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Identification of coke species on Fe/USY catalysts
used for recycling polyethylene into fuelst

*

Yongli Wang, Na Yan and Zezhou Chen

The Fe/USY catalyst used for converting plastic waste into fuels faces coking problems. A comprehensive
understanding of coke distribution and structure is crucial for catalyst design, enabling resistance to coke
deposition and facilitating regeneration. In this study, we analyze the coke deposition on Fe/USY
catalysts after catalytic pyrolysis of polyethylene for fuel oil, and present insights into the coke
distribution over the metal and acid sites, as well as its specific molecular structure. The coke distributes
over both the metal and acid sites, exhibiting distinct TPO peaks corresponding to metal-site coke (370 °
C) and acid-site coke (520 °C). The total coke yields range from 2.0% to 2.4%, with distribution on metal
and acid sites dependent on Fe loading and acidity. Structurally, the coke is highly-condensed,
containing more than four aromatic rings with limited alkyl groups. The acid-site coke is more
condensed than the metal-site coke, showing lower H/C ratios (0.5-0.75) relative to the acid-site coke
(0.75-0.9). Identified by MALDI-TOF mass analysis, the predominant molecular structures of the coke
located on metal and acid sites are illustrated. The metal-site cokes typically exhibit 4—7 aromatic rings,
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Introduction

Plastic pollution has emerged as a critical global environmental
challenge, necessitating large-scale mitigation efforts.
Currently, most waste plastics are disposed through landfill or
incineration, resulting in relatively low recycling rates.'
Elevating waste plastic recycling beyond current levels offers
several advantages, including mitigating plastic accumulation
in ecosystems, reducing greenhouse gas emissions, and recov-
ering the economic value inherent in waste plastics.” Pyrolysis is
an effective chemical recycling technique for large-scale recy-
cling of waste plastics.>* By breaking down the polymers into
lower-molecular-weight products, pyrolysis provides an efficient
way to recover fuels from waste plastics, especially polyolefins
such as polyethylene (PE) and polypropylene (PP).” This prom-
ising recycling technology serves as a renewable alternative to
fossil fuels, contributing to energy conservation and carbon
emissions reduction.

Thermal pyrolysis typically occurs at high reaction temper-
atures (usually above 500 °C), yielding long-chain paraffins with
a broad distribution due to random cracking behavior.® To
lower the reaction temperature and enhance the selectivity of
fuel-range products, catalysts become essential. Zeolites
including HZSM-5, HY, Hf and USY are the predominant
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while the acid-site cokes display even greater condensation with 5-12 aromatic rings.

catalysts employed.”® Unlike the radical mechanism observed
in thermal pyrolysis, catalytic pyrolysis with these zeolite cata-
lysts is mainly driven by carbenium ion mechanism based on
the acid sites of the zeolite,” resulting in the formation of
normal or isomeric short-chain hydrocarbons. The catalytic
performance is mainly influenced by catalyst acidity, porosity
and morphology. Catalysts with distinct features exhibit varying
catalytic behaviors. For example, the HZSM-5 which has high
acidity and small pore size favors light olefin production, while
those large pore-size and medium-acidity zeolites like HY, USY
or FCC catalysts are more suitable for liquid fuel production.®

During the catalytic pyrolysis of polyolefins, the catalysts
often suffer from deactivation due to coke deposition, primarily
influenced by catalyst acidity and porosity. While high catalyst
acidity benefits polymer cracking and light olefin production, it
also leads to the formation of coke precursors, which subse-
quently grow into condensed polyaromatics. For example,
Elordi et al. observed a significant reduction in coke formation
on ZSM-5 zeolites during the catalytic cracking of HDPE when
the Si0O,/Al,0; ratio increased from 30 to 80.'° Another critical
factor affecting coke formation is the pore size and topology of
the zeolites. Costa et al. reported that zeolites with similar Si/Al
ratios exhibit lower coke yields when they have smaller pore
sizes." The coke structure varies across different zeolites: the
coke on ZSM-5 can be single-ring aromatics with multiple
aliphatic chains attached; the coke on B zeolite contain 3-4
aromatic rings along with olefins on the aliphatic chains; the
coke on Y zeolite is the most condensed, featuring aromatic
rings up to 7 with few aliphatic chains."

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In recent years, extensive research has focused on bifunc-
tional metal/zeolite catalysts for catalytic pyrolysis of poly-
olefins. The application of these metal/zeolite catalysts shows
several advantages. They can improve conversion efficiency and
product selectivity by fine-tuning the acidity of the zeolites.'>**
They also facilitate hydrocracking by their hydrogenation/
dehydrogenation activities derived from the supported
metallic compounds.’™” Moreover, the incorporation of metal
on zeolites significantly influences coke formation on the
catalyst surface. By activating the C-H bonds of polyolefin
molecules, metal/zeolite catalysts generate additional H,,
effectively reducing coke deposition. For example, Jacob et al.
observed significant H, generation over a Ni/B-zeolite catalyst,
disrupting the formation of coke species in the decomposition
of dotriacontane and hexadecane.'® Likewise, Yao et al. found
that the Ni/ZSM-5 effectively resisted coke formation in the
pyrolysis of HDPE due to its high yield of H,.*

A number of metals, including Pt, Pd, Zn, Ga, Ni, Fe etc., have
been applied on the metal/zeolite catalysts.® Among these
metals, Fe is the most cost-effective and exhibits remarkable
catalytic activity in the pyrolysis of diverse polymers such as
polyethylene,* polystyrene,** polycarbonate,” or mixed waste
plastics.”*?* The Fe-doped zeolites typically yield more liquid
oils and improve the selectivity of some specified products. For
examples, impregnating 5% Fe on HZSM-5 zeolite during mixed
PE and PP pyrolysis increases liquid yield from 60% to 76% and
fuel-range hydrocarbon fractions (C¢-C,,) from 47% to 66%.>¢
An 8% Fe loading on USY in PE pyrolysis elevates the oil yield
from 56.6% to 72.5% and enriches the aromatics and alkenes in
0il.*” However, coking behaviors differ from that observed on
pure zeolites due to Fe doping, which not only alters acidity and
porosity but also facilitates H, production.’® For example,
adding Fe to a Ni-V/USY catalyst significantly reduces coke
formation and increases the olefin-to-paraffin ratio during n-
hexane cracking.”® Clear identification of coke distribution and
structure on Fe-based zeolites can guide the design of catalyst
structures to resist coke deposition. It also helps catalyst
regeneration and prolong their lifetime. Therefore, in this
study, we detailly analyzed the coke deposited on the Fe-based
USY catalysts used in the catalytic pyrolysis of PE for fuel oil.
Characteristics of the coke distribution over metal and acid
sites were reported, and the specific molecular chemical struc-
ture of the coke were also identified.

Experimental

Fresh catalyst preparation

The powdered USY zeolites with Si/Al ratios of 20, 60, 80 and 120
were obtained from Eco Environmental Technology Co. Ltd.
Their texture properties were shown in Table S1.1 Prior to use,
the zeolites were calcined at 600 °C for 4 h. The Fe-doped USY
catalysts were prepared by incipient wetness impregnation
method using Fe(NO3);-9H,0 as the Fe precursor materials.
After impregnation, the Fe-impregnated USY catalysts were
sequentially dried in air at room temperature for 6 h, in oven at
80 °C for 6 h and at 110 °C for 6 h. Finally, they were calcined in
a muffle furnace at 450 °C for 6 h to obtain the Fe/USY catalysts.
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The Fe loading contents included 2%, 5% and 10% by weight.
The Fe species have been confirmed to be Fe,O; (Fig. S17).

Coke deposition on catalysts after pyrolysis

The USY and Fe/USY catalysts underwent coke deposition after
employed in the catalytic pyrolysis of PE for fuels. The catalytic
pyrolysis apparatus, including the thermal and condensing
units, is depicted in Fig. S2.1 All the pyrolytic tests were con-
ducted under identical reaction conditions. In each test, 10 g PE
pellets and 1 g catalyst (based on the USY weight) were loaded in
the reactor, which was then purged with N, to remove the
oxygen inside. The reaction temperature was within 450-460 °C,
which allows complete generation of the nascent volatiles from
PE pyrolysis (Fig. S31) and the subsequent reforming over the
catalysts to produce liquid fuel oils. The PE was completely
converted after 30 min, and the catalysts were deposited with
coke. After the reactor was cooled to room temperature, the
spent catalysts that deposited with coke were obtained.

Characterization of the spent catalysts

The characterization methods mainly include temperature-
programmed oxidation (TPO), scanning electron microscope
(SEM) and transmission electron microscope (TEM), matrix-
assisted laser desorption ionization-time of flight-mass spec-
trometry (MALDI-TOF-MS), Fourier transform infrared spec-
troscopy (FTIR) and ultraviolet-visible spectroscopy (UV-Vis).

The TPO tests were conducted on a thermal gravimetric (TG,
NETZSCH TG 209 F3) analyzer using air as carrier gas. In each
test, approximately 10 mg PE samples were placed in a crucible,
followed by maintenance at 300 °C for 30 min under N, atmo-
sphere and then heated up to 700 °C with a ramp of 20 °C min ™"
at an air flow rate of 10 ml min~". Some of the TPO tests were
combined with TCD detector to analyze the CO,, CO and H,0
concentration for in situ detection of H/C ratio.

SEM images were obtained in a microscope (HITACHI
SU8010) with a tungsten filament (resolution 3.5 nm) and
operated at 15 kV. TEM images were obtained using a micro-
scope (FEI Tecnai F20) at an accelerating voltage of 200 kV.

The MALDI-TOF-MS measurements were performed using
a mass spectrometer (Bruker ultrafleXtreme) equipped with a N,
laser (v = 355 nm) operating at an acceleration voltage of
2000 Hz. In each test, 0.2 g spent catalyst was suspended in
tetrahydrofuran and mixed with dihydroxybenzoic acid as
MALDI matrix. After sonication, 1 puL solution was deposited on
the sample holder and dried at room temperature. A pulsed ion
extraction was optimized to 170 ns, and a total of 500 shots were
provided.

FTIR analysis was performed on a FTIR spectrometer
(Thermo Scientific Nicolet iS5). The wavenumber scan range
was in 1000-4000 cm ' with a resolution of 4 cm™'. UV-vis
analysis was performed on a spectrometer (Shimadzu 3600-
plus) at the wavelength of 200-800 nm with a resolution of
1 nm. A tungsten lamp was used for illumination and the BaSO,
powder was used as the substrate.
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Results and discussion
Distribution of coke on metal and acid sites

The spent catalysts, including USY and Fe/USY, first underwent
TPO analysis using a TG analyzer. The DTG curves provided
insights into the nature of coke deposited on the metal and acid
sites (Fig. 1). The USY zeolites with Si/Al ratios ranging from 20
to 120 show a single DTG peak centered around 560 °C, sug-
gesting similar coke species on these zeolites. The intensity of
the DTG peaks decreases with increasing Si/Al ratio (Fig. 1a),
indicating that higher acidity favors coke deposition, as the USY
zeolites with lower Si/Al ratios exhibit higher acidity (Table 1).
An exception was observed for USY zeolite with a Si/Al ratio of
120, which shows higher coke deposition despite lower acidity,
probably because of its comparatively larger size (Table S1t)
that allow more coke deposition.** When Fe,O; was loaded on
USY, the DTG curves show two deconvoluted peaks corre-
sponding to coke deposited on metal (Fe,03) and acid (USY)
sites (Fig. 1b). The low-temperature peak around 370 °C is
attributed to the metal-site coke, showing an evident increase
with Fe loading content. The high-temperature peak around
520 °C represents the acid-site coke on USY, characterized by
greater condensation than the metal-site coke due to the higher
DTG peak temperature.** As the Fe,O; loading causes an acid
drop of the catalyst (Table 1), the DTG intensity of acid-site coke
decreases with increasing Fe loading. Notably, the peak
temperature of acid-site coke shifts to lower temperature (520 °
C) compared to that on pristine USY (560 °C), suggesting
reduced condensation of the coke due to acid drop of the
catalyst. For Fe/USY catalysts with the same 10% Fe loading, the
DTG intensity of metal-site coke remained consistent, while
that of the acid-site coke varies with Si/Al ratio (Fig. 1c). The
decrease in acidity after Fe,O; loading contributes to the lower
DTG intensity of acid-site coke in Fe/USY catalysts compared to
pristine USY.

Based on the DTG curves obtained from TPO analysis, the
yields of coke deposited on both the metal and acid sites of the
Fe/USY catalysts were determined (Fig. 2). Across all four Fe/USY
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Fig. 1 DTG curves of the coke-deposited catalysts during TPO
process (deconvoluted by Gaussian curves). (a) USY zeolite with varied
Si/Al ratios; (b) Fe/USY catalysts with varied Fe loading contents; (c) Fe/
USY catalysts with varied Si/Al ratios.
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Table 1 Acidities of the USY and Fe/USY catalysts
Acidity (umol

Catalysts NH; per g-Cat)
USY(20) 637.2
USY(60) 618.3
USY(80) 599.2
USY(120) 567.7
2% Fe/USY(80) 532.9
5% Fe/USY(80) 514.3
10% Fe/USY(80) 497.7

catalysts with varied Si/Al ratios, the total coke yields fall within
the range of 2.0% to 2.4%, while their distribution on metal and
acid sites is different. Notably, at low Fe loading content, the
acid-site coke dominates over the metal-site coke on the Fe/USY
catalysts. As the Fe loading content increases, the yield of metal-
site coke rises while that of the acid-site coke declines. Higher
Fe loading content correlates with reduced acidity (Table 1),
resulting in decreased acid-site coke production. Furthermore,
the yield of acid-site coke on the Fe/USY(20) catalyst falls within
the range of 1.1% to 1.8% (Fig. 2a), while the corresponding
yield on Fe/USY(80) is within 1.0% to 1.3% (Fig. 2¢). It highlights
the pivotal role of catalyst acidity in acid-site coke formation.
The morphologies of fresh and spent Fe/USY catalysts were
characterized by SEM and TEM (Fig. 3). The fresh Fe/USY
catalyst shows a nodular surface (Fig. 3a), indicative of the
Fe,0; particles adhering to the crystal skeletons of the USY
zeolite.*” The surface of the spent Fe/USY catalyst is much
rougher (Fig. 3b), primarily due to coke deposition. The coke
layer displays a wide and snowy-like distribution, covering both
the metal and acid sites on the Fe/USY catalysts. TEM images
show a clear and well-dispersed distribution of the Fe,O;
particles over the USY framework (Fig. 3c). However, identifying
the coke — both metal-site coke and acid-site coke — is difficult
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Fig. 2 Yields of coke deposited on the acid and metal sites of the
spent Fe/USY catalysts. (a) Fe/USY(20); (b) Fe/USY(60); (c) Fe/USY(80);
(d) Fe/USY(120).
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Fig. 3 Electron microscopy analysis on the spent 10%Fe/USY(80)
catalysts. (a) and (b) SEM; (c) and (d) TEM.

due to its amorphous structure (Fig. 3d),** which is obviously
obtained on Y-zeolite at 400-500 °C.** Unlike some previous
studies,****¢ no filamentous coke is observed on the zeolite in
this research, probably due to the lower pyrolysis temperature
employed, as filamentous coke was significantly observed at
temperatures higher than 500 °C in those studies.

General structures of coke on Fe/USY catalysts

To elucidate the chemical composition of the coke deposited on
Fe/USY catalysts, we employed a series of characterization
techniques. FTIR analysis results were utilized to illustrate the
alkyl groups within the coke. The FTIR bands are mainly
focused on the regions of 1000-1800 cm™ ' and 2500-3200 cm ™"
(Fig. 4a), excluding those above 3600 cm " mainly attributed to
Al-OH-Si groups.’”*® Both fresh and spent Fe/USY catalysts
show nearly identical FTIR signals, with bands mainly observed
at 1000-1300 cm ™", corresponding to vibrational modes of the
SiO, or AlO, tetrahedral lattice units within the USY frame-
work.* Spectral regions corresponding to alkyl groups (2800-
3100 cm ' and 1300-1700 cm ™ ')"> show negligible intensity,
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Fig. 4 Spectral analysis on the fresh and spent 10%Fe/USY(80) cata-
lysts. (a) FTIR spectra; (b) UV-vis spectra.
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indicating that the coke deposited on Fe/USY catalysts contains
few alkyl groups. Given the high pyrolysis temperature (450-460
°C), substantial cracking of branched alkyl chains in alkyl-
aromatics occurred,* limiting the abundance of alkyl struc-
tures within the coke. Moreover, the absence of bands corre-
sponding to aromatics (1450-1600 cm ™ *)*® may suggest a severe
conjugative effect within the coke, resulting in a shift of vibra-
tional frequencies toward the ultraviolet region. To investigate
the aromatic constituents further, UV-vis analysis was employed
(Fig. 4b). The spent Fe/USY catalyst shows distinct absorbance
signals compared to the fresh catalyst, with much stronger
intensity particularly at wavelength above 410 nm. This
heightened absorbance signifies a highly-condensed coke
structure containing more than four aromatic rings.** Overall,
spectral analysis confirms sufficient PE decomposition on the
catalyst, resulting in a generally highly-condensed coke struc-
ture with minimal alkyl substituents.

To further investigate the condensation of the coke struc-
ture, we performed an in situ detection of H/C ratios during TPO
process of the spent Fe/USY catalyst (Fig. 5). The varying H/C
ratio of the coke provides insight into the structural changes
on metal and acid sites. The metal-site coke shows H/C ratios
within the range of 0.75-0.9, whereas the acid-site coke displays
lower H/C ratios primarily falling in the range of 0.5-0.75. This
observation indicates that the acid-site coke is more condensed
than the metal-site coke, consistent with the DTG findings. The
acid site plays a pivotal role in PE cracking and subsequent
aromatization via a carbocation mechanism.” Meanwhile, the
Fe,0; plays an assistant role, although its catalytic cracking
activity is lower than that of USY zeolite.”” Consequently, even
though the metal-site coke content exceeds that of the acid-site
under high Fe loading conditions, the coking process is more
pronounced on the acid site than on the metal site.

With the basic structural information from spectral analysis
and H/C ratio assessments, we further investigated the spent Fe/
USY catalysts through MALDI-TOF mass analysis to identify
specific molecular structures of the coke. By comparing mass
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Fig. 5 H/C ratios of the coke on the spent 10% Fe/USY(80) catalysts
during TPO process.
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spectra from two spent Fe/USY catalysts with different Fe
loading contents (Fig. 6), we distinguished the coke structures
associated with metal and acid sites. Since the MALDI-TOF
mass spectra preserve the general material structure with
minimum ion fragments,*"** the main eight MS peaks at m/z =
258, 282, 308, 356, 382, 396, 432 and 476 were ascribed to
distinct coke structures. As Fe loading content increases from
5% to 10%, the relative MS intensity of the coke species at m/z =
258 and 356 increases, while that at m/z = 282, 308, 382, 396,
432 and 476 shows minor changes or a decrease. Previous
discussion indicated that this increase in Fe loading primarily
leads to a slight increase in metal-site coke production while the
acid-site coke formation decreases a bit (Fig. 2c). Consequently,
we infer that the coke species at m/z = 258 and 356 mainly
represent metal-site cokes, while those at m/z = 282, 308, 382,
396, 432 and 476 are attributed to acid-site cokes or their frag-
ments. Considering the H/C ratio range and the general coke
structure — characterized by few alkyl groups but condensed
structures with more than four aromatic rings — we illustrated
the molecular structures of these cokes (Table 2). The metal-site
cokes typically exhibit 4-7 aromatic rings, with H/C ratios
ranging from 0.90 to 0.71. The acid site cokes display greater
condensation, featuring 5-12 aromatic rings and lower H/C
ratios ranging from 0.83 to 0.53. These results are generally
accordant with the H/C ratio analysis shown in Fig. 5. Inter-
estingly, although the molecular weight of the coke generally
increases over time during pyrolysis,** the increase of Fe loading
from 5% to 10% has little influence on the molecular weight
change. This suggests that the coke structure is not significantly
influenced by Fe loading. It may also imply that the Fe/USY
struggles to provide dissociated H species to restrict poly-
aromatic formation without a Ni component.** The larger
molecular weight of the acid-site coke than metal-site coke
primarily results from the coke formation mechanism, where
the hydrocarbon feeds follow cracking, coupling, oligomeriza-
tion and cyclization reactions over the acid sites, especially the
Brgnsted acid sites, resulting in the coke deposition, pore
blockage and catalyst deactivation.*>*®
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Fig. 6 MALDI-TOF mass spectra of the coke on the spent Fe/USY(80)
catalysts.
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Table 2 General structures of the coke derived from MALDI-TOF
mass spectra

m/z Molecular structure Formula H/C Location

258 CyoHig 0.90 Metal site

282 CyoHyg 0.82 Acid site

308 Cy4Hsg 0.83 Acid site

Q
v ae!
e

356 C,sHyo Metal site

»
950
9
34
ol

382 CsoHas 0.73 Acid site

Q
93 @
4
o

396 C31Hoy 0.77 Acid site

9
0
oge!
9

432 C34Hoy Acid site

Y0
93 ®
93 ®
s Ye

476 C3gHso 0.53 Acid site

On the metal-acid bifunctional catalysts, cokes are often
distinguished into three types according to their location and
morphology.” The metal-site coke (type I), usually termed as
encapsulating coke, forms primarily from secondary reactions
of the feed, followed by subsequent condensation of the coke
precursors over the metal particle surface, resulting in a coke
film that covers the metal particle. This encapsulating coke
formed during PE pyrolysis has a relatively higher proportion of
H but evolves into a more condensed filamentous coke (type II)
over time.*® Such filamentous coke typically appears at the
metal-support interface, resembling carbon nanotubes.*® Its
formation usually requires higher temperatures (ca. 500 °C) and
the presence of Ni as the metal species. The acid-site coke (type
111), also known as pyrolytic coke, mainly forms on the acid site.
It becomes particularly evident over extended reaction times
when the metal site is fully covered with coke, leading to
a drastic decrease in catalyst activity. The acid-site coke on Y-
zeolites during PE pyrolysis usually contains 4-7 aromatic
rings,">**** higher than that observed on ZSM-5 zeolites due to
the wider pores of the Y-zeolites. The acid-site coke is generally
much more condensed than the metal-site coke,*” as observed
in our studies. However, the acid-site coke remains compara-
tively less abundant than metal-site coke due to lower temper-
atures and shorter reaction times, especially at high Fe loading
content. Increasing the Fe loading, while facilitating the liquid
fuel production,” may accelerate catalyst deactivation if the
encapsulating cokes accumulate to cause pore plugging.*”

The BET analysis of fresh and spent Fe/USY shows a signifi-
cant decrease in micropore surface area, from 467.2 m> g~ to
289.9 m> g~ ', after coke deposition (Table 3). This behavior is
similar to the coking observed on an Fe/BEA catalyst.** The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The surface area and porosity of the fresh and spent 10%Fe/USY(80) catalysts

SBeT (mz g’l) Swuicro (mz g’l)

SMeso (mz g7 1)

Vtotal (Cms gil) Vmicro (Cm3 gil) Vmeso (Cms gil)

Fresh
Spent

604.8
401.7

467.2
289.9

137.6
111.8

micropore volume also decreased noticeably in the spent Fe/
USY (0.086 cm® g~ ') compared to the fresh one (0.227 cm®
g "). These phenomena suggest that the coke deposition
primarily occurred within the micropores, which is observed
mainly at the initial catalyst deactivation stage.>® As the coke
accumulates, the initial coke condenses to form a large coke
envelope around zeolite crystals, diffusing on both internal and
external surface and blocking access to micropores and acid
sites.*>%

Conclusions

The coke species formed on the Fe/USY catalysts after catalytic
pyrolysis of polyethylene into fuels have been identified. We
present insights into the coke distribution over both the metal
and acid sites, as well as the specific molecular chemical
structure. The coke exhibits a dispersed morphology, distrib-
uting over both the metal and acid sites. Distinct TPO peaks
correspond to metal-site coke and acid-site coke, with the
former displaying a lower TPO temperature (370 °C) than the
latter (520 °C). The total coke yields fall within the range of 2.0%
to 2.4%, while their distribution on metal and acid sites is
different. At low Fe loading content, the acid-site coke
predominates over metal-site coke on the Fe/USY catalysts;
however, as Fe loading content increases to 10%, metal-site
coke surpasses acid-site coke. From a chemical structural
perspective, the coke deposited on Fe/USY catalysts reveals
a highly-condensed structure containing more than four
aromatic rings, albeit with limited alkyl groups. The acid-site
coke is more condensed than the metal-site coke, showing
lower H/C ratios (0.5-0.75) relative to the acid-site coke (0.75-
0.9). Identified by the MALDI-TOF mass analysis, the predomi-
nant molecular structures of the coke located on the metal and
acid sites were illustrated. Specifically, the metal-site cokes
typically exhibit 4-7 aromatic rings, while the acid-site cokes
display even greater condensation, featuring 5-12 aromatic
rings. The coke deposition primarily occurred within the
micropores during the initial catalyst deactivation stage.
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