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ABSTRACT: Polyolefin hydrocracking over Brønsted acidic ZSM-5 produces light
hydrocarbons with narrow product distributions, but further increases in propane and
butane selectivity are required to improve process economics and sustainability. Here,
we examined the effect of various metal and metal oxide dopants, namely Pt, Pt-Sn,
SnOx, ZnOx, and GaOx, on ZSM-5-mediated polyolefin hydrocracking and identified
GaOx as a selective promoter for light gas formation. Incorporation of gallium oxide
(3 wt % Ga) was shown to increase propane selectivity from 40 c-wt %, achieved over
 7228
ZSM-5, to near 60 c-wt %, reaching a combined propane and butane selectivity of 85 c-
 .​pdf?guestAccessKey=2e356292-6312-461c-995
wt %, while maintaining solids conversion.
To elucidate the role of gallium oxide, we used ex situ and operando characterization techniques to probe acidity, local coordination
environment, and the spatial distribution of GaOx species. Extra-framework gallium oxide introduced via incipient wetness impregna-
tion reduced the measured acid site density from 1275 to 911 μmol g−1, decreased the Brønsted/Lewis acid site ratio, and formed a
high-coverage GaOx layer on the external surface of the zeolite. Operando experiments show that Ga is present in both Ga3+ and Ga1+

under reaction conditions. Attempts to disperse gallium oxide through reductive pretreatments led to an increase in the Lewis acid site
concentration and a 10 c-wt % decrease in propane selectivity, highlighting the importance of the specific location, structural, and
acidic configurations. Systematic variation of impregnation methods to control location and dispersion revealed a synergistic interac-
tion between gallium oxide and zeolite acid sites, with propane selectivity strongly influenced by spatial proximity of GaOx to acid sites.
Furthermore, vapor-phase flow reactions with a model compound demonstrated a decrease in intermediate product formation com-
pared to the zeolite alone. The optimized catalyst was validated across diverse polyolefin substrates and resulted in similar increases to
propane selectivity, yielding >80 c-wt % combined C3−C4 selectivity across the range of polyolefin substrates.
KEYWORDS: plastics deconstruction, polyethylene, hydrocracking, ZSM-5, gallium oxide
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The heterogeneous hydrocracking of polyolefins provides a cat-
alytic route for converting plastic waste into value-added hydro-
carbons under relatively mild conditions.1−4 Hydrocracking
employs Brønsted acids, either alone or together with metallic
sites in bifunctional catalysts, to generate carbocation intermedi-
ates that undergo isomerization and β-scission, resulting in a
product distribution that depends on the balance between
metallic and acidic functionalities.5−7 Our previous process
modeling study of polyethylene (PE) hydrocracking identified
optimal target products and key process drivers,8 suggesting
that C3−C4 alkenes were favorable products in terms of both
economics and reduced greenhouse gas (GHG) emissions rela-
tive to primary production. Experimentally, a 70% combined
yield of propane, isobutane, and butane is achievable using
ZSM-5 zeolite5,9 (Figure 1), and this product mixture was mod-
eled as the feedstock for dehydrogenative upgrading with the
CATOFIN process. The resulting propylene minimum selling
price (MSP) was competitive with virgin propylene, and although
GHG emissions remained comparable. Sensitivity analysis identi-
fied product yield as a key process variable, with a 20% increase in
yield resulting in 30% and 44% reductions in MSP and GHG
emissions, respectively, motivating the development of catalysts
that can further enhance propane and butane formation.
Most efforts to tune polyolefin hydrocracking selectivity have

focused on bifunctional metal-acid catalysts containing Ru, Pt,
Ni, or Co.1−7,10,11 These metals promote hydrogenolysis and
hydrogenation but also favor methanation and liquid-range
products, particularly at high metal loadings, large particle sizes,
or elevated temperatures. Consequently, extensive efforts have
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Figure 1. Overview on ZSM-5 hydrocracking to selective light alkane
products.

Figure 2. Recovered carbon selectivity and solids conversion for the
reaction of metal/metal oxide on ZSM-5 Si/Al = 11.5 (Pt, Pt-Sn,
SnOx, GaOx, and ZnOx). Reaction conditions: 700 mg of PE 4k,
46 mg of catalyst total, 3 wt % metal/metal oxide loading, 240 °C,
16 h, 40 barg of H2 fill at room temperature, 600 rpm, 1 h heat ramp.
The Pt-Sn catalyst had a weight loading of 3 wt % Pt and 0.5 wt % Sn.
ZSM-5 and GaOx/ZSM-5 are averages of triplicate experiments
(Figure S1). All data shown graphically here are provided in Excel S1.
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focused on tuning the particle size, dispersion, electronic struc-
ture, promoters, and supports to favor liquid-range
products.6,7,12−27 Brønsted acidic zeolites are frequently used
as supports, but above temperatures of 200 °C, zeolites alone
are catalytically active for polyolefin hydrocracking,5,11,28−30

with medium-pore zeolites preferentially producing light gases,
whereas large- or extra-large-pore zeolites favor gasoline-range
hydrocarbons.26,31−36 Attempts to combine metals with
medium-pore zeolites to enhance hydrogen activation while
preserving acid-mediated selectivity have been reported to shift
products to higher carbon numbers or decrease hydrocracking
activity relative to the parent zeolite,5,11 suggesting that alterna-
tive dopants that increase C−H activation without overwhelm-
ing zeolite-mediated cracking pathways may be worthy of
further study.

To that end, promoters used in light alkane dehydrogenation
provide a potential approach to decouple hydrogen activation
from extensive C−C cleavage. Pt and Cr oxides exhibit high
activity for light alkane dehydrogenation where promoters such
as Sn, Zn, Ga, and In are used to suppress side reactions and
stabilize active sites.37,38 Gallium in particular, which is used
to promote dehydrogenation, aromatization, or cracking, can
be introduced into ZSM-5 via hydrothermal synthesis, ion
exchange, vapor-phase exchange, or impregnation, with each
method generating distinct gallium species that exhibit different
catalytic functions.39−43 Moreover, Ga and Zn have been exten-
sively studied as dopants on ZSM-5 for both cracking and
hydrocarbon aromatization.44,45 Recently, Qian et al. reported
aromatization of HDPE and PP over Ga-promoted zeolites,
achieving a yield of 60% BTEX (benzene, toluene, ethylben-
zene, and xylenes).46 Incorporation of Ga introduces Lewis
acidic sites that facilitate hydrogen transfer and dehydrogena-
tion, while Brønsted acid sites promote cracking.44 Numerous
other studies have investigated the influence of Ga and Zn on
olefin selectivity from various alkanes,47−50 along with addi-
tional work evaluating polyolefin cracking to gasoline-range
products.51−53 However, these dopants have not been systema-
tically evaluated in combination with zeolites to enhance light
hydrocarbon hydrocracking selectivity.

In this study, motivated by the well-established influence of
dopants on the dehydrogenation of light alkanes and their lim-
ited application in polyolefin hydrocracking, we examined the
role of metal/metal oxides in enhancing polyolefin hydrocrack-
ing selectivity toward light hydrocarbons. We demonstrate that
extra-framework gallium oxide selectively enhances propane for-
mation during polyolefin hydrocracking using ZSM-5. Using
low Si/Al ZSM-5 (Si/Al = 11.5) as a baseline catalyst, we show
that incorporation of gallium oxide (3 wt % Ga) increases
C3−C4 selectivity by 15 c-wt % without decreasing solids con-
version (Figure 1). Propane selectivity depends strongly on gal-
lium oxide location, with extra-framework GaOx introduced by
incipient wetness impregnation yielding the highest propane
selectivity, approaching 60 c-wt %. Comprehensive ex situ and
B

operando characterization studies were conducted to elucidate
the changes in acidity, gallium oxidation state, gallium coordina-
tion environment, and spatial distribution that correlate with
this selectivity enhancement.
■ RESULTS

Influence of Metal Oxide Species on Polyolefin Hydrocracking

PE hydrocracking was first evaluated over a commercial ZSM-5
catalyst with Si/Al = 11.5 (Table S1), to establish a base case
and enable a direct comparison with our prior process modeling
study.8 Reactions conducted at 240 °C, 40 bar H2, and 16 h
resulted in 66% solids conversion and a recovered carbon propane
selectivity of 32 c-wt %. To assess how dopants modify activity
and selectivity, a series of metals and metal oxides were added
onto ZSM-5 via incipient wetness impregnation (IWI). All cata-
lysts were evaluated at a fixed total dopant loading of 3 wt %
and constant reaction time to isolate the influence of dopant iden-
tity on solids conversion and product distribution (Figure 2).
Pt was selected as a benchmark dopant due to its widespread

use in bifunctional hydrocracking catalysts and its well-
established hydrogenation and hydrogenolysis activity.1,11,25

Incorporation of 3 wt % Pt on ZSM-5 decreased solids conver-
sion relative to the parent zeolite and decreased propane selec-
tivity from 32 to 23 c-wt %, while selectivity toward iC5, nC5,
and C6+ products increased (Figure 2). Similar reductions in
activity upon metal addition have been reported previously,
even at lower metal loadings.5,11 The Pt-containing catalyst pri-
marily produced n-alkane and iso-alkane products, consistent
with Pt-mediated C−C bond cleavage occurring in parallel with
hydrogenation and dehydrogenation. Based on prior reports
that Sn modified both the ensemble size and the electronic
structure of Pt, Sn was subsequently added as a promoter at
0.5 wt % with Pt.38 Although Pt−Sn systems have improved
activity in other hydrocracking studies,25 incorporation of Sn
https://doi.org/10.1021/acscatal.6c06722
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with Pt on ZSM-5 did not alter conversion or selectivity relative
to Pt alone under the conditions studied here (Figure 2).

Metal oxides without noble metals exhibited mixed effects on
hydrocracking performance. Tin oxide and zinc oxide did not
increase solids conversion or propane selectivity relative to
ZSM-5, and zinc oxide reduced solids conversion by 42%. In
contrast, the addition of gallium oxide (3 wt % Ga) yielded
66% solids conversion, while increasing propane selectivity by
approximately 19 c-wt % relative to the carrier. This increase
occurred primarily at the expense of heavier products, with C6+
recovered carbon selectivity decreasing from 16 c-wt % for the
ZSM-5 carrier to 5 c-wt % for GaOx-modified ZSM-5, indicating
that GaOx selectively promotes pathways that favor light alkane
formation without suppressing zeolite-mediated cracking activity.

The total acid site counts measured by NH3-TPD are pro-
vided in Table S2 with individual profiles provided in
Figure S4. All catalysts exhibited two desorption features corre-
sponding to weak and strong acid sites. Although NH3-TPD
cannot distinguish between Brønsted and Lewis acid sites, the
total acid site densities were similar across samples, averaging
∼1000 μmol NH3 adsorbed g

−1. The reducibility of the gallium
oxide catalyst was probed via H2-TPR (Figure S5), wherein a
weak reduction feature was observed near 500 °C, with no addi-
tional reduction up to 1000 °C. Prior studies have attributed
such low temperature reduction behavior to highly dispersed
gallium species, whereas bulk Ga2O3 typically reduces near
900 °C.41,54−56 Based on its unique propane selectivity
enhancement and preserved activity, gallium oxide was selected
for further optimization and characterization.

Evaluation of the GaOx/ZSM-5 Bifunctional System

To evaluate the influence of acidity on activity and selectivity in
the bifunctional system, a different parent zeolite, with a higher
Si/Al ratio of 40 (Table S1, Zeolyst, Si/Al = 40), was evaluated
due to its lower total acidity. NH3-TPD analysis shows that the
Si/Al = 40 contains approximately three times fewer acid sites
than Si/Al = 11.5 (348 μmol g−1 vs 1275 μmol g−1, respec-
tively; Table S3 and Figure S6). Despite this difference, ZSM-
5 Si/Al = 40 achieved nearly the same solids conversion as
Si/Al = 11.5 under base-case conditions (60% vs 66%;
Figure 3A) but exhibited drastically different product selectivity
(Figure 3B). Introducing GaOx to ZSM-5 Si/Al = 40 (3 wt %
Ga) increased propane selectivity by ∼8 c-wt %, but this
increase occurred alongside a decrease in solids conversion
(Figure 3A,B). Extending the reaction time to 48 h improved
solids conversion to ∼80%, while propane selectivity increased
by only ∼7 c-wt % (Figure S7). A slightly smaller crystallite size
was observed for ZSM-5 Si/Al = 40 compared to Si/Al = 11.5
(Figure S8), which may contribute to the observed changes in
product selectivity. Additionally, a higher concentration of acid
sites could enable intermediates to encounter multiple active
sites, promoting secondary cracking to terminal products.

To assess the bifunctional system without zeolite confine-
ment, an amorphous silica-alumina support (SIRAL40HPV,
Table S1) was examined due to its similar total acid site density
to ZSM-5 Si/Al = 40 (371 μmol g−1 vs 348 μmol g−1, respec-
tively; Table S3 and Figure S6). Both the parent and GaOx-
modified SIRAL catalysts exhibited minimal solids conversion
and negligible product formation under base-case conditions
(Figure 3). Increasing the reaction time to 48 h did not signifi-
cantly increase activity (Figure S9). NH3-TPD showed a single
desorption feature centered near 250 °C, indicating
C

predominantly weak acid sites and a distinctly lower acid strength
than that of the zeolite. Thus, similar total acid site densities
alone are insufficient to replicate the catalytic behavior of ZSM-
5. Given that the SIRAL and zeolite supports differ in pore struc-
ture, crystallinity, and confinement, the individual contributions
of these properties cannot be deconvoluted when comparing
both materials. Based on its activity and enhancement in propane
selectivity, GaOx/ZSM-5 (Si/Al = 11.5) was selected for detailed
catalytic analysis and structural characterization.
To distinguish the contributions of framework and extra-

framework gallium species in the GaOx/ZSM-5 (Si/Al =
11.5) catalyst, a series of materials containing gallium in distinct
structural environments were prepared and evaluated. The com-
mercial ZSM-5 (Si/Al = 11.5) (Al-ZSM-5), which contains
framework Al but no gallium, achieved 66% solids conversion
and primarily produced C3−C5 hydrocarbons under base-case
conditions (Figure 4). To assess the role of framework Ga spe-
cies in PE hydrocracking, a gallosilicate (Ga-ZSM-5) was hydro-
thermally synthesized with a Si/Ga ratio of 41 using an adapted
literature procedure reported to yield predominantly
framework-incorporated Ga species.42 This material exhibited
reduced activity (27% solids conversion) and enhanced selectiv-
ity toward C7+ products (Figure 4).
Comparing the Ga-ZSM-5 to a commercial Al-ZSM-5 with

similar acid site density, Si/Al = 40, catalytic evaluation con-
firmed that Al-ZSM-5 still achieved higher solids conversion
and greater selectivity toward C3−C4 hydrocarbon species than
Ga-ZSM-5 (Figure S10C). SEM indicated a smaller aggregate
particle size for the gallosilicate material relative to the commer-
cial aluminosilicate (Figure S11). The NH3-TPD profiles exhib-
ited similar acid site densities for both Ga-ZSM-5 and Al-ZSM-5
Si/Al = 40 (348 μmol g−1 for Al-ZSM-5 vs 293 μmol g−1 for
Ga-ZSM-5; Table S4 and Figure S10A), with the gallosilicate
also exhibiting a lower desorption temperature, consistent with
weaker acid sites. To further probe the effect of framework spe-
cies, a material containing both Al and Ga in-framework was
hydrothermally synthesized with a Si/Al ratio of 19 and a Si/
Ga ratio of 145. This sample had a measured acid site density
of 775 μmol g−1, consistent with the increase in the Si/Al ratio,
and achieved near-complete solids conversion (96%)
(Figure S10C and Table S4). TEM confirmed that Ga was
well-dispersed throughout the sample (Figure S11D).
However, its product selectivity was still less than that of the
commercial aluminosilicate with Si/Al = 11.5, reinforcing that
the Ga species most effective for enhancing light-gas selectivity
in PE hydrocracking are those introduced as extra-framework.
To isolate the role of extra-framework gallium oxide, we eval-

uated a series of supported catalysts prepared using different
deposition strategies. First, gallium oxide supported on silica
(GaOx/SiO2) was prepared via IWI to decouple gallium oxide
chemistry from zeolite acidity. TEM (Figure S12) showed the
absence of GaOx agglomerations. Catalytic evaluation of
GaOx/SiO2 resulted in negligible product formation
(Figure 4). A physical mixture (Mix) of GaOx/SiO2 and
ZSM-5 (Si/Al = 11.5) achieved solids conversion identical to
ZSM-5 (Si/Al = 11.5) (Al-ZSM-5) alone and exhibited a simi-
lar product distribution, demonstrating that close spatial prox-
imity between gallium oxide and zeolite acid sites is required
to promote selectivity enhancements (Figure 4).
Gallium oxide was next deposited directly onto ZSM-5 (Si/

Al = 11.5) using different preparation methods. Gallium oxide
introduced via IWI resulted in solids conversion comparable
https://doi.org/10.1021/acscatal.6c06722
ACS Catal. XXXX, XXX, XXX–XXX

https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c06722


Figure 3. (A) Phase yield and solids conversion and (B) recovered carbon selectivity for reaction over carriers ZSM-5 Si/Al = 11.5, ZSM-5 Si/Al = 40,
and SIRAL Si/Al = 0.3 with and without GaOx. GaOx was added to the carrier via IWI (3 wt % Ga). Reaction conditions: 700 mg of PE 4k, Si/Al =
11.5 = 46 mg of catalyst, Si/Al = 40 = 48 mg of catalyst, SIRAL Si/Al = 0.3 = 47 mg of catalyst, 240 °C, 16 h, 40 barg of H2 fill at room temperature,
600 rpm, 1 h ramp. ZSM-5 Si/Al = 11.5 and GaOx/ZSM-5 Si/Al = 11.5 are averages of triplicate experiments (Figure S1). All data shown graphically
here are provided in Excel S1.

Figure 4. (A) Phase yield and solids conversion and (B) recovered carbon selectivity for reaction over the catalyst with different Ga speciation.
Al-ZSM-5: 46 mg of ZSM-5 Si/Al = 11.5. Ga-ZSM-5: 50 mg of hydrothermally synthesized gallosilicate, Si/Ga = 41. GaOx/SiO2: 49 mg of
GaOx/SiO2 (3 wt % Ga IWI). Mix: 49 mg of GaOx/SiO2 3 wt % Ga IWI + 43 mg of ZSM-5 Si/Al = 11.5. SSI: 46 mg of GaOx/ZSM-5 Si/Al =
11.5 (3 wt % Ga SSI). IWI: 46 mg of GaOx/ZSM-5 Si/Al = 11.5 (3 wt % Ga IWI). Reaction conditions: 700 mg of PE 4k, 240 °C, 16 h, 40 barg
of H2 fill at room temperature, 600 rpm, 1 h ramp. Al-ZSM-5 (ZSM-5 Si/Al = 11.5) and IWI (GaOx/ZSM-5 Si/Al = 11.5) are averages of triplicate
experiments (Figure S1). All data shown graphically here are provided in Excel S1.
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to the carrier alone but significantly suppressed C6+ products
while enhancing propane selectivity, as demonstrated in
Figure 2. Gallium oxide was then incorporated via solid-state
ion exchange (SSI), a method similar to IWI but that does
not require dissolving the precursor in water. As expected, SSI
produced slightly larger, less dispersed gallium oxide species
(Figure S13). The SSI sample performed between the physical
mixture and IWI catalyst, consistent with the presence of larger,
more agglomerated gallium oxide particles (Figure 4).

The influence of gallium oxide loading was next evaluated for
catalysts prepared by IWI and SSI. For the IWI series,
D

increasing the loading from 1 to 11 wt % increased solids con-
version, reaching a maximum of 65% at 11 wt %
(Figure S14). Product selectivity remained largely constant
throughout the series, with maximum propane selectivity of
approximately 50 c-wt % observed at 3 wt % Ga. For the SSI
series, increasing loading from 3 to 23 wt % increased solids
conversion to a maximum of 75% at 11 wt %, followed by a
decline at higher loadings (Figure S15). Propane selectivity in
this series remained lower, at ∼40 c-wt %. TEM of selected
samples showed increasing agglomeration of GaOx species on
the zeolite surface as loading increased for both IWI and SSI
https://doi.org/10.1021/acscatal.6c06722
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(Figures S16 and S17). Acid site characterization by NH3-TPD
confirmed a reduction in total acid site density upon GaOx
incorporation (Tables S5 and S6), accompanied by a shift in
the high-temperature desorption peak (Figures S18 and S19)
for both impregnation methods. To distinguish between
Brønsted and Lewis acid sites, pyridine adsorption infrared
spectroscopy was performed on selected IWI samples. The
ν(CCN) ring-stretching vibrations of chemisorbed pyridine
(19b mode) were monitored, with bands at ∼1545 cm−1

assigned to pyridinium ions on Brønsted acid sites (Pyr-H+)
and bands at ∼1455 cm−1 assigned to pyridine coordinated to
Lewis acid sites (Pyr-L).57,58 The Brønsted/Lewis acid site ratio
was shown to decrease from 5.4 for the parent zeolite to 3.3 and
2.3 for the 1 and 3 wt % Ga samples, respectively, and then
remained essentially unchanged at 2.2 for the 6 wt % Ga sample
(Table S7). The acid site density and Brønsted/Lewis ratio
remained constant between the 3 and 6 wt % samples, indicat-
ing that further increases in gallium content have little effect on
the acid site distribution and provide no catalytic improvement.

Taken together, these results suggest that extra-framework
gallium oxide participates in chain activation but is not active
alone for PE cracking. Instead, the results thus far suggest a syn-
ergy between gallium oxide and zeolite acid sites, with perfor-
mance strongly influenced by spatial proximity or speciation
of these sites. For enhancing light gas production, IWI appears
optimal, increasing propane selectivity to 50 c-wt % and achiev-
ing a combined C3−C4 selectivity of approximately 85 c-wt %.

Characterization of GaOx/ZSM-5 Prepared via IWI

Because gallium oxide incorporation distinctly influences PE
hydrocracking product selectivity, understanding the structural
characteristics of GaOx and resulting catalytic implications is
essential. Comprehensive characterization of the GaOx/ZSM-
5 Si/Al = 11.5 (3 wt % Ga IWI) was conducted to elucidate
the acidity, coordination environment, and spatial distribution
of gallium oxide. A decrease in total acid site strength and den-
sity was observed with the addition of GaOx (1275 μmol g−1

vs 911 μmol g−1, respectively; Figure 5A). This observation
aligns with the literature, demonstrating the consumption of
Brønsted acid sites and formation of Lewis acid sites associ-
ated with the extra-framework Ga3+ species.59 Consistent with
the NH3-TPD results, GaOx incorporation led to a progressive
decrease in total acidity, with a larger reduction in the
Brønsted acid concentration. As a result, the concentration
of Brønsted acid sites dropped from 953 to 608 μmol g−1

(Table S7), indicating a substantial shift in the acid site distri-
bution upon gallium addition.

The Ga K-edge XANES spectrum of as-prepared GaOx/
ZSM-5 was compared to that of β-Ga2O3 as a Ga3+ standard
(Figure 5B). The similar absorption edge energies of both indi-
cated that the oxidic gallium species in GaOx/ZSM-5 were pres-
ent as Ga3+. To gain insight into the local structure of the GaOx
species as a function of the weight loading, ex situ XAS data
were collected at the Ga K-edge. Comparing the XANES spec-
tra, there was a clear change in the relative amount of octahe-
drally (GaO6) and tetrahedrally (GaO4) coordinated oxidic
Ga species as a function of the weight loading, as indicated by
the intensity change between the two maxima in the white line
region (Figure S20).40,60 The corresponding Ga K-edge EXAFS
data were modeled (Figure S21 and Table S8), revealing an
increasing average agglomerate size (as determined from the
Ga−Ga coordination number) with increasing loading.
E

Moreover, the data were modeled considering the relative
amount of octahedral and tetrahedral Ga species. In β-Ga2O3,
there is a 50:50 mix of octahedral and tetrahedral species, while
GaO4 dominated the as-prepared IWI series. The gradual
decrease in the estimated GaO4 fraction from 74% to 64% corre-
sponded with increasing loading from 1 to 11 wt % (Table S8).
The higher amount of tetrahedral Ga oxidic species in the cata-
lysts is interpreted as the presence of dispersed and more iso-
lated GaOx moieties.
An operando XAS experiment was performed with GaOx/

ZSM-5 Si/Al = 11.5 (3 wt % Ga IWI) at 12 bar using n-dode-
cane as a model polyolefin in the vapor phase with the aim of
probing the local structure of the Ga species under more rele-
vant conditions. There was a small redshift in XANES spectra
and a decrease in white line intensity as the catalyst was exposed
to H2 at 180 °C and then to the H2 + dodecane mixture
(Figure S22A). Additionally, there were corresponding changes
in the EXAFS spectra, suggesting possible structural changes
upon H2 treatment (Figure S22B,C). When the reaction tem-
perature was further increased from 180 to 250 °C and held
for 2 h, the XAS spectrum was similar (Figure S23). XANES lin-
ear combination fitting (LCF) was used to estimate the amount
of reduced Ga species. While the amounts are small, the LCF
gave 2% of GaOx sites to be Ga1+ in the 1.5 h H2-exposed cat-
alyst (Figure S24A) and about 6% Ga1+ at 2 h TOS
(Figure S24B). As the temperature was ramped from 180 to
250 °C in the presence of H2 and dodecane, the Ga1+ fraction
increased from 3% to 5% (Table S9).
EXAFS modeling was performed to determine any structural

changes between the as-prepared catalyst and the active hydro-
cracking catalyst at 250 °C. Under reaction conditions, the
Ga−O scattering was best modeled with a single Ga−O scatter-
ing path at 1.87 ± 0.01 Å, suggesting that Ga3+ under reaction
conditions is present exclusively in a tetrahedral coordination
environment (Table S10 and Figure S25). The apparent
Ga−O coordination number decreased under hydrocracking
conditions, consistent with the presence of a fraction of highly
disordered or EXAFS-silent reduced Ga species.61 Operando
XANES fitting indicated that this reduced Ga population
remained a minority under the reaction conditions examined.
No Ga hydride bands were detected by H2-FTIR under
reaction-relevant conditions (Figure S26). These measurements
show that the catalyst contains predominantly tetrahedrally
coordinated oxidic Ga together with a minority reduced Ga
population, but do not establish which Ga species is responsible
for the enhanced propane selectivity or rule out a contribution
from the reduced Ga fraction.
Finally, high-resolution XPS was used to elucidate the local

coordination environment of the surface gallium oxide species,
with the Ga 2p spectra and fitting results shown in Figure 5C.
The Ga 2p region reveals two distinct coordination environ-
ments, with peaks centered at binding energies of 1117 and
1120 eV. Other catalyst systems have shown similar behavior,
where a binding energy value of ∼1120 eV is typically attributed
to dispersed Ga2O3 interacting with the zeolite framework,
while the binding energy of 1117 eV is associated with more
bulk-like Ga2O3.

41,55,62 As Ga oxide loading increases, the rela-
tive abundance of bulk-like Ga2O3 species also increases
(Figure S27A). Consistently, XANES measurements revealed
that higher GaOx loadings correlate with a greater proportion
of octahedrally coordinated gallium such that the shoulder at
∼10,381 eV evolves into a sharp peak especially above 6 wt %
https://doi.org/10.1021/acscatal.6c06722
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Figure 5. (A) NH3-TPD profiles for ZSM-5 Si/Al = 11.5 (black) and GaOx/ZSM-5 Si/Al = 11.5 (3 wt % Ga IWI) (pink). (B) XANES for β-Ga2O3
(black) and GaOx/ZSM-5 Si/Al = 11.5 (3 wt % Ga IWI) (pink). (C) Ga 2p XPS spectra for GaOx/ZSM-5 Si/Al = 11.5 (3 wt % Ga IWI). (D) Ga 2p
XPS spectra after cycles of argon-ion gun sputtering (3000 V and 1 μA over a 2 × 2 mm2 raster area). (E) HAADF-STEM image and corresponding
EDS elemental mapping of Si (green), Al (blue), O (red), and Ga (purple) of GaOx/ZSM-5 Si/Al = 11.5 (3 wt % Ga IWI).
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Ga loading (Figure S20). EXAFS fits indicated higher octahe-
dral gallium species and a trend toward higher Ga−Ga coordi-
nation with increased Ga loading, consistent with more bulk-
like Ga2O3 species (Table S8).

Beyond the local coordination environment, the position and
distribution of gallium oxide within the zeolite, as well as its
proximity to acid sites, can strongly influence catalytic activity
and selectivity. This was first probed using XPS depth profiling
on a pristine sample, in which an argon-ion gun etched the sur-
face (3000 V and 1 μA over a 2 × 2 mm2 raster area) and spec-
tra were collected after each sputtering cycle (Figure 5D). The
intensity of Ga diminished with successive etching cycles, indi-
cating a high concentration of surface gallium oxide species.
This finding aligns with HAADF-STEM elemental mapping of
the fresh catalyst (Figure 5E), which shows that Si, Al, and O
are well-dispersed throughout the sample while Ga is enriched
near the surface. Electron tomography further corroborates that
Ga is predominantly located on the external surface of the zeo-
lite (Figure S28).

Role of Extra-Framework Gallium Oxide in Supported
Catalyst Systems

The influence of hydrogen on catalytic activity and product
selectivity was evaluated by testing both the carrier and the
GaOx/ZSM-5 catalyst under identical conditions in the absence
of H2, using a fill pressure of 34 bar N2. The resulting carbon
yield, solids conversion, and recovered carbon selectivity are
shown in Figure S29. At 240 °C, both catalysts were largely
inactive (<10% product yield). Increasing the temperature to
250 and 260 °C improved carrier activity, whereas the GaOx/
ZSM-5 sample remained inactive (∼10%). The lower activity
under nitrogen is consistent with partial blocking of zeolite
acid sites by GaOx and/or the lack of activity by GaOx in the
absence of hydrogen. These results indicate that the promo-
tional effect associated with GaOx requires hydrogen; in its
F

absence, the inhibitory effects associated with Ga incorporation
on the underlying zeolite-mediated reaction pathway become
dominant.
The influence of temperature and hydrogen pressure on cat-

alytic performance was next evaluated for each catalyst system.
ZSM-5 (Si/Al = 11.5) and the GaOx/ZSM-5 (3 wt %
Ga IWI) were tested at 230, 240, and 250 °C with solids con-
version and recovered carbon selectivity shown in Figure S30.
At 240 °C, both catalysts achieved high solids conversion
(∼75%) but exhibited markedly different propane selectivity,
as previously noted. Increasing the reaction temperature to
250 °C resulted in complete solids conversion; however, pro-
pane selectivity for the carrier alone increased substantially
(from 32 to 43 c-wt %) relative to the base-case condition, high-
lighting the importance of temperature in promoting cracking
to terminal products. At 230 °C, the recovered carbon selectiv-
ity was nearly identical to that at 240 °C for both catalysts.
Subsequently, ZSM-5 (Si/Al = 11.5) and GaOx/ZSM-5 IWI

and SSI (3 wt %) samples were tested at 240 °C under varying
hydrogen fill pressures (Figure S31). For ZSM-5, increasing
hydrogen pressure moderately increased solids conversion
while the recovered carbon selectivity remained relatively con-
stant (Figure S31A). A similar trend was observed for the SSI
and IWI samples, although a more substantial increase in activ-
ity occurred between 30 and 40 bar, with only marginal
improvement at 50 bar (Figure S31B,C). Product selectivity
for GaOx-modified catalysts remained largely insensitive to
hydrogen pressure across the range studied.
Product evolution during polyolefin hydrocracking was eval-

uated by varying reaction time from 2 to 48 h at 240 °C and
40 bar H2 for both ZSM-5 (Figure 6A) and GaOx/ZSM-5
(3 wt % Ga IWI) (Figure 6B). For ZSM-5, C6+ selectivity
decreased with increasing reaction time, while propane forma-
tion increased. In contrast, the GaOx/ZSM-5 exhibited a higher
initial selectivity toward propane compared to the carrier.
https://doi.org/10.1021/acscatal.6c06722
ACS Catal. XXXX, XXX, XXX–XXX

https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acscatal.6c06722/suppl_file/cs6c06722_si_001.docx
http://pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.6c06722


Figure 6. Effect of reaction time on the recovered carbon selectivity and solids conversion of (A) ZSM-5 Si/Al = 11.5 and (B) GaOx/ZSM-5 Si/Al =
11.5 (3 wt % Ga IWI). Reaction conditions: 700 mg of PE 4k, 46 mg of catalyst total, 240 °C, 2−48 h, 40 barg of H2 fill at room temperature,
600 rpm, 1 h heat ramp. (C) Recovered carbon selectivity for the continuous, vapor-flow model reaction of ZSM-5 Si/Al = 11.5 and GaOx/
ZSM-5 Si/Al = 11.5 (3 wt % Ga IWI). Reaction conditions: 1 mL h−1n-dodecane, 23 mg of cat total, 275 mg of SiC, 240 °C, 35 barg, 500 mL
min−1 H2; bars are the averages of 5 GC injections collected at a steady state (∼200 min). All data shown graphically here are provided in Excel S1.
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Propane selectivity reached 50 c-wt % after 8 h and increased
slightly, nearing 60 c-wt % after 32 h. At complete solids conver-
sion, GaOx/ZSM-5 achieved a combined propane and butane
selectivity of 87 c-wt %. The selectivities to C5 and C6+ prod-
ucts remained low for the GaOx-modified catalyst throughout
the experiment, indicating that its propane selectivity was less
dependent on conversion over the range examined. For the par-
ent ZSM-5, the increase in propane selectivity was more
strongly associated with increasing conversion and the progres-
sive cracking of heavier hydrocarbon intermediates.

Vapor-phase flow reactions with a model n-alkane (n-
dodecane) were conducted to elucidate initial bond cleavage
events and reaction pathways for both the carrier and the
GaOx-modified zeolite. Experiments were performed at a feed
rate of 1 mL h−1 of n-dodecane and 500 mL min−1 of H2 at
240 °C and 35 bar total pressure, achieving a steady state at
approximately 5% dodecane conversion (Figure 6C).
Consistent with batch results, ZSM-5 (Si/Al = 11.5) resulted
in a product distribution that included more intermediate spe-
cies, namely, alkene species. In contrast, the GaOx-modified
zeolite exhibited a higher selectivity toward light hydrocarbons
(C3, iC4, and C4) with reduced alkene selectivity. Both the
selectivity of the carrier and the GaOx-modified ZSM-5 varied
with increasing contact time, consistent with more secondary
cracking to increase selectivity of lighter species (Figure S32).
These results further support the conclusion that gallium oxide
incorporation promotes a distinct reaction pathway compared
with the zeolite carrier. Both the time-resolved batch experi-
ments and vapor-phase flow studies indicate that, at equivalent
solids conversion and dodecane conversion, respectively, the
parent zeolite generates a higher concentration of intermediate
species, including higher-carbon-number hydrocarbons and
olefins. In contrast, GaOx alters the hydrocracking reaction
network such that light alkanes are formed earlier, while
G

higher-carbon-number and olefinic intermediates accumulate
to a lesser extent, thereby shifting the product distribution
toward C3 and C4 hydrocarbons.

Determining Active GaOx Species for Enhanced Polyolefin
Hydrocracking

Reductive pretreatments have been shown to modify the disper-
sion and coordination environment of Ga species in GaOx-sup-
ported catalysts.39,40,61,63 We therefore performed in situ XAS
experiments under H2-TPR conditions to monitor changes in
Ga speciation during treatment. The XANES spectra showed
the formation of Ga1+ at temperatures near 400 °C
(Figure 7A).64 At 400 °C, the estimated Ga1+ fraction reached
53% and increased to 70% after 1 h (Figure S33 and
Table S12), whereas cooling to room temperature resulted in
substantial reoxidation to Ga3+ (Figure S34).61 These measure-
ments show that the oxidation state of Ga is strongly dependent
on the treatment temperature.
The catalyst reduced at 400 °C exhibited lower propane

selectivity than the calcined catalyst (Figure 7B). This change
cannot be assigned solely to the Ga oxidation state or Ga loca-
tion because the pretreatment also modified Ga dispersion and
the acid properties of the zeolite. NH3-TPD showed a shift in
the high-temperature desorption feature, consistent with a
change in acid strength (Figure 7C). Pyridine-FTIR showed
that the concentration of strong Brønsted acid sites remained
nearly unchanged after reduction, whereas the concentration
of strong Lewis acid sites increased from 199 to 346 μmol g−1
(Table S13). STEM-EDS further showed deeper penetration
and greater dispersion of Ga species after reduction
(Figure 7D,E), while N2-physisorption indicated no substantial
change in pore accessibility (Table S14). These results indicate
that the reduction treatment produces a coupled change in Ga
distribution and acid-site environment. The lower propane
https://doi.org/10.1021/acscatal.6c06722
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Figure 7. (A) Ga K-edge XANES spectra for GaOx/ZSM-5 Si/Al = 11.5 (3 wt % Ga IWI) under temperature-programmed reduction.
(B) Recovered carbon selectivity and solids conversion of GaOx/ZSM-5 Si/Al = 11.5 (3 wt % Ga IWI) with different pretreatments (calcined,
reduced at 400 °C, recalcined after reduction at 400 °C, and reduction at 240 °C). Reaction conditions: 700 mg of PE 4k, 46 mg of catalyst total,
240 °C, 16 h, 40 barg of H2 fill at room temperature, 600 rpm, 1 h heat ramp. Calcined GaOx/ZSM-5 Si/Al = 11.5 data are averages of triplicate
experiments (Figure S1). All data shown graphically here are provided in Excel S1. (C) NH3-TPD profiles of calcined GaOx/ZSM-5 Si/Al = 11.5
(3 wt % Ga IWI) (black) and after reduction at 400 °C (pink). (D) STEM-EDS Ga elemental map (purple) of GaOx/ZSM-5 Si/Al = 11.5 (3 wt
% Ga IWI) as-synthesized (calcined). (E) STEM-EDS Ga elemental map (purple) of GaOx/ZSM-5 Si/Al = 11.5 (3 wt % Ga IWI) after reduction
at 400 °C (3 h, 100 mL min−1 H2).
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selectivity is therefore consistent with a change in the combined
Ga-acid-site configuration, although the individual contribution
of Ga location, coordination, oxidation state, and acidity cannot
be separated by this experiment alone.

To confirm these observations, the catalyst was pretreated in
H2 again, this time at reaction temperature (100 mL min−1 H2,
240 °C, 3 h) to better replicate the hydrocracking environ-
ment. XANES analysis showed no evidence of reduction at
240 °C (Figure 7A), and catalytic performance was unchanged
when compared to the as-prepared, calcined sample
(Figure 7B). At typical hydrocracking temperatures between
240 and 260 °C, Ga1+ appeared to be the minor species with
an estimated 5−6% fraction. Note that the Ga1+ fraction esti-
mate for the operando experiment at 250 °C in the presence
of dodecane was also around 5%; therefore, the catalyst redu-
ced(with H2 only) at 240 °C is expected to have a similar struc-
ture to the active catalyst at 240 °C with the majority of GaOx
species as Ga3+. This expectation correlates with similar cata-
lytic performance of calcined and 240 °C reduced GaOx/
ZSM-5 as presented in Figure 7B. Furthermore, H2-FTIR was
conducted at 240 °C under flowing hydrogen (100 mL
min−1) to probe changes in GaOx speciation under reaction-
relevant conditions. Previous studies have demonstrated that
Ga species exchange with Brønsted acid sites upon high-
temperature (550−575 °C) reduction, as evidenced by the dis-
appearance of Brønsted acid bands in FTIR and the loss of
extra-framework Ga peaks in Ga MAS NMR.39,40,63 Yuan
H

et al. observed that in IWI samples with low Si/Al, the Ga11+

species resulting from the exchange can then interact with
neighboring Brønsted acid sites to form hydride species.63

After 4 h at reaction temperature, no hydride bands (2053
and 2037 cm−1) were detected, and the Brønsted acid bands
(3735, 3645, and 3591 cm−1) remained unchanged
(Figure S26) for the GaOx/ZSM-5 catalyst.

Application to Other Polyolefin Substrates

As all catalytic trials utilized a model PE (Mw ≈ 4 kDa), the
optimized catalyst system was evaluated using other polyolefin
substrates with varying sizes. Because the polyolefin substrates
were purchased in a pellet form, they were cryomilled prior to
reaction to ensure uniform particle size and improve catalyst
contact. HT-GPC analysis before and after cryomilling con-
firmed no significant changes in molar mass or polydispersity
occurred (Figure S35 and Table S15). The model PP 12k sub-
strate exhibited a mass average molar mass (Mw) of 25 kDa,
much higher than the reported value but consistent with litera-
ture observations.65 The LDPE (25 MFI) and HDPE (2.2 MFI)
provided higher-molar-mass substrates to evaluate, with mea-
sured values of 74 and 89 kDa, respectively.
The recovered carbon selectivity and solids conversion of PE,

PP, LDPE, and HDPE using both ZSM-5 (Si/Al = 11.5) and
GaOx/ZSM-5 (3 wt % Ga IWI) under base-case conditions
are shown in Figure 8. For PP and LDPE, the GaOx-modified
catalyst exhibited slightly lower solids conversion compared to
https://doi.org/10.1021/acscatal.6c06722
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Figure 8. Recovered carbon selectivity and solids conversion for the
reaction of PE, PP, LDPE, and HDPE using the carrier (ZSM-5 Si/
Al = 11.5) and GaOx/ZSM-5 Si/Al = 11.5 (3 wt % Ga IWI).
Reaction conditions: 700 mg of PE 4k, 46 mg of catalyst total,
240 °C, 16 h, 40 barg of H2 fill at room temperature, 600 rpm, 1 h heat
ramp. The carrier (ZSM-5 Si/Al = 11.5) and GaOx/ZSM-5 Si/Al =
11.5 (3 wt % Ga IWI) are averages of triplicate experiments
(Figure S1). All data shown graphically here are provided in Excel S1.
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the carrier. Despite the slight decrease in activity, the enhance-
ment in propane remained consistent across the substrate
series. For HDPE, a similar increase in propane selectivity
(∼15 c-wt %) was observed with GaOx incorporation, compara-
ble to the improvement seen for PE 4 kDa. After 16 h, both the
HDPE and PE exhibited nearly identical product distributions,
with a combined propane and butane selectivity of approxi-
mately 85 c-wt %. HT-GPC analysis of residual solids from
HDPE and PE reactions exhibited a narrower molar mass distri-
bution and a shift in the differential distribution toward higher
molar masses, suggesting preferential cleavage of smaller chains
(Figure S35). LDPE and PP showed smaller improvements in
propane selectivity, which may be attributed to their highly
branched structures, especially when compared to the linear
structure of HDPE.

■ CONCLUSIONS

This work demonstrates that GaOx-modified ZSM-5 selectively
enhances light hydrocarbon formation during polyolefin hydro-
cracking. Guided by process modeling,8 we evaluated several
dopants for ZSM-5 and identified gallium oxide as promising,
increasing propane selectivity by greater than 15 c-wt % when
compared to the parent zeolite. PE time-series experiments
and vapor-phase model compound studies suggest that GaOx
modification promotes a distinct pathway, where both sets of
experiments showed a reduction in the formation of intermedi-
ate products relative to the parent zeolite. This enhanced selec-
tivity requires the microporous environment of zeolite Brønsted
acid sites, molecular hydrogen, and extra-framework gallium
oxide species. Catalyst performance is strongly influenced by
the GaOx location, with incipient wetness impregnation yield-
ing the highest propane selectivity. XPS depth profiling and
STEM-EDS confirm GaOx enrichment near the external sur-
face, while acid site characterization indicates a decrease in the
Brønsted/Lewis ratio upon GaOx addition. These findings high-
light GaOx-modified ZSM-5 as a viable pathway for converting
polyolefin waste into valuable light hydrocarbons, increasing
I

propane selectivity to 60 c-wt % and resulting in a combined
C3−C4 selectivity of 85 c-wt %.

■ MATERIALS AND METHODS

Materials

All substrates, commercial catalysts, and chemicals used in this study are
provided in Table S1. The PE substrate (4000 Da Mw, Sigma-Aldrich)
used throughout this text is a low-molecular weight model polyethylene-
like wax that has been to shown to differ from commercial PE.66−68

Catalyst Preparation and Pretreatment

Commercial zeolite catalysts were calcined (550 °C, 5 h, 5 °C min−1

ramp rate, flowing air) and kept in sealed vials prior to use in reactions
or further synthesis. Supported catalysts were prepared using IWI or
SSI methods and then calcined (550 °C, 5 h, 5 °C min−1 ramp rate,
flowing air) to yield metal oxide species. For Pt and Pt-Sn, samples
were reduced in flowing H2 (100 mL min−1) at 400 °C for 3 h and
then passivated in air prior to use. Gallosilicate and galloaluminosilicate
materials were prepared via hydrothermal synthesis to include Ga or
both Al and Ga in the framework, respectively. Further details on the
catalyst preparation, including impregnation and hydrothermal synthe-
sis, are provided in the Supporting Information.

Characterization

Substrates and postreaction solids were characterized via high-
temperature gel permeation chromatography (HT-GPC).69 Catalysts
were characterized using ammonia temperature-programmed desorption
(NH3-TPD) and pyridine fourier-transform infrared spectroscopy
(FTIR) for acid site quantification, hydrogen-temperature-programmed
reduction (H2-TPR) to probe reduction behavior, scanning transmission
electron microscopy (STEM) and scanning electron microscopy (SEM)
to assess catalyst morphology and particle distribution, powder X-ray dif-
fraction (PXRD) to verify zeolite crystallinity, nitrogen physisorption
(N2-physisorption) was used to determine surface area and micropore
volume, and inductively coupled plasma−mass spectrometry (ICP-MS)
to confirm metal/metal oxide loading. Additional details on the charac-
terization techniques are provided in the Supporting Information.

Ex situ and in situ/operando X-ray absorption spectroscopy (XAS)
experiments at the Ga K-edge were carried out at the Stanford
Synchrotron Radiation Lightsource. Details on experimental proce-
dures, beamline configuration, and operando setup (Scheme S1) are
provided in the Supporting Information.

Reactivity Studies

In a typical batch reaction, a Parr reactor (25 mL, 316 SS) was loaded
with 700 mg of PE (4000 DaMw, Sigma-Aldrich) and 50 mg of the cat-
alyst. TGA was used to measure the water content of the catalyst and
correct the reactor mass loading (details in the Supporting
Information). Catalyst loadings provided in figure captions reflect the
water content. The sealed reactor was purged by three pressure cycles
between 5 and 15 bar hydrogen and then charged to a final pressure of
40 bar (∼60 bar working pressure). The reactor was placed in a heating
block and ramped to the target temperature over 1 h, and after reach-
ing the target temperature, the reaction time began from that point.
After reaching the desired reaction time, the reactor was quenched in
an ice bath and allowed to cool to room temperature. Product capture,
identification, and quantification followed previously reported proce-
dures, with additional details provided in the Supporting Information.9

Vapor-phase flow reactions with n-dodecane were conducted in a
high-pressure, continuous-flow fixed-bed reactor. Hydrogen was sup-
plied at 500 mL min−1 using a digital mass flow controller (Brooks).
Liquid n-dodecane was delivered at 1 mL h−1 via a high-pressure
syringe pump (Chemyx) and entered a heated mixing zone (210 °C,
Cole Palmer Digi-Sense PID controller) where it was rapidly vaporized
into the hydrogen carrier stream. 25 mg of the catalyst (150−180 μm)
https://doi.org/10.1021/acscatal.6c06722
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was diluted in 275 mg of SiC (120 grit) and packed into a stainless-
steel reactor tube with a K-type thermocouple positioned at the bed
outlet for accurate temperature monitoring. The reaction was carried
out at 240 °C, with bed temperature controlled by a PID controller
(Cole Palmer Digi-Sense) and heated transfer lines maintained above
212 °C using variable transformers (Vevor) to prevent condensation.
The reactor effluent passed through a heated back-pressure regulator
(Equilibar) to maintain an upstream pressure of 35 bar. The depressur-
ized stream was analyzed online using gas chromatography-flame ioni-
zation detection (GC-FID) and a DB-1 column (Agilent). Product
samples were collected every 38 min over the entire run.

Metrics used to evaluate and compare catalyst performance include
carbon yield (Yi), solids conversion (XPE), and recovered product
selectivity (Si). All performance metrics are defined in eqs 1−3:

Y i =
mC,i

mC,PE, initial
(1)

XPE = 1−
msolids

mPE, initial
(2)

Si =
mrecovered Ci

P33

x= 1
mrecovered Cx

(3)
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