 or 480 °C) for 2 h, including a ramping period (10 °C/min).
Helium (Grade 5.0; Keen Compressed Gas Co.) was purified by oxygen/moisture traps (Restek) and then
flowed through the reactor continuously. After this period, the reactor was cooled to room temperature
using an ice bath. The liquid feedstock, corresponding to each specific reaction, was added to the reactor
using a glass syringe connected to the reactor via a Luer-to-threaded NPT connector (Figure S1) to avoid

exposing the pretreated catalyst to oxygen.

For the case of alkane-metathesis (C10/LDPE), the desired mass of plastic pellets was added via a ball
valve after adding the liquid mixture. The reactor was continuously purged with a flow of 100 mL/min of
dry He. This procedure ensured that minimal air or water vapor contaminated the interior of the reactor
when the pellets were introduced. After adding all reactants, the reactor was purged ten times with N2 (up
to 5 bar) to remove any residual oxygenates in the vessel and ensure all liquid was in the bottom of the
reactor. Finally, the reactor was charged to 30 bar of N2 at room temperature and heated to a reaction
temperature of 300 °C (at a 10 °C/min ramp rate) while stirring with a magnetically driven impeller at 800
rpm. The reaction time in section 3 includes the temperature ramping period (~30-40 min). The reactor
was quenched by an ice bath at the specified reaction time. A schematic of the procedure is shown in

Figure S2.



2.5. Product analysis

Gas products in the headspace of the reactor were transferred to a Tedlar gas sampling bag and
analyzed with a gas chromatography-flame ionization detector (GC-FID) (Agilent HP-Plot GC column).
Products of carbon numbers between 1 and 8 in the gas phase were detected with GC-FID by Tedlar
sampling bags filled with samples from the reactor headspace, and the yields of these products were
calculated based on the ideal gas law and calibration curves measured with standards. The mixture of
liquid products, catalysts, adsorbents, and wax remaining in the vessel was then collected in a beaker.
The reactor was rinsed with 50 mL of CH2Cl2 (HPLC grade, Fisher Chemical), and this solution was mixed
with the recovered reactor contents. 0.2 g of mesitylene (99%, Extra Pure; Acros Organics) was added to
the collected products as an internal standard. This mixture was separated by filtration (11 um; GE
Whatman), yielding a liquid filtrate and solid residues. The liquid was analyzed by GC-FID (Agilent HP-1
column) and gas chromatography-mass spectrometry (GC-MS) (Agilent DB-1 column). For GC-FID
measurements, the temperatures of the inlet and FID detector were maintained at 300 °C, and the oven
was started at 40 °C, held for 5 min, ramped to 300 °C (at 15 °C/min), and then held for 5 min. The

conversion of each feedstock was calculated as

nfinal

Conversion (%) = x 100

Ninitial

in which 44, i the total number of moles of carbon atoms in the initial feedstock, and ny;,,, is the total
number of moles of carbon atoms in the remaining after the reaction. The moles of feedstock (i.e., n-
heptane, n-decane, n-hexadecane) consumed by each reaction was calculated using a material balance
given the starting and final quantities (the latter of which was measured via GC-FID). A correction was
made to account for losses of feedstock due to the addition of reactants to or collection of products from
the reactor. A control experiment was performed in which: (1) feedstock in the same quantity used for the
model reactions was added to the empty reactor via the syringe (see section 2.4), (2) the reactor was
purged five times under 5 bar of N2, (3) the feedstock was collected in a beaker by rising the reactor with
50 mL of CH2Clz, and (4) the solution was analyzed by GC-FID after the addition of 0.2 g of mesitylene to

the sample. The typical loss of n-heptane was ~5% whereas that of n-decane and n-hexadecane was <1%



for each. Based on these results, 5% was added to ny;,; for the calculation of conversion with respect to
n-heptane. The yield and selectivity of the products with carbon number i were calculated by following
equations:

n; n;
Y; (%) = —— % 100; S; (%) = Z_n x 100

long, initial j

in which n; is the total number of moles of carbon atoms in the product species with carbon number J,
Mong, iitiar 1S the total number of moles of carbon atoms in the long-chain alkane or alkene reactant
corresponding to each model reaction (e.g., Nyong, mitias 1S the total number of moles of carbon atoms in
initial 1-C16- for olefin-metathesis (C7/C16)), and ¥ n; indicates the total yield of products in the liquid
mixture (i.e., excluding wax). For products of carbon numbers ranging between 5 and 15, n-alkanes
corresponding to each carbon number were used to determine the calibration factors (i.e., by correlation
of known concentration). The effective carbon numbers of products greater than 15 were set equal to that

of the internal standard.

The yields of species of carbon number 3 - 8 were included in the total yield of liquid products because
most of these hydrocarbons were condensed or dissolved, rather than transferred to the gas sampling

bag after the reaction. The yield and selectivity of gas products of carbon number <3 are not represented
below because they were only present in small quantities (< 0.05% recovered). The carbon balance (C.B.)

of reactions was calculated as
X N + Nyay 2 X Wyay

X 100; Tyqy = ——
nshort, initial + nlong, initial

C.B.(%) =

in which ngpere, iniriar 1 the number of carbon atoms in the alkane feedstock of short-chain length, n,,4, is
the number of carbon atoms in the wax product, and w,,,, is the mass of wax. Some of the liquid
compounds are likely adsorbed on 4A, causing a reduction in the total C.B. of reactions; however,

quantification of these products was not performed.

The solid residues from the product mixture were analyzed by high-temperature gel permeation

chromatography (HT-GPC) in the cases in which a solid product was recovered. To this end, an aliquot of



the residue was dissolved in toluene at 100 °C, and the clear solution was decanted to remove catalyst
and adsorbent particles. We have previously demonstrated that this method adequately separates all
residues from the catalyst-residue mixture with high reproducibility (i.e., multiple random samples yield
the same product distribution [4]). The solutions were then dried completely using a rotary evaporator and
prepared for HT-GPC by dissolving 1.5 mg/mL in the mobile phase at 140 °C for approximately 3 h. HT-
GPC was performed using a high-temperature chromatograph (Tosoh HLC-8312GPC/HT), with two
TSKgel GMHHR-H(20)HT and one TSKgel D2000HHR(20) columns in series. The mobile phase, 1,2,4-
trichlorobenzene (HPLC grade; Fisher Chemical) with 500 ppm butylated hydroxytoluene (Fisher
Chemical), was maintained at 140 °C and a flowrate of 0.8 mL/min for a total elution time of 80 min.
Molecular weights were determined using calibration runs of 13 narrow polystyrene standards in the
range of 5x102 to 2x108 Da with molecular weight values of the solid samples adjusted by the Mark-
Houwink constants for polystyrene and PE [48]. The resulting Mark-Houwink-corrected molecular weight
range for PE samples was 8x10 to 6x10° Da. The weight (Mw) and number (M) average molecular
weights were determined by discrete integration (using standard methods [48]) of the distributions
obtained from the refractive index (RI) detector response, including only data corresponding to Mark-

Houwink-corrected molar masses greater than 3x10? Da.

3. Results and discussion

3.1. Characterization of the catalysts

Given that the surface-isolated tungsten alkylidene species are the active sites for heterogeneous olefin
metathesis [20,26,27,49,50], the loading of W was set to 2 wt% to minimize waste metal when
synthesizing catalyst. The Raman spectrum (Figure S3) of a WOx/SiO2 olefin metathesis catalyst
revealed that tungsten oxide was present in dehydrated monomeric form with peaks at 905, 985, and
1015 cm™ [51-53]. Raman features for bulk WOs nanoparticles (270, 720, and 805 cm™) and the
diffraction peaks for monoclinic crystalline tungsten oxide were absent in the XRD pattern (Figure S4(a))
[26,27]. Additionally, minimal change in the Brunauer—-Emmett-Teller (BET) surface area (Sger) and pore

volume (Vp) of the silica support after synthesizing WOx/SiO2 was measured, indicating that the tungsten



oxide species was well-dispersed rather than blocking the pores of the silica support (Table 1 and Figure

S4(b)).

SEM images of WOx/SiO2 and PA illustrate the morphology and approximate particle size distribution of
the catalyst samples (Figure 1). While WOx/SiOz2 catalyst had a spherical shape and broad distribution of

particle sizes, PA was obtained as platelets with flat surfaces and a narrower particle size range.

Table 1. Physical and chemical properties of the catalysts

Sample Seer (M?/g)  Vp (cm®/g)  Metal loading (wi%)? Pt size (nm)®

SiO2 279 1.1 - -
WOSiO2 271 1.1 2.0° -
PA 156 0.5 1.0 1.1

a: Determined by XRF
b: Determined by CO chemisorption
c: Metal loading was calculated based on WOs

(a) (b)

Figure 1. SEM image of (a) WO«/SiO2 and (b) PA.
3.2. Activation of WO,/SiO- with 4A in closed batch system: olefin-metathesis (C7/C16)

The objectives of the olefin-metathesis (C7/C16) reaction were to establish the operating conditions under
which WOx/SiOz catalyst can be effectively activated in the batch reactor and to evaluate the catalytic

reactivity of WOx/SiOz2 for the molecular redistribution of a long alkene (1-hexadecene). The WOx/SiO2



pre-catalyst surface species—surface-isolated tungsten di/mono-oxo compounds—need to be reduced
and re-oxidized by the olefin to generate the surface-active sites—tungsten alkylidene—prior to the
catalytic reaction. This process leads to the formation of aldehydes or ketones; e.g., acetone is typically
produced during the propylene metathesis reaction [26-28,54]. Though tungsten oxide species are easily
poisoned by oxygenates, deactivation can be circumvented in a plug flow reactor because the fluid
constantly removes oxygenate intermediates and hydrocarbon products from the catalyst surface. In a
closed system, contact between the oxygenates and the catalytic tungsten oxide species is unavoidable.
Therefore, we sought an alternative by which these detrimental oxygenates can be separated from the
catalytic sites, preventing poisoning. Zeolite 4A was chosen because it is widely available and strongly
adsorbs polar species (e.g., water, alcohols, aldehydes, and ketones), which are produced during the
activation process and during the hydrogenation of intermediates. Additional experiments demonstrated a
~20-30 wt% reduction in oxygenate concentration (Table S1). The essential advantages of 4A during
activation and reaction were verified by comparing the results of olefin metathesis of C7/C16 mixtures to
those from control experiments conducted with WOx/SiO2 in the absence of 4A. Experiments performed
with 4A produced a wide distribution of olefin compounds (Figure S5); however, the control experiments
generated no such products (i.e., only unidentified compounds, not shown). Though the adsorption
capacity of 4A at the operating temperature (300 °C) is expected to be small [55,56], enough of the in-
situ-generated oxygenates during activation in the closed system are removed, and activated-WO/SiOz2 is

prevented from deactivation prior to olefin metathesis.

Under the reaction conditions in which 4A was investigated, high conversion (~96%) of 1-C1s- was
achieved, resulting in a broad distribution of products of different carbon numbers (Cs — Css). This product
distribution aligns well with the high catalytic reactivity of WO«/SiO2 with respect to the molecular
redistribution process (Figure S5, red traces and Table 2, entry 1). Three hydrocarbon species are
identified for each carbon number (3 - 35), corresponding to a-olefins, olefin isomers, and n-alkanes. The
formation of the olefin isomers was expected due to well-known olefin isomerization side reactions in
WOx/SiO2-catalyzed olefin metathesis [27,28,35,36]; however, n-alkanes also were produced in the
absence of a (de)hydrogenation catalyst (Figure S5). Considering that (de)hydrogenation reactivity via

the partially reduced tungsten oxide catalyst (WOs«x) has been reported [29,57,58], the production of n-



alkanes may be the result of (de)hydrogenation reactions catalyzed by WOs.x species of WOx/SiO2. The

hydrogen for n-alkane formation was likely supplied by dehydrogenation of olefin intermediates or the

abundant n-C7 solvent. Further dehydrogenation of these intermediates may lead to the formation of coke

precursors (Figure S6(a)). The pale-yellow color of the product solution (Figure S7(a)), low conversion of

n-C7 (6%), and formation of heptenes also support this hypothesis. n-Heptenes were detected by GC-MS

but were difficult to quantify due to their overlap with n-heptane peaks.

Table 2. Results for olefin/alkane metathesis reactions

(C10/LDPE)

E  Metathesis Catalyst Conversion Yield
nt reaction pretreatment
ry temperature Short-  Long-chain  Liquid  Solid CB
(°C) chain  alkane/olefin  (%)? (g)P° (%)
alkane (%)
(%)
Olefin-
1 metathesis 450 6?.’03)0 96.4 (1.6)° (717'57)C N/A ?22'62)0
(C7/C16) ) ) )
28.3 c 164.8 92.6
2 450 zop 87760 o0y A H.or
Alkane-
3  metathesis 15.8¢ 64.99 107.39 N/A 95.94
(C7/C16)
4 480 57.4 91.6 (0.3 252.4 0.3 88.9
(1.4)¢ T (9.6)°  (0.0° (1.4¢
5 10.8¢  19.1¢ 77.64 N/A 99.3¢
6 Alkane- 48.0 57.6 (1.4)° 316.6 N/A 96.5
metathesis (2.3)¢ (25.8)¢ (1.6)°
(C10/C16)
480 81.6 f 4483 0.8 93.9
/ @7y 48RE 3e (04 (33
Alkane-
. 60.2 3495 1.0 95.4
8  metathesis (3.6)° N/A (18.9)° (0.0° (0.3)°

Operating temperature of all reactions, 300 °C; for olefin-metathesis, 1-C1s- of 1.56 g (n-C7/1-C16- = 9.8
(mol/mol) added; for alkane-metathesis using C16 surrogate molecule, n-C1e of 1.58 g (n-C7or 10/n-C16 =
9.8 (mol/mol)) added, and when using LDPE, LDPE (Mw ~75 kDa) of 1.55 g (n-C10/LDPE = 6.3 (9/9))

added.

a: This value is calculated on a long-chain alkane/olefin (i.e., 1-C1s-, n-C1s, and LDPE) basis

b: Mass of dried solid residual excluding the mass of the initial catalysts and adsorbent

¢: Average and standard deviation of reaction quadruplicates
d: Single reaction result
©: Average and half range of reaction duplicates

f. Average and standard deviation of reaction triplicates



It should be noted that migration of W from WO«/SiO2 to 4A may have occurred during the catalyst
pretreatment. This migration of elemental W was confirmed by a scanning electron microscope with
energy dispersive X-ray spectrometer (SEM-EDX) with a measured concentration of ~0.1-0.2 wt%
(standard deviation of 0.1) on 4A. However, the catalytic impact of tungsten in 4A is likely negligible
because of the internal diffusion limitation within micropores (~4 A diameter) of 4A that would hamper the

rate of the olefin metathesis reaction.
3.3 Application of WO,/SiO: to alkane-metathesis and alkane cross-metathesis (C7/C16)

High conversions of reactants (n-Cz and n-C1s) and characteristic molecular redistribution of the
metathesis reaction also were achieved using WO«/SiOz2 for alkane-metathesis (C7/C16) under reaction
conditions identical to those of the corresponding olefin-metathesis (C7/C16) (except the substitution of 1-
Cie- with n-C16) (Figure 2(a) and Table 2, entry 2). Although the Pt-catalyzed, non-oxidative
dehydrogenation of alkanes typically requires high operating temperatures (~500-600 °C) to achieve a
satisfactory yield of the targeted alkene due to the high endothermicity of the reaction [59], the reaction
conditions (e.g., loading of Pt catalyst and operating temperature) for our tandem catalysis reaction
generate sufficient olefin intermediates for the olefin metathesis step to proceed, giving rise to high
conversions of both alkane reactants. The turnover numbers (TON) for Pt and W were 984 and 364,
respectively (Table 2, entry 2). These values confirm that the reaction was catalytic. Note that the
tungsten-based TON is an under-estimate because all tungsten atoms were assumed to be active sites
for olefin metathesis. Control experiments conducted without PA (blank, with only WOx/SiO2, and with
both WO/SiO2 and 4A) yielded conversions below 5 % of each alkane reactant, whereas an experiment
conducted with only PA showed conversion of 7 % and 36 % for n-C7 and n-Cie, respectively. These
relatively high conversions were attributed to the cracking properties of PA. Compared to the original
experiment (Table 2, entry 2), these results support that each solid component is necessary to unlock the
catalytic tandem reaction. Overall, these results indicate that WOx/SiO2 can be activated appropriately to
catalyze the olefin metathesis stage of the entire tandem cycle in the closed batch reactor with the aid of

4A.
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Figure 2. (a) Yield of liquid products of different carbon number. For olefin-metathesis (C7/C16), 1-
C1e-,1.56 g (n-C7/1-C16- = 9.8 (mol/mol)); WO«/SiO2, 800 mg; 4A, 1.0 g. For alkane-metathesis (C7/C16),
n-Cis, 1.58 g (n-C7/n-C16 = 9.8 (mol/mol)); PA, 500 mg; WOx/SiOz, 800 mg; 4A, 1.0 g. Pretreatment
conditions: 450 °C; He flow (100 mL/min); 2 h. Reaction conditions: 300 °C; N2, 30 bar; 2 h. Data for the
added alkane reagent/solvent in (a) were omitted. The bars represent an average of reaction triplicates
with error bars indicating a standard deviation. (b) Product selectivity of alkane compounds in the liquid
products of alkane-metathesis (C7/C16) at different reaction times; 1 h and 2 h. n-C+e, 1.58 g (n-C7/n-C1e
= 9.8 (mol/mol)); PA, 500 mg; WOx/SiO2, 800 mg; 4A, 1.0 g. Pretreatment conditions: 480 °C; He flow
(100 mL/min); 2 h. Reaction conditions: 300 °C; Nz, 30 bar. The bars represent the result of a single
reaction for the 1 h case and an average of quadruplicates with error bars indicating a standard deviation
for the 2 h case. Data for the added alkane reagent/solvent in (a) and (b) were omitted.

Alkane cross-metathesis—the reaction between short- and long-chain alkanes—is the desired reaction
because incorporating the short-chain into the long-chain leads to a rapid reduction of the effective length
of the polymer toward the products of interest. Whether efficient molecular redistribution of LDPE
surrogate (n-C1e) would occur via the cross-metathesis was determined by comparing the trends of the
product yields of olefin-metathesis and alkane-metathesis (C7/C16) reactions. While the conversions of
Cie reactants of these model reactions differ by only 10%, the C1s basis yield for compounds with carbon
numbers greater than 16 is double for olefin-metathesis (C7/C16) in comparison to that of alkane-
metathesis (C7/C16) (Figure 2(a)). This result suggests that carbon atoms originating from n-C7 were
effectively incorporated into the compounds of carbon number greater than 16, indicating that the product
selectivity towards alkanes smaller than carbon number 16 for alkane-metathesis (C7/C16) becomes

greater than that of olefin-metathesis (C7/C16).

The effect of pretreatment temperature was investigated by performing separate alkane-metathesis

(C7/C16) reactions after dehydration of catalyst substrates at 450 and 480 °C. A higher pretreatment



temperature increased the consumption rate of both n-C7z and n-C+e, with a greater enhancement
measured for n-C7. As a result, product yields increased by ~50%, although the carbon balance was
reduced from 93% to 89%. The conversion of n-C7 for entry 2 (Table 2) decreased by approximately half
when 4A was used without the separate ex-situ activation at 310 °C before catalyst pretreatment (Method
2.1). This reduced activity presumably was due to the 4A not being completely dry, even after the
pretreatment, leading to a reduction in the ability to scavenge the oxygenates generated during the
activation process and diminishing the ultimate number of active sites on WOy/SiO2. Alternatively, after
pretreatment, the incompletely dehydrated 4A desorbed a small quantity of water, deactivating the active

sites.

By increasing the pretreatment temperature, reaction rates are expected to be enhanced by further
dehydrating the sample toward an improvement in the overall conversion of reactants and an increase in
product yields. Care must be taken to maximize pretreatment temperatures without inducing structural
damage to the catalyst or adsorbent. A reduction in the carbon balance can partly be explained by the
production of coke-related species (Figure S6(a) and (b)), as indicated by the darker yellow color of the
product solution of entry 4 in comparison to other entries (Figure S7(a) and Table 2). Interestingly, the
solution prepared for HT-GPC of the solid residuals from entry 4 (separated from the catalysts and 4A)
contained insoluble, microscopic particles that had to be filtered out from the solution. Even after filtration,
the solution remained clear with a brown color, suggesting the presence of potential coke-like precursors

(possibly polycyclic aromatic species).

The effect of reaction time on the catalytic reactivity was investigated by running the alkane-metathesis
(C7/C16) reactions for 1 h and 2 h after the pretreatment at 480 °C. The Pt-based TON increased from
592 to 1763 after 1 h (Table 2, entries 3 and 4). The approximately 3x-lower TON at 1 h could be not
only due to the inclusion of the temperature ramping period (~ 30-40 min), but also to an induction period
during which the surface WOx species are activated [49,57]. Additionally, it can be observed that the

selectivity towards C16+ alkanes decreased as the reaction time increased (Figure 2(b)) (see below).

3.4 Effect of the short alkane length in alkane-metathesis (C10/C16)



PE solubility is highly dependent upon the choice of organic solvent, which ultimately affects catalytic
deconstruction rates via factors such as heat/mass transfer and the nature of substrate-catalyst
interaction. Even chemically similar, non-polar, organic solvents (e.g., n-pentane and n-hexane) can
display different performance characteristics in the catalytic deconstruction of PE based on dissimilarities
in polymer solubility and conformation at the reaction temperature [8,60,61]. We performed alkane-
metathesis (C10/C16) to investigate the effect of the length of the short alkane species on the molecular
redistribution of PE surrogate, n-Cis, by replacing n-C7 (Tc = 267.46 °C) with n-C1o (Tc = 344.65 °C) [62].
Considering the reaction temperature (300 °C), one noticeable difference between alkane-metathesis
(C7/C16) and alkane-metathesis (C10/C16) is the thermodynamic state of the shorter length alkanes (i.e.,
C7 and Cio): supercritical fluid and liquid, respectively. Reaction time (1 - 3 h) was adjusted; but other
reaction parameters (e.g., pretreatment temperature, reactant molar ratio, catalyst loading, nitrogen

pressure, etc.) were kept constant.

(a) ¥ Alkane-metathesis (C10/C16) 1 (b)g | ==Alkane-metathesis (C7/C16)
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Figure 3. (a) Product selectivity of alkane compounds in the liquid products of alkane-metathesis
(C10/C16) at 1 h, 2 h, and 3 h. n-C+s, 1.58 g (n-C10/n-C16 = 9.8 (mol/mol)); PA, 500 mg; WOx/SiOz, 800
mg; 4A, 1.0 g. Pretreatment conditions: 480 °C; He flow (100 mL/min); 2 h. Reaction conditions: 300 °C;
N2, 30 bar. Single reaction result for 1 h measurement and averages of duplicates and triplicates with
error bars indicating the half of range and standard deviation for the 2 h and 3 h measurements,
respectively. Data for the added alkane reagent/solvent in (a) were omitted. (b) Differential molecular
weight distributions of the post-reaction solid residues from alkane-metathesis (C7/C16), 2h; alkane-
metathesis (C10/C16), 3 h (as measured by HT-GPC).

The Pt-based TONSs for alkane-metathesis (C10/C16) were 337 and 1423 after 1 h and 2 h of reaction
time, respectively (Table 2, entries 5 and 6), and demonstrated that the reaction remained catalytic. In

comparison to alkane-metathesis (C7/C16) (Table 2, entries 3 and 4), the overall rate was slower for the



first two hours; however, the relative rate (i.e., the ratio of the number of converted short alkane to that of
C16, rshort/ri16) increased from 2.4 to 6.1 and from 5.5 to 8.2 for the 1 h and 2 h reactions, respectively,
after replacing n-C7 with n-C10.The higher relative rates for alkane-metathesis (C10/C16) indicate that n-
Cio reacted more frequently (relative to n-C1s) in the reaction than n-C7. This difference can be attributed
not only to the different phase behaviors of the short alkane species on the rate, but also to the effects of
the different substrate lengths on adsorption and to the intrinsic rate of either dehydrogenation or olefin
metathesis [50,63]. When comparing entries 4 and 7 (Table 2), the relatively increased reactivity for n-C1o

led to a decrease in n-C1s conversion by ~20%.

The use of n-C1o as the short alkane: (i) shifted to the liquid product selectivity towards higher molecular
weight alkanes (>C16) as time increased (Figure 3(a)) in contrast to the results for n-C7 (Figure 2(b)), (/i)
resulted in the formation of higher molecular weight wax (Figure 3(b) and S8(a)), and (jii) reduced coke
precursor formation, as demonstrated by a change in the optical properties of the product (Figure S6(a)
and S7(b)) and improved carbon balance (Table 2, entries 5-7). Unlike other catalytic chemistries for PE
chemical recycling (hydrocracking, hydrogenolysis, pyrolysis, etc.) that mainly lead to a reduction in
molecular weight, alkane metathesis can produce both lower and higher molecular weight compounds
(with respect to initial reactants) simultaneously. The molar fraction of the short alkane (n-C1o here) that
was incorporated into longer chains in the final product was greater than 40% in comparison to n-Cz
(Table 2, entries 4 and 7). Higher degrees of incorporation of small alkanes into longer chains could be
related to the solubility of wax and oligomer intermediates in the reaction media, namely supercritical n-C7
versus liquid n-C1o. Jia et al. postulated that the higher hydrogenolysis reactivity for HDPE in liquid n-
hexane than that in supercritical n-pentane could be attributed to the higher solubility of PE in the former
versus the latter [8]. The high solubility of waxy intermediates/products generated in the liquid phase of n-
Cio during alkane-metathesis (C10/C16) experiments might facilitate the continued growth of wax
molecular weights as the reaction proceeds. The solid products have two overlapping peaks in the
molecular weight distribution: one centered around ~100 Da, corresponding to mid-length hydrocarbons,
and another around ~700 Da, corresponding to light wax (Figure 3(b)). In the case of alkane-metathesis

(C7/C16), the solid products are primarily composed of broad molecular weight, mid-length hydrocarbons



with a negligible amount of light wax (Figure 3(b)). These results agree with the lower solubility of longer

alkanes in n-C7 during the reaction, leading to insolubility before sufficient wax can be generated.
3.5. LDPE chemical upgrading using n-Ci¢as short length alkane: alkane-metathesis (C10/LDPE)

The effectiveness of this catalytic molecular redistribution reaction system for the chemical upgrading of
LDPE was verified using virgin LDPE (Mw ~ 75 kDa). Although the same mass of LDPE as n-Cie for
alkane-metathesis (C10/C16) was used for the reaction, the conversion of n-C1o0 decreased by about 30%
for the alkane-metathesis (C10/LDPE) in comparison to that of alkane-metathesis (C10/C16) (Table 2,
entries 7 and 8). The lower conversion might be attributed to the decreased diffusion rate in the bulk and
lower coverage by n-Cioon the catalyst surface caused by higher viscosity and wetting of the catalyst
contributed by the polymer chains [4,13,60,64]. As a result, the yield of liquid products for alkane-
metathesis (C10/LDPE) was reduced by 20% in comparison to alkane-metathesis (C10/C16), whereas
product selectivity remained similar (Figure 4(a)). The solid yield increased by 25% (Table 2, entries 7
and 8) because the initial length of the LDPE was much longer than n-C+s, leading to higher molecular
weight products. Note that the solid residues are not of higher yield because of unreacted polymer, which

is not measured in the molecular weight distribution of the product.
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Figure 4. (a) Product selectivity of alkane compounds of liquid products for alkane-metathesis
(C10/LDPE). LDPE (Mw ~75 kDa), 1.55 g (n-C1¢/LDPE = 6.3 (g/g)); PA, 500 mg; WOx/SiOz2, 800 mg; 4A,
1.0 g. Pretreatment conditions: 480 °C; He flow (100 mL/min); 2 h. Reaction conditions: 300 °C; N2, 30
bar; 3 h. The bars represent an average of reaction duplicates, with error bars indicating the half range.
Data for the added alkane reagent/solvent (indicated in (a)) were omitted. (b) Differential molecular weight
distributions of solid products from various works [18,19], including the virgin LDPE and post-reaction
solid residue from alkane-metathesis (C10/LDPE) in this work (as measured by HT-GPC).

Note: Distributions from the works of Ellis et al. [18] and Jia et al. [19] were obtained by digitizing the
published figures.



Detailed analysis of the solid residues for the alkane-metathesis (C10/LDPE) was performed using HT-
GPC analysis (Figure 4(b) and Table 3). The significant reduction in molecular weight and dispersity (D)
of LDPE demonstrates that complete conversion of the polymer occurs toward a nearly homogenous
product mixture with no remaining LDPE. Two distinct populations within the measured molecular weight
distributions of the products were noted: the most prominent centered around ~700 Da, corresponding to
wax, and the other at ~200 Da, corresponding to mid-alkanes. Further quantification was not attempted

due to the uncertainty of resolving individual peaks that were approaching the calibration limit of the GPC.

3.6 Chemical upgrading of PE via catalytic alkane metathesis reaction

The reaction conditions and results for the chemical upgrading of PE (LDPE or HDPE) via catalytic alkane
metathesis reaction from two other reports [18,19] were compared to those of this work (Figure 4(b) and
Table 3) to assess the relative performance of the three systems. The main difference in these three
reports is the metal component of the metathesis catalyst: rhenium oxide for Ellis et al. and Jia et al.
versus tungsten oxide for this work. The high volatility of the surface rhenium oxide limits the reaction
temperature of this catalytic system to 175 °C and 200 °C for Jia et al. and Ellis et al., respectively, and
leads to long reaction times [18,19,21,22]. In contrast, the accessibility of a higher reaction temperature
(300 °C) allowed by the thermal stability of surface tungsten oxide in this work should enhance the
dehydrogenation rate and lead to a higher concentration of olefin intermediates facilitating the olefin
metathesis step. In the system developed herein, the reaction required only 3 h to degrade all the
polymer to molecules of interest at 300 °C, comparable to the operating temperature of other catalytic
degradation reactions [4,12,16,65,66]. Our results demonstrate a notable efficiency gain relative to
previous studies [18,19], whereby our reaction system required the least amount of solvent (short-chain
alkane) relative to LDPE and exhibited the most significant drop in Mwand B. Specifically, our alkane
metathesis (C10/LDPE) achieved a reduction in Mw of 99% and a reduction in D of over 6-fold, both in
comparison to the initial LDPE (Table 3). The catalyst system used by Ellis et al. yields solid residues with
two very distinct components; small hydrocarbons and polymer with a broad range of molecular weights

[18]. The system used by Jia et al. leads to results similar to those presented here, with a product



consisting of a relatively narrow distribution of smaller molecular weights [19]. In Jia et al.’s case, the

products have a larger Mwand D than the results presented here [19].

Table 3. Comparison of catalytic results for chemical upgrading processes of PE via alkane
metathesis in recent literature

Reference This work Ellis et al. [18] Jia et al. [19]

Olefin metathesis catalyst
WOX/SIOz (2), 0.8 Re207/y-Al203 (8), Re207/y-Al20s3 (5),

(metal loading, wt%), quantity (g) 0.5 0.5
(De)hydrogenation catalyst Pt/y-Al20s (1.0), SnPt/y-Al203 Ir complex/y-Al2Os,
(metal loading, wt%), quantity 0.5¢g (1.7,0.8)3,0.5¢ 4.2 umol (Ir basis)
PE, quantity (g) LDPE, 1.6 HDPE, 0.13 LDPE, 0.12
Short alkane, quantity (g) n-decane, 9.6 n-pentane, 18.8 n-octane, 2.8
Short alkane/PE ratio (g/g) 6.0 144.5 23.4
Reaction temperature (°C) 300 200 175
Reaction time (h) 3 15 96

Before Mn 9.1° 17.9¢ 5.1

Reaction Muw 75.2b 52.8° 97.7
Molecular
weight of  (virgin PE) D 8.3° 2.9¢ 17.9
virgin PE
and wax Mn 0.68° 2.6¢ 1.1

reaction 0.84° 14.29 4.3

(wax) D 1.20 5.5¢ 4.0

a: Note that values given in parentheses indicate the loading of Sn and Pt, respectively.

b: Values were calculated considering data for molecular weights > 300 Da.

¢: Mn, Mw, and B were obtained by integrating the standard distribution from [67].

d: These values are obtained by digitizing the reported distribution and integrating for molecular weights >
500 Da (after Mark-Houwink correction [48]).



4. Conclusions

This report establishes a new alkane metathesis reaction system comprised of WOx/SiO2 conducted in
batch mode for PE upgrading. Given the oxophilic properties of tungsten oxide, the presence of zeolites
in the reaction vessel facilitates the activation of the catalyst and stabilizes active sites, which are
otherwise poisoned by oxygenates generated in situ during the activation step. The pretreatment
temperature of catalysts and the length of short-chain alkane are vital factors that significantly affect the
catalyst's reactivity, and these parameters are under further investigation. Among other reports related to
the degradation of PE using the catalytic metathesis reaction, the WO/SiO2 system demonstrates a
remarkable potential for the chemical upgrading of PE at short reaction times (3 h) with the lowest relative
mass of solvent (the short-chain alkane) required to convert LDPE and the capacity to produce solid
products of homogenous molecular weight distributions with the most significant reduction in Mwand D.
Further investigation is ongoing, particularly to optimize process parameters, demonstrate catalyst

regeneration, quantify metathesis kinetics, and explore other polyolefin substrates (e.g., HDPE).

Appendix

List of acronyms and abbreviations

<Model reactions; olefin-metathesis/alkane-metathesis (Cx/Cy)>

Olefin-metathesis (Cx/Cy) stands for the metathesis reaction of a-olefin reactant of carbon number y in an
n-alkane solvent of carbon number x. Alkane-metathesis (Cx/Cy) means the metathesis conducted
between two alkane reactants of carbon number x and y; x indicates the carbon number of n-alkane for
the short-chain alkane, which plays a role as a reactant as well as the solvent, and y indicates the carbon
number of n-alkane for the polyethylene (PE) surrogate. The type of PE is noted instead of Cy when the
polymer is added as a reactant.

e Alkane-metathesis (C7/C16): alkane metathesis between n-heptane and n-hexadecane

o Alkane-metathesis (C10/C16): alkane metathesis between n-decane and n-hexadecane

o Alkane-metathesis (C10/LDPE): alkane metathesis between n-decane and low-density PE (LDPE)

o Olefin-metathesis (C7/C16): olefin metathesis of 1-hexadecene in n-heptane



<Others>

e 1-C16-: 1-hexadecene (1-CieH32)

e n-C7: n-heptane (n-C7H1s)

e n-Cio: n-decane (n-C1oH22)

e n-Ci6: n-hexadecane (n-CisHsa)

e 4A: zeolite 4A

e C.B.: carbon balance

e D: molecular weight dispersity

e GC-FID: gas chromatography-flame ionization detector

e GC-MS: gas chromatography-mass spectrometry

e HT-GPC: high-temperature gel permeation chromatography
e LDPE / HDPE: low-density polyethylene / high-density polyethylene
e Mn: number-average molecular weight

o Mw: weight-average molecular weight

e PA: platinum supported on y-alumina

e PE: polyethylene

e Spget: Brunauer-Emmett-Teller (BET) surface area

e SEM: scanning electron microscope

e Vp: total pore volume

e WO,/SiOz: silica-supported tungsten oxide catalyst
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