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ABSTRACT: Low- and high-density polyethylene (LDPE/HDPE)
have been selectively depolymerized, without added H,, to C2—C20 +
alkanes/alkenes via energy-efficient radio frequency induction heating,
coupled with dual-functional heterogeneous Fe;O, and Ni- or Pt-based
catalysts. Fe;O, was used to locally generate heat when exposed to
magnetic fields. Initial results indicate that zeolite-based Ni catalysts
are more selective to light olefins, while Ni supported on ceria catalysts
are more selective to C7—C14 alkanes/alkenes. LDPE conversions up
to 94% were obtained with minimal aromatic, coke, or methane
formation which are typically observed with thermal heating. Two
depolymerization mechanisms, a reverse Cossee—Arlman mechanism
or a random cleavage process, were proposed to account for the
different selectivities. The depolymerization process was also tested on
commercial LDPE (grocery bags), polystyrene, and virgin HDPE using
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the Ni on Fe;O, catalyst, with the LDPE resulting in similar product conversion (~48%) and selectivity as for virgin LDPE.

1. INTRODUCTION

The production of polymers consumes about 5% of the world’s
gas and oil, mostly as feedstocks and fuels for polymerization
processes, with global production at 400 mmt in 2015, rising at
>4%/yr, and 95% of this production was from synthetics.1
Despite the substantial amounts of polymers potentially
available for re-utilization, it has been estimated that of all
synthetic polymers produced since 1950, only 7% have been
recycled, compared to 60% which have been discarded
(lifetimes > 20 yr), with the rest of these materials either
still in use or incinerated.” Polyolefins such as low- and high-
density polyethylene (LDPE/HDPE) are among the materials
with the lowest rate of decomposition in the environment.
Current approaches to recycling plastics have many con-
straints, making these processes insufficient to curtail the
increasing amounts of plastic waste. For example, plastics
pyrolysis is limited by economic considerations—it requires
high operating temperatures and results in an unwieldy
product distribution with little value other than as a low-
grade fuel.

There are numerous start-up companies which thermally
convert plastics into mixed synthetic light sweet crude.” The
yields for these technologies range between 40 and 80%,
generally producing higher-molecular-weight products (kero-
senes and oils).*~® While little is known about the commercial
processes, there have been recent reports discussing the
hydrogenolysis of PE over Zr/SiO,—ALO; and Ru/Ce0,.”"
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These reactions required high H, pressures (60 bar) to
generate a range of C2—C10 hydrocarbons, with products
dependent on the temperature, H, pressure, and catalytic metal
size/type. To generate lubricant-grade materials, Celik et al.”
used Pt-decorated SrTiO; (STO) resulting in an average
product of ~C30 hydrocarbons (280 °C, 11.7 bar H,). With
Pt/meso-Si0O,, lighter products (C5—C7, C14—C20) can be
formed at even lower conversions (250 °C, 13.8 bar)."’
Conversely, Pt/Al,O; and no added H, (280 °C) gave far
more alkylaromatics (>50% on a carbon basis) but also >20%
heavy waxes.'' The demonstrated effect of the STO and meso-
SiO, supports suggests that other complex metal oxides could
direct the depolymerization process based on polymer—
substrate interactions.

More acidic supports such as zeolites can also depolymerize
polyolefins. While in some cases (Pt-BEA) high H, pressures
are required, others have shown that low-pressure reactions
can occur over H-ZSM-5 or H-Y zeolites. The process requires
higher temperatures (>400 °C),'” with generally low
selectivities depending on the polymer composition and the
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zeolite structure. For instance, Miandad et al. found that
Faujasite (Si/Al = 9.2) produced mainly char, whereas
standard Y-type zeolites generated ~70% light gases.” Both
systems produced primarily aromatics as liquid products, by
classical carbenium ion mechanisms initiated by either electron
acceptors (Lewis acid)'* or proton donors (Bronsted acid)."
Similar results were obtained by Kunwar et al. using Y-type
zeolites but with lower overall yields (~40%) compared to
those without the catalyst (~90%).'

Microwave or radiofrequency (rf) induction heating has
been explored as alternatives to thermal heating since the
electromagnetic radiation can directly interact with the
polymer and the catalyst.'”'® Microwave heating has the
advantage that the frequency is tunable to selectively target
specific bonds. Unfortunately, microwave-assisted depolymeri-
zation processes require the use of solvents to prevent runaway
catalyst heating and localized pyrolysis,'”* which results in a
carbon product along with the light gases.”' To avoid the use
of solvents, some groups have turned to induction heating to
selectively heat magnetically active materials, typically Fe;O,,
and transfer this energy to neighboring catalysts.”” Despite its
similarities to microwave heating (heating rate, efficiency, and
frequency dependence), there are only a few reports discussing
induction heating as an alternative to thermal routes, which
can be attributed to multiple factors: magnetically transparent
reactors (glass) when necessary,”””* and the fact that the
catalyst must interact with the magnetic field and generate
significant amounts of heat.””** While the former requires
more expensive reactors, the latter can be overcome with
hierarchical catalysts, which include an efficient rf absorber that
eliminates the need for conduction/convection to transport
heat to the catalyst surface and reduces the generation of hot
spots that occur in thermal reactors.”® In addition, the rapid
and localized heating and the ability to control these
temperatures in exo- and endothermic reactions are respon-
sible for the higher catalyst stabilities at elevated temper-
atures.”>” Finally, it is also believed that the absence of
temperature gradients hampers carbonaceous growths typically
seen in reactions with high coking rates.””**

To make a lower-temperature and more selective
depolymerization process economically preferable to the
more entrenched pyrolysis processes, the depolymerization
must exhibit high selectivities and yields without being tied to a
single type of polymer. Different commercial additives
(antioxidants, flame retardants, and plasticizers) and other
contaminants present (food residues, green waste, etc.) will
require catalysts resistant to coking and poisoning. Herein, we
use electromagnetic induction heating (rf) of various Ni-
functionalized catalysts to drive the depolymerization of
addition polymers (polyolefins) at low bulk liquid temper-
atures. The goal of this work is the identification of both
catalyst and reaction parameters influencing the selectivity for a
polyolefin to liquid/gas blend feedstock (alkene/alkane)

process.

2. METHODS

2.1. Catalyst Synthesis. Three candidate zeolites already
in their H" forms were ion-exchanged first with the K* and
then the Ni** forms using 0.1 M Ni(CH;COOQ),: Beta (BEA),
Linde Type-L (LTL), and MFI (ZSM-5, ACS LLC). The
exchanged zeolites were dried at 400 °C and calcined in
flowing air at 500 °C. The fully exchanged zeolites would
contain 2.4 wt % (ZSM-S, Si/Al = 20) or 5.0 wt % Ni (BEA,

Si/Al = 8). Additionally, two other silicates (ferrierite, FER,
and mesoporous silica, SBA-16) were impregnated with
Ni(NO;),-6H,0 due to the lower number of available
exchange sites. The silicates were impregnated dropwise with
5 wt % NiO, dried at 100 °C, and calcined at 500 °C in flowing
air. An overloaded ZSM-S (Ni2-ZSM-S) was prepared via
dropwise impregnation (to 20 wt % Ni) and calcined similarly.
Finally, a Pt(0.5 wt %)—K-ZSM-$ catalyst was made from a
K*-exchanged ZSM-5 (Si/Al = 29, Zeolyst lot 5534G-1597-94)
by leaving it in contact with the zeolite overnight with dilute
aqueous platinum diaminodinitrite at pH = 10. The solution
was slowly evaporated at 120 °C, followed by a pulse reduction
(H, at 400 °C) to give 25% Pt dispersion at RT using H,
chemisorption.

A Ni/Ce0,/ZrO, (Ni—Ce—Zr, 4.7 wt % Ni, 2:1 Ce/Zr
atomic ratio) catalyst was synthesized previously”” by a molten
salt/urea deposition method (80 °C from 0.3 M urea,
Ni(NO,),-6H,0 solution, 30:1 solution/solid by weight)
and then reduced in 5% H, at 750 °C for 6 h. Nanoparticulate
Fe,0, (Alfa Aesar, 97%, S0—100 nm, 20—50 m’/g) was used
as received. A Ni/Fe;O, (Fe—Ni, 2.4 wt % Ni) catalyst was
made from these nanoparticles by urea deposition of Ni, dried
under vacuum at 60 °C, and then reduced in 5% H, at 500 °C
for 12 h. 20 wt % Ni on a commercial Ce—Zr—Al support
(Ni20-CZA40, from PIDC CZA-40, 1:1 Ce/Zr atomic ratio,
40 wt % ALO;) was prepared by two successive incipient
wetness impregnations separated by 100 °C dryings, then
reduced in 5% H, at 750 °C for 6 h.

A Fe;0,@Ce0, 5:1 (molar) core—shell mixed oxide was
synthesized following a modified method of Jiang et al. to
produce the Fe;O, core.”® The CeO, oxide shell was then
added by adapting the hydrothermal method of Wei et al.’!
The particles were washed with ethanol/water after both
synthesis steps, instead of drying under N,, to avoid oxidation
to Fe,O;. Finally, 5.8 wt % Ni was added by the urea
deposition method and dried and reduced by the same way as
Fe—Ni to give the catalyst Fe—Ce—CS—Ni.

2.2. Thermal Reaction Experiments. Both the H*- and
Ni**-forms of silicate and zeolite catalysts were used in these
experiments. For each run, ~10-20 mg of catalyst and a
typical commercial HDPE (ExxonMobil BA-50 HDPE
copolymer, pelletized) were ground together at a 1:1 mass
ratio and added to an Al,O; sample cup in a TA SDT-600 for
thermogravimetry/differential scanning calorimetry (TGA/
DSC). From previous work, it was known that the polymer
would be both dry and molten by ~190 °C. The temperature
was ramped from 50 °C at 10 °C per min to 190 °C, then from
5 °C to 350 °C, and held for 900 min under a 100 mL/min N,
flow.

2.3. rf-Activated and Thermally Activated Batch
Reaction Experiments. A schematic of the reactor is
shown in Figure S1. Briefly, 200 mg of the catalyst/Fe;O,
powder (1:1 wt ratio) was mixed with 1 g of LDPE polymer
(Alfa, 924 kg/m®, mp: 105—115 °C). The mixture was loaded
in a glass reactor, purged with N,, and either exposed to an rf
field (300—600 A, 32—64 mT equivalent) or immersed in a
heated sand bath (heat supplied by a resistance heater/
temperature controller), in both cases for 2 h. A temperature
versus magnetic fleld calibration was performed to correlate
the induction heating-induced temperatures. The reaction
vessel was cooled for 30 min prior to the collection of gas/
liquid products. To calibrate the temperature range in the rf-
activated experiments, the Fe;O, nanoparticles were mixed
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with 1-octadecane (bp: 315 °C), n-tetracosane (bp 391 °C), or
NaCl/ZnCl, salt mixture (mp: ~ 250—800 °C depending on
the salt composition). Alternatively, the Fe;O, powders were
mixed with hydrothermally grown YVO,/Eu** (3 mol %)
nanoparticles (3:1 mixture). Briefly, 1.14 mmol of Y(NO;);:
6H,0 and 0.6 mmol of Na;C,H;0,2H,0 were added
dropwise into 0.06 mmol of Eu(NO;);-6H,0 dissolved in SO
mL HNO; solution (12 mM) with continuous stirring for 10
min followed by 1.2 mmol of NH,VO; under vigorous stirring.
A 1 M NaOH solution was added dropwise until a pH of 9,
and the solution was transferred into a 20 mL Teflon-lined
autoclave and reacted at 180 °C for 24 h. After cooling
naturally, the resultant precipitate was collected and washed
with ethanol/water before drying overnight at 100 °C. The
photoluminescence intensity was calibrated using a Linkam
heating stage connected to an Edinburgh FLS1000 spectrom-
eter. The in situ temperature measurements were collected by
placing the Fe;0,/YVO, mixture in a quartz holder in the
center of the rf coil and exposed to the magnetic fields for 2
min prior to the collection of the PL spectra (1, = 397 nm; 4
= 575—675 nm).

2.4. Product Analysis. The gas atmosphere was sampled
during the experiment and analyzed by injection into an SRS
RGA200 residual gas analyzer operating in a selective ion
mode at the parent m/z values. Pressure-ion count calibration
was based on the injection of standards. The total weight
change of the system was used to estimate the conversion to
light gases. Other depolymerization products were extracted
from the remaining polymer/catalyst mixture with a 90/10
(vol %) 3-methylpentane/DMSO solvent blend for 7 d. The
liquid products were then analyzed by gas chromatography—
mass spectrometry (GC—MS) on an Agilent 6890 (100 m X
0.25 mm SPB-1 column). The liquid conversion was estimated
from the weight change upon drying a sample of catalyst/
product mass under vacuum at 170 °C for 7 d. Coke amounts
were determined by temperature-programed oxidation (TPO)
in air, at 50—250 °C, 10 °C/min, held for 60 min, 10 °C/min
to 420 °C, held for 40 min, and 10 °C/min up to 650 °C, held
for 60 min. The product selectivity (S;) is defined as

em

_ (100) (mol %,)(C,)
(S) Y (mol %,)(C,) (1)

where C; is the number of carbons in the compound.

2.5. Catalyst Characterization. Surface areas and pore
volumes were measured by the BET method (Micromeritics
ASAP 2020). TGA/DSC of l-propylamine (1-PA) was
emplo_?red to titrate the Bronsted sites, as discussed by
Gorte’™*® and Price and Dooley,”* based on desorption
temperature shifts and decreases in adsorbed amounts
associated with replacement of H' by Ni*".

3. RESULTS AND DISCUSSION

3.1. Thermal Reactions. Initially, the catalysts were
thermally screened (TGA/DSC) using HDPE/catalyst blends.
Catalysts were characterized based on their overall reaction
rates (mass change, eq S1) and heat flux (indicative of
selectivities to lower MW products, eq S2). The results of
these screening experiments are shown in Table 1. A blank run
(no catalyst) showed no polymer weight loss at >150 °C, with
minor losses at lower temperatures due to drying. The heat flux
is calculated for all times after the polymer melting is complete
and the DSC baseline is smooth (>200 °C). As almost all the

Table 1. Depolymerization Rate and Selectivity Data (TGA/
DSC) and Morphological Characterization for Various
Zeolite/Metal Oxide Catalysts

heat/wt surface pore
10* X rate oly area volume
e o, G R G N
Ni-BEA 0.79 —228 480 0.28
H-BEA 3.3 —1720
Ni—ZSM-§ 7.2 4840 310 0.36
Ni(0)—ZSM-$ 37 5960
Ni2—ZSM-5 7.1 410 300 0.22
H-ZSM-5 29 8190 320 0.32
Ni-FER 0.11 —254 49 0.17
H-FER 3.0 724
Ni-LTL 1.7 —5260 550 0.31
H-LTL 4.1 820
Ni-SBA 3.1 5360 480 0.37
Fe,0, 0.81 7720 33 0.11
Ni—Ce—Zr 0.32 —3250 26 0.12
Fe—Ce—CS—Ni 0.71 —1790 37 0.16
Fe—Ni 0.24 318 4.9 0.025
Ni20—-CZA40 1.3 1840 79 0.49
Pt—K-ZSM-§ 7.1 —2580 370 0.25
Pt complex 63 9820 N/A

weight loss occurred during the 350 °C hold (Figure 1a), the
rates can be considered typical of that temperature.

This method assumes that all low MW products (<C20) will
be vaporized in the N, flow. Therefore, it is hypothesized that
the measured weight loss is proportional to the rate of
depolymerization to useable products. Additionally, the heat
per weight of polymer is a measure of the overall, average heat
of the reactions. While it is not possible to distinguish the
formation of light gases, aromatics, or coke from other
products based on the average heat flux, this metric can
distinguish endothermic from exothermic reactions. The highly
endothermic reactions are expected to correspond to a mixture
rich in light alkenes such as ethylene (AHdepaly = 3825—3875
J/g).** Less endothermic values correspond to a mixture richer
in mid-range alkenes (the heat of reaction for C,H,, to two
moles of decene is 640 J/g).** However, exothermic values
suggest the formation of aromatics/coke and the concomitant
hydrogenation to alkanes. Additionally, there are enthalpy
changes associated with the catalyst itself (phase trans-
formations, surface reconstructions, oxidation, etc.) that affect
the measured heat flux.

An initial screening of the reaction rates shows that the Ni-
modified ZSM-5 catalysts demonstrate much higher activities
than the other zeolites. It appears that a coordinated Ni (Ni-
ZSM-S) structure plays an important role in the decom-
position process. Reducing this catalyst (in 5% H, at 350 °C,
Ni(0)-ZSM-$ in Table 1), significantly decreased the activity
(by ~50%). The higher heat flux of the reduced sample is
likely due to some oxidation of the Ni species during the
TGA/DSC experiment. Deposition of extra Ni onto the
catalysts (Ni2-ZSM-5) has negligible impact on the overall
reaction rate while significantly decreasing the heat flux,
suggesting the formation of more alkanes or aromatics. On the
other hand, the Pt-exchanged zeolite (Pt—K-ZSM-S) exhibits
high, exothermic reaction rates. In addition to coking or
aromatic formation, Pt—zeolite catalysts are well known for
their hydrocracking capability (exothermic). The other zeolites
gave lower reaction rates (<3 X 107" mmol g™' s7') with
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Figure 1. Weight loss and rate variation curves: (a) HDPE wt loss curves over modified ZSM-$ catalysts heated to 350 °C as a function of time, (b)
temporal rate variation in TGA/DSC analyses for the zeolites catalysts, and (c) temporal rate variation in TGA/DSC analyses for the metal oxide

catalysts.

exothermic or slightly endothermic heat fluxes (<1000 J/g) for
the H'- and Ni**-modified forms, except for Ni—SBA.
Conversely, the reaction rates (and surface area) for the
metal oxide catalysts were low. However, the endothermic heat
flux for the Fe;O, catalyst was greater than all but the Pt
organometallic complex and H-ZSM-5. The high endothermic
flux indicates the formation of some heavy non-volatile
hydrocarbons.

To understand the depolymerization process over the ZSM-
S and metal oxide catalysts throughout the experiment, time-
dependent reaction rates (Figure 1b,c) were extracted. The
polymer conversion at any time is approximately 100 wt %
polymer (Figure 1a). The rates for the ZSM-$ catalysts (Figure
1b,c) build to a maximum as the temperature approaches 350
°C and then decrease with time. Alternatively, an initial
decrease (Ce-based oxides) or increase (Fe—Ni) in reaction
rates for the oxides is attributed to the removal of surface
hydroxyls or substrate oxidation, respectively. The decrease in
rate over time is partly due to the consumption of polymer but
also possibly due to coke formation and pore blockage.
Without larger-scale experiments and spent catalyst character-
izations, these two possibilities cannot be distinguished.
However, the heat fluxes are relatively stable for all catalysts,
suggesting a continuous depolymerization process. From these
experiments, it is seen that the exchanged zeolites are more
active after an initial induction period, a period which can be
attributed to slow polymer pore diffusion. These diffusional
resistances are less for the large-pore metal oxides; however,
the decreased reaction rates for the metal oxides compared to
the zeolites are in keeping with the relative surface areas (10-
fold decrease for the Ce-based oxides compared to the zeolites,
Table 1). To obtain a Ni—CeO,-based catalyst with somewhat
higher surface area and pore volume, a commercial support
containing 40 wt % ALO; (Fe—Ni20—CZA40) was used,
showing higher reaction rates (2—5 times) than the in-house
catalysts.

As a comparison, the activity of a homogeneous Pt catalyst
[Pt(divinyltetramethylsiloxane), 2.25 wt % in xylene] was
measured. One would expect the soluble homogeneous Pt
catalyst to give even higher rates due to more intimate contact
between the polymer and the catalyst and the overall cracking
activity of Pt compared to Ni. Xylene does not impact the
reaction rate or heat flux calculations since the solvent
evaporates (bp: 139 °C) before the polymer melting point is
reached. The average reaction rate is much higher than the

heterogeneous catalysts (Table 1). At longer times, the rates
for the Pt complex are comparable to those of Ni—ZSM-5-
based catalysts. Regardless of the catalyst, the observed
reaction rates would require long reaction times or large
quantities of catalyst (50,000 kg of Ni—ZSM-S per kg per s
polymer reacted) to be commercially viable. As such,
alternative approaches must be explored to enhance the
reaction rates.

3.2. rf-Activated Reactions. Induction heating was
employed as an alternative to thermal heating due to the
increased heat-transfer efficiencies and the ability to locate the
heat at the active catalyst site. Before the depolymerization
reactions could proceed, it was necessary to calibrate the
reaction temperature. To calibrate these field-dependent
temperatures, the Fe;O, powder was mixed with various
heavy hydrocarbons or salt mixtures and exposed to magnetic
fields up to 64 mT. The mixtures were visually observed for
solvent boiling [1-octadecane (315 °C@38 mT)/n-tetracosane
(391 °C@59 mT)] or salt melting [ZnCl/NaCl (420 °C@64
mT)]. As a secondary confirmation, a Fe;0,/YVO,/Eu’*
mixture (3:1 by wt) was used to estimate the temperature
based on the photoluminescence intensity. The Eu®" intensity
is known to be inversely proportional to the temperature.’’
The PL measurements increased linearly above 25 mT (Figure
2 and Tables S1 and S2) and reached an estimated surface
temperature of ~420 °C at 64 mT, comparable to those
required for polymer pyrolysis/degradation,'>'*!>1¢3%3?

Two types of catalysts were chosen for induction heating
based on the TGA screening results, modified ZSM-S (Ni—
ZSM-S, Ni2—ZSM-S5, Pt—K-MFI) and CeO,-based catalysts.
Commercial Fe;O, powder was added to the reactor to act as a
magnetic susceptor. Conversions to liquid and gas products are
reported in Tables 2 and S3, and the product distributions are
reported on a carbon % basis in Figure 3. Some H, was also
observed (Table S3, as a percentage of the conversion to gas).
The gas product RGA and liquid GC—MS scans are shown in
Figures S2 and S3. The RGA scans suggest that CH, formation
is minimal (Figure S2). Similar results for conventional
thermally driven reactions using the Ni2-ZSM-S catalyst are
also given in Table S3 with the selectivities reported in Figure
S4. On comparing the rf and thermal results at a similar surface
temperature (420 °C), the observed first-order rate constant
was found to be 25 times faster for the rf-activated reaction. If
the comparison was made on a bulk (fluid) temperature basis,
the comparison would be even more in favor of rf activation.
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Figure 2. PL response of the Fe;0,/YVO,/Eu** mixture under
applied rf fields. The inset highlights the linear response of the
normalized intensity at high applied fields (200—400 °C).

Relatively less H, was also produced under rf conditions
(Table S3).

The zeolite-based catalysts produced significantly more light
gases and light liquids, with the metal oxides generating more
diesel-range products. The Ni2—ZSM-5 catalyst generated
mostly C2—C3 light gases compared to Ni—ZSM-5 and Pt—K-
MFI, which produced a lot of C4—CS. For Pt—K-MFI, these
light gases/liquids are primarily olefins based on preliminary
GC—MS analysis (Figure S3). The Ce-based catalysts tended
to generate lower-molecular-weight liquids than Fe or Fe—Ni.
As a comparison, the Fe and Fe—Ni samples were run at higher
Fe/polymer ratios (1:5 Fe/LDPE) which mimic the catalyst/
LDPE ratios used in the other experiments (Figure SS) but
would give higher temperatures since there is more Fe;O,. The

product distributions in this case shift to higher concentrations
of light gases, suggesting that the cleavage process generates
lower-molecular-weight hydrocarbons at higher temperatures.
While there was no effort to exactly quantify the relative
amounts of alkenes/alkanes, the liquid products are roughly in
the 1:1—2:1 range. Similar to the TGA/DSC results, Ni on the
commercial Al,O;—CeO,—ZrO, support gave a higher total
conversion (by 10%).

3.3. Catalyst Characterization. The used, extracted
catalysts were analyzed by TPO to estimate how much of
the polymer was converted to heavier aromatic or graphitic
(“coke”) material (Figure 4a—c). The coke conversions were
calculated using eq S3 and reported in Table 2. There was a
small peak at <200 °C (not shown) due to solvent
vaporization. The peaks between 220 and 420 °C are
attributed to the oxidation of the residual polymer with the
higher temperature peaks (>420 °C) arising from coke/heavy
aromatic oxidation. This was checked by running both LDPE
and HDPE standards where the unreacted polymer and the
catalyst were ground together. Additionally, the Fe;O, is
oxidized to Fe,O; during the oxidation process between 400
and 600 °C. However, the contribution to the weight changes
caused by this oxidation is negligible, calculated as only 0.1%
maximum. As a secondary confirmation of the presence of
some heavy carbon products, Raman spectroscopy was
performed on a select set of used samples to identify the
presence of a small graphitic GO band (1595—1605 cm™).

Finally, to understand the nature of the surface sites within
the ZSM-S catalysts, the Bronsted/Lewis acid site concen-
trations and strengths were quantified. The split between
Bronsted, weak Lewis, and strong Lewis acid sites in the
zeolites was assessed using a l—groganamine (1-PA) desorption
method pioneered by Gorte’>*” and modified for metal-
exchanged materials by Price and Dooley.”* 1-PA accurately
titrates Bronsted sites in H-form zeolites and can provide
reasonable estimates of residual Bronsted sites in metal-
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Figure 3. rf (64 mT field)-initiated LDPE depolymerization for various zeolite (left) and non-zeolite (right) catalysts. The different colors are just
an aid to the eye. The “Fe” in all but Fe—Ni denotes that 50 wt % of the catalyst is Fe;O,4 nanoparticles. For Fe—Ni, there are 97.6 wt % Fe;0,

nanoparticles; 115 mg of total catalyst.
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Figure 4. Coke and acid site analysis. TPO weight derivatives for used, extracted catalysts after LDPE depolymerization for (a) catalysts containing
CeO,, (b) Fe,0, and Ni-supported on Fe;O,, and (c) zeolite catalysts. The presence of coke is seen from the peaks at above 420 °C. (d)
Differential thermal analysis of amine desorption of the three ZSM-5-based catalysts. Peaks A and B arise from the desorption of weakly adsorbed
1-PA not on Bronsted sites, peak C from the Hofmann elimination of 1-PA to propene and NH; on Bronsted sites, and peak D from
dehydrogenation chemistry on strong Lewis sites, normally associated with extra-framework AI**. The Si/Al molar ratio obtained by magic angle
spinning-NMR spectroscopy for H-ZSM-5 is 20, while the ratio computed from these data is 21. The small “C” peak for Ni—ZSM-5 corresponds to

<10% residual H*.

Table 2. LDPE Depolymerization Using a 64 mT Induction
Field for 2 h under 1 atm N,”

liquid gas coke

conversion  conversion conversion aromatics”
catalyst (wt %) (wt %) (wt %) (carbon %)
Fe—Ni-ZSM-5 2 75 2.1 0.81
Fe—Ni2-ZSM-§ 4 54 2.0 3.7
Fe—Pt—K-MFI 2 80 0.33 0.43
Fe—Ce—CS—Ni 24 16 0.56 4.5
Fe—Ni—Ce—Zr 26 26 1.1 S.1
Fe—Ni20—-CZA40 43 19 5.2 1.9
Fe—Ni 35 15 7.1 0.0
Fe 26 19 32 1.2

“Liquid, gas, and coke conversions are on weight basis with aromatic
(one and two rings) selectivity reported on a carbon % basis. Heavier
than two-ring aromatics have been identified with “coke”. bSingle and

two-ring aromatics.

exchanged zeolites because desorption peaks associated with 1-
PA on the ionic metals shift to higher or lower temperatures.
This titration also detects framework atoms that might give rise
to weaker acid sites and their departure from the framework.*’
An example analysis for the three ZSM-5-based catalysts is
shown in Figure 4d. The low-temperature peaks (peaks A and
B) are associated with weak Lewis acid interactions with 1-PA.
The 1-PA associated with H" in the zeolite framework desorbs

at 350—410 °C (peak C). Replacing these with Ni** results in a
sharp decrease of this peak, essentially disappearing for the
overloaded Ni2—ZSM-5. Unlike the case for certain exchanged
metals (Ga' or AP’*, e.g,, refs 34 and 41), there is no evidence
for the generation of strong Lewis sites by Ni** (peak D in
Figure 4d). The total amounts of 1-PA adsorbed decrease even
at the lower temperatures (peak B), suggesting weaker Lewis
acidity associated with these metal-exchanged (or in the case of
Ni2—ZSM-S, exchanged Ni but also additional NiO).
However, the coordination of the active Ni is not the same
as in NiO because the Ni—SBA catalyst, with Ni-impregnated
high surface area SBA-16, showed no activity. This suggests
that some degree of Ni—zeolite coordination at framework
sites is necessary for a functioning depolymerization catalyst of
this type, as also seen with the poorer activity of the reduced
Ni(0)—ZSM.S.

3.4. Discussion. Mostly Ni-based catalysts were chosen for
depolymerization under the hypothesis that catalysts which can
oligomerize low-molecular-weight olefins should also catalyze
the reverse reaction. The only problem with the catalysts
containing Ni-impregnated CeO, is their lower activity. The
CeO,-based catalyst with a high wt % Ni (Ni20—CZA40) gave
more coke than the zeolite-based catalysts, but, as expected,
the CeO,-based catalysts with only a few wt % Ni gave very
little coke.””** The cleavage mechanism of the Ce-based metal
oxides produced diesel-range hydrocarbons of a fairly narrow
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molecular-weight distribution with minimal light gases, giving
these catalysts an advantage over the zeolites if diesel is
desired. However, the two experiments with Ni/Fe;O, (Fe—
Ni) showed that it is also possible to control the product
distribution based on applied heat (higher surface temper-
ature), even with a simpler catalyst.

It is hypothesized that the differences in product
distributions for the zeolites compared to the metal oxides
have resulted from cleavage nearer to terminal carbon groups
within the zeolite pores. This is not an artifact of higher
conversion. Note that the product distribution for Ni20—
CZA40 is still skewed toward heavier liquid products, while its
activity is comparable to that of Ni—zeolite catalysts. Lopez et
al.*® postulated that for zeolite-based catalysts the depolyme-
rization reaction generally occurs on the zeolite crystal surfaces
rather than within the pores, due to diffusion limitations.
However, this is somewhat contrary to previous literature
regarding pore diffusion of long-chain molecules in zeolites**
and in mesoporous SiO,."" Can polyethylene chains enter the
zeolite pores? We determined a cutoff minimum -effective
diffusivity (D,) of 3 X 107"* m*/s for spherical particles (d, = 2
um) of the type used here

iV
(@) == [—]

e\ 6 ()
assuming a Thiele modulus (¢) of 1, a rate constant k of 2.4 X
107 57! (calculated as shown in eq S4 of the Supporting
Information), and a catalyst/polymer ratio (&.) of 0.1. The
bulk diffusivity for polyethylene (in the melt, over a wide range
of molecular weights, branching levels, and %rades) at 200 °C is
between 2 X 10~* and 3 X 1072 m?/s.*~*® In its random coil
state, no polymer molecule could penetrate a microporous
material such as a zeolite. The radius of gyration for PE
(similar to its hydrodynamic radius Ry) is still >4 nm at 150
°C,* and ratios of RH,P(,lymer/Rgcre > ~0.2—0.4 are known to
reduce D.’s to effectively zero.””>' However, the strong heats
of adsorption in the zeolites (they increase linearly with carbon
number for most zeolites and silicas), and the gains in
conformational entropy upon “flattening” the chains to a more
planar zig-zag configuration, drive the diffusive process at high
temperatures in microporous materials, with specific repulsive
interactions absent. For zeolites, the intraparticle diffusivities of
the alkane/alkene families approach a constant minimum
(>107"" m?/s) with respect to molecular weight even at short
chain lengths, at temperatures much lower than those used
here.’”? Recent solid-state NMR measurements for HDPE in
meso-SiO, (1.5 nm pores) suggest even higher diffusivities, ~2
X 107 m?*/s, at 114 °C."° This type of conformational change
for alkyl chains is well known in catalysis; for example, for
triglyceride hydrogenation, measured D.’s can actually be 2—6
times greater than bulk diffusivities (due to surface diffusion of
planar zig-zag conformers)>* and in size-exclusion chromatog-
raphy polyolefins routinely penetrate pores far smaller than
their presumed hydrodynamic radii. We conclude that for the
rates observed here, the reactions are not diffusion-limited and
that the polymer chains can penetrate the pores of ZSM-5 to
some extent.

We expect differences in reactivity for purely ion-exchanged
versus extra-framework Ni even using the same zeolite (ZSM-
5), as observed above (Table 2, Figure 3). Specifically, the Ni*"
(or slightly less electropositive) coordination within the zeolite
dictates electron back donation to the antibonding states,”>>°

affecting the available d-band states for polymer interaction.”’
The Ni**-exchanged zeolites (at least in the AFI and LTA
topologies) are known to drive polymerization by converting
to immobilized alkyl complexes apparently capable of both f-
hydride elimination and olefin insertion in a likely Cossee—
Arlman-type mechanism.”®*” DFT calculations have shown
that such immobilized Ni** mimics homogeneous catalysts,*”
in some cases achieving a greferred (for polymerization)
square-planar coordination.”® The zeolite structure also
promotes chain growth via diffusion-limited processes.®”®!
Therefore, highly dispersed (via Si—O—Al exchange sites) and
immobilized Ni** (and Pt*) sites within the zeolite should be
able to reversibly depolymerize by a reverse Cossee—Arlman
mechanism. All of these M-exchanged zeolites give high
selectivities to lighter carbon products, as might be expected
from such a mechanism. However, Ni-ZSM-5 shows residual
strong acid sites (Bronsted acid) by 1-PA titration, which
could account for the lower ethylene selectivity.

In contrast, the Ni**-doped rare earth oxides and Ni/Fe;0,
must catalyze depolymerization by an entirely different
mechanism. It has been found that for other supported
organometallic complexes such as Zr oxyhydrides/SiO,
scission is almost random in nature at 150 °C.” Some
product selectivity occurs with these samples because there
were essentially no products observed above C20 for the Ni—
CeO,-based catalysts. Extended extraction times and extrac-
tions with a slightly better solvent for HDPE (o-xylene) also
gave no higher-molecular-weight products. On the other hand,
the Fe and Fe—Ni did generate higher-molecular-weight
products, suggesting a more random cleavage process.
Therefore, the Ni—CeO, product distributions, centered
around C7—Cl14, reflect intrinsic depolymerization activity of
these catalysts, instead of purely random scission. Whether this
arises from a diffusional cutoft related to pore size and/or
certain preferred conformations of >C20 species in larger pores
is an open question.

We can compare our process to that of a typical microwave-
initiated depolymerization for HDPE.”" In this process, the 1:1
FeAlO,/HDPE catalyst mixture generated temperatures
starting at 350 extending to >400 °C during a run. For the
first cycle, they obtained gas yields of ~65% (mass basis), with
most of the remaining product detected as coke or iron
carbide. The gas was composed of 80 vol % H, and 5—10%
CO with the remainder consisting of CH,, CO,, and C2+
gases. The different mechanisms seen between the microwave
process and our rf-activated depolymerization can be attributed
to the differences in how microwave versus rf radiation
interacts with the polymer and the catalyst. In the rf-driven
process, there is localized hysteresis heating of the Fe;O,,
followed by the activation of C—C bonds within the
hydrocarbon backbone instead of direct activation of the
hydrocarbons.

Finally, depolymerizations of commercial LDPE (grocery
bags), commercial polystyrene (Styrofoam), and virgin HDPE
were performed over the Fe—Ni catalyst as proof-of-concept
experiments. For commercial LDPE, the depolymerization
conversion after 2 h for a 115:1000 catalyst/polymer wt ratio
was 54% (28.4% liquid, 19.4% gas, and 6.5% coke) with
product selectivities shown in Figure 5. This conversion and
the selectivities are similar to the virgin polymer. The
conversion for the commercial polystyrene was 33% and that
of the virgin HDPE was 48%. The HDPE depolymerization
has a similar selectivity as the LDPE, with the products
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Figure S. rf-initiated commercial LDPE reaction. Product distribution
of commercial LDPE (WP-LDPE) and polystyrene (WP-PS) over
Fe—Ni catalysts and virgin HDPE over the Fe catalyst exposed to 64
mT 1f field for 2 h.

centered around C13—CI14 but generated more light liquid
products. The process appears to work for all common
polyolefins.

4. CONCLUSIONS

In summary, LDPE and HDPE depolymerization was studied
using thermal and induction heating of Ni-activated zeolites
and metal oxides, without added H,. The thermal decom-
position process agreed well with previous results showing the
onset of polymer decomposition around 350 °C, regardless of
the catalyst structure but requiring significantly long reaction
times for high conversion. Alternatively, the rf-driven process
resulted in high conversions (up to 94%) after exposure to 64
mT fields for 2 h. The surface temperatures were calibrated
using the mp/bp of different solvents. The depolymerization
process was shown to be dependent upon the catalyst
structure, with no observable diffusional limitations, proceed-
ing either through a reverse Cossee—Arlman (zeolites),
selective cleavage (CeO,), or a random cleavage (Fe) route.
As such, the resulting product distributions ranged from mainly
light gases (C2—CS), diesel-range products (C7—C14), or a
wider range of liquids (C8+). Finally, the depolymerization of
commercial LDPE (grocery bags) over a Fe—Ni catalyst
produced mainly C10—C20 alkanes/alkenes. The novelty of
this work is that the rf-driven depolymerization process allows
for controlled (minimal CH, and H,) and product-tunable
decomposition of virgin and commercial grade polyolefins to
rapidly (at least 25 times faster than the corresponding
thermally driven reaction) produce either light gases or diesel-
grade products with no added H,. Little coke is produced, even
at high conversions. The process has the potential to upcycle a
range of commercial plastics into monomers or specialty
chemical feedstocks without employing either noble metals or
H, feeds as an economically viable alternative to the current
recycling methods.
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