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However, achieving high oil yields and targeted product selectivity requires careful
Published online: 30 June 2026 optimization of catalyst design and operating conditions. In this work, a series of acid-metal

bifunctional catalysts was synthesized via phosphoric acid modification and iron loading,

and their effects on plastic pyrolysis behavior were systematically investigated. Among them,
20Fe-30P@FC exhibited outstanding catalytic performance, delivering a bio-oil yield as high
as 89.32 wt.%. The resulting bio-oil was dominated by olefins (84.03%), with minor fractions
of alkenes (8.98%) and aromatics (4.80%). Further catalyst screening over a wide range of
phosphoric acid contents (0 wt.%-40 wt.%) and iron loadings (0 wt.%-30 wt.%) confirmed
the superior performance of 20Fe-30P@FC in terms of both oil yield and product
distribution. Process optimization revealed that the highest bio-oil yield and optimal oil
quality were achieved at a pyrolysis temperature of 550 °C, a catalytic temperature of 350 °C,
and a catalyst-to-feedstock ratio of 1:2. Regeneration experiments demonstrated stable
catalytic activity over multiple cycles, indicating the robustness of 20Fe-30P@FC for
microwave-assisted catalytic pyrolysis of plastic mulch. Overall, this study presents a viable
strategy for the targeted catalytic conversion and high-value utilization of waste plastics,
including ground film plastics.
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Highlights

+ A high-performance acid-metal bifunctional catalyst (20Fe-30P@FC) was developed for microwave-catalyzed pyrolysis.

+ This catalyst achieved a bio-oil yield as high as 89.32 wt.% with outstanding olefin selectivity (84.03%).

+ Optimal process parameters were determined: pyrolysis temperature of 550 °C, catalytic temperature of 350 °C, and catalyst-to-
feedstock ratio of 1:2.

+ The catalyst demonstrated stable activity after multiple regeneration cycles, exhibiting practical application potential for
processing waste plastics such as agricultural plastic mulch.
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Graphical abstract
Introduction modification to tailor acidity and active sites for selective catalytic

Low-density polyethylene (LDPE) mulch film is widely used in modern
agriculture due to its ability to increase soil temperature, retain mois-
ture, suppress weeds, and improve crop yield and quality!"’. However,
its large-scale application has led to increasing energy consumption
and persistent environmental pollution!l. Conventional disposal
methods, including landfilling and incineration, fail to recover carbon-
based energy and often generate microplastics and toxic emissions,
thereby aggravating ecological degradation!®?. Because LDPE consists
primarily of carbon and hydrogen without heteroatoms, it represents
an attractive feedstock for producing value-added products such as
carbon nanotubes!, naphthal®, aviation fuel®, and gasolinel”! via
thermochemical conversion.

Pyrolysis has emerged as a promising chemical recycling route
for converting waste LDPE into liquid hydrocarbons, contributing
to circular carbon utilization while mitigating greenhouse gas
emissionst®l, Nevertheless, non-catalytic pyrolysis typically requires
high operating temperatures, consumes substantial energy, and
exhibits poor product selectivity. For example, Hegedis et al.[%
reported low aromatic selectivity in LDPE pyrolysis oils at tempe-
ratures of 525-650 °C in the absence of catalysts. Similarly, olefin
selectivity of only 33.68% has been observed, accompanied by the
formation of long-chain hydrocarbons that are unfavorable for fuel
applications!'9l, These limitations highlight the necessity of efficient
catalysts to promote C-C scission and enhance short-chain olefin
production.

Recently, biomass-derived catalyst supports have attracted
increasing interest due to their sustainability and low cost.
Bone char (BC), produced by pyrolyzing animal bones, possesses a
hierarchical porous structure and a unique organic-inorganic
composition['"], Global meat processing generates substantial bone
waste, which is projected to reach 45 million tons by 202701213,
yet much of this resource remains underutilized. Bone char consists
of nano-hydroxyapatite (60 wt.%-85 wt.%) and nitrogen-doped
amorphous carbon (15 wt.%-40 wt.%), providing favorable mecha-
nical strength, thermal stability, and metal anchoring capability!''l.
These properties make BC a promising catalyst support. However,
pristine BC exhibits limited intrinsic activity, necessitating surface

conversion.

Acid treatment is an effective strategy for enhancing catalytic
performance. Phosphoric acid (H;PO,) modification introduces
stable phosphorus-containing functional groups and generates
both Brgnsted and Lewis acid sites on carbonaceous supports('4l,
These acid sites facilitate f-scission of carbocation intermediates
while suppressing excessive hydrogenation and coke formation,
thereby improving olefin selectivity('>'¢l, In addition, phosphorus
species can regulate the electronic structure of supported metals
and strengthen metal-support interactions, enhancing catalyst
stabilityl'’], Despite extensive studies on acidic catalysts for plastic
pyrolysis'819], achieving high liquid yields with controllable olefin
selectivity at low cost remains challenging.

Loading transition metals provides an additional pathway to
improve catalytic efficiency. Iron (Fe), an abundant and inexpensive
metal, effectively promotes C-C bond cleavage and hydrogen
transfer during polymer cracking(2%2'l, Dong et al.l?Z demonstrated
enhanced catalytic cracking performance using Fe-loaded shark
bone biochar. Although Fe-supported carbon materials and bone
char have been explored for plastic pyrolysis2023], the coupled
effects of phosphoric acid pre-modification and subsequent Fe load-
ing on bone char supports have not been systematically investi-
gated. Moreover, the degree of acid treatment strongly influences
the physicochemical properties of the support, which in turn
governs catalytic behaviorl'%24, Understanding this synergy is there-
fore essential.

Microwave-assisted pyrolysis (MAP) offers further opportuni-
ties for process intensification by enabling rapid, volumetric, and
selective heating!2>-28, Compared with conventional conductive
heating, MAP minimizes temperature gradients and significantly
accelerates reaction kinetics2°-311, Optimization of operating para-
meters, including temperature and catalyst-to-feedstock ratio,
can markedly improve liquid yield and product quality32-3¢l, For
instance, Fan et al.B7! achieved a jet fuel yield of 98.78 wt.% from
polystyrene using MAP, while Zhou et al.l8] reported an energy effi-
ciency of 89.6% in a continuous microwave pyrolysis system.
Despite these advances, selectively producing high-quality olefin-
rich bio-oil (C4—C;,) through catalyst design within MAP systems
remains a key challenge.
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In this study, a dual-functional fish bone-derived catalyst is
developed via phosphoric acid modification followed by iron load-
ing and applied to the microwave-assisted catalytic pyrolysis of
LDPE mulch film. The effects of acid concentration and Fe loading
on catalytic performance are systematically evaluated. Key process
parameters, including pyrolysis temperature, catalytic temperature,
and catalyst-to-feedstock ratio, are optimized to maximize bio-oil
yield and light olefin selectivity. Catalyst regeneration is also
examined. This work provides insights into the rational design of
low-cost, efficient, and stable catalysts for microwave-assisted plas-
tic valorization and offers a practical strategy for the directional
conversion of waste plastics into high-value hydrocarbons.

Materials and methods

Feedstock and characterization

The experimental feedstock consisted of whitefish bones (Coregonus
peled) obtained from the Xinjiang Sayram Lake Fishery Technology
Development Co., Ltd (Xinjiang, China), and low-density polyethylene
(LDPE) mulch film purchased from the Hebei Weipai Technology Co.,
Ltd (Hebei, China). The pretreatment methods for both feedstocks
followed those described in our previous study®>. The LDPE mulch
film was characterized by elemental analysis, proximate analysis
(Supplementary Table S1), and thermogravimetric analysis (TGA)
(Supplementary Fig. S1). Ferric nitrate nonahydrate (Fe(NO3);-9H,0;
purity 98.5%) and phosphoric acid (H3PO,; purity 99.9%) were pur-
chased from the Shanghai Macklin Biochemical Technology Co., Ltd
(Shanghai, China).

Preparation of catalyst

The production and pretreatment of the fish bone-based catalyst were
described in our previous work!"%, Briefly, the pretreated fish bones
were immersed in 100 mL of phosphoric acid solution with varying
concentrations (0 wt.%, 10 wt.%, 20 wt.%, 30 wt.%, 40 wt.%) and stirred
for 12 h at 600 rpm. The solids were then rinsed with deionized water
until the pH of the rinse water reached approximately 5, followed by
drying in an oven. The dried mass was weighed, and an aqueous metal
precursor solution was prepared according to the target iron loading
(0 wt.%, 10 wt.%, 20 wt.%, 30 wt.%). The dried phosphoric acid-treated
bones were subsequently immersed in the metal solution and stirred
for 24 h. After solid-liquid separation, the material was dried at 100 °C
for 6 h. The catalyst precursor was finally carbonized in a microwave
digestion system at 600 °C for 40 min with a power of 800 W under a
nitrogen atmosphere to obtain the final catalyst. The catalysts are
denoted based on their nominal iron loading and phosphoric acid
concentration, e.g., 20Fe-30P@FC.

For regeneration tests, the spent 20Fe-30P@FC catalyst was cal-
cined in the microwave digestion system using an identical heating
program (600 °C, 40 min, N, atmosphere). The regenerated catalyst
was then reused in the catalytic pyrolysis experiment. This regenera-
tion cycle was repeated five times to evaluate the catalyst's stability
and reusability.

Experimental setup and conditions

A two-stage fixed-bed reactor system, as illustrated in Supplementary
Fig. S2 and consistent with our prior setup for plastic pyrolysis and
catalytic cracking"”, was employed in this study. The system com-
prised several sections: a gas supply unit, a quartz tube reactor divided
into two independently controlled temperature zones (an upper
pyrolysis zone and a lower catalytic zone), a condenser system, and a
gas collection unit.

Prior to each experiment, a specified mass of the catalyst was
placed in a quartz boat and positioned in the catalytic zone, while a
predetermined mass of LDPE feedstock was placed in another
quartz boat in the pyrolysis zone. The catalyst-to-feedstock mass
ratios investigated were 0:1, 1:3, 1:2, 1:1, 2:1, and 3:1. The reactor
was purged with nitrogen at a flow rate of 100 mL min-' for 15 min
to establish an inert atmosphere. Subsequently, the pyrolysis tem-
perature (450, 500, 550, 600, or 650 °C) and the catalytic tempera-
ture (300, 350, 400, 450, or 500 °C) were set. Pyrolysis was conducted
for 40 min with a microwave power of 800 W. During the reaction,
the nitrogen flow rate was maintained at 30 mL min~'. The evolved
vapors passed through the catalyst bed and were then condensed
in a series of condensers cooled with an ice-water mixture. The non-
condensable gases were collected in a 1 L Tedlar gas sampling bag
from the start of the pyrolysis process.

Methods of analysis and characterization
All experiments were performed in triplicate to ensure reproducibility.
The yields of pyrolysis products were calculated as follows:

Bio - Oil yield (Wt.%) = £ x 100% (1)
m
Bio— Char yield (Wt.%) = — x 100% @)
m
. mc
Coke yield (wt.%) = — x 100% 3)

Gas yield (wt.%) = 100% — Bio — oilyield — Bio — char yield — Coke yield
@
where, m; denotes the mass of bio-oil, m; denotes the mass of bio-
carbon, m. denotes the mass of tar, my denotes the mass of gas, and m
denotes the mass of feedstock.
The selectivity (S) for specific compounds (such as alkanes,
aromatics, olefins, and alkynes) is calculated as follows:

P;
S (%)= 55 X 100% )
1

where, S denotes selectivity, i represents selectivity for alkanes, aro-
matics, alkenes, alkynes, others, Less Cg, C6—Cy5, Ci3-Cyg, €tC, P is the
total peak area for a specific substance, and 3 Pa is the total peak area.

Gas chromatography-mass spectrometry (GC-MS) was employed
for gas component analysis. Specific parameters are detailed in
Supplementary Section 1.

N, adsorption-desorption isotherms were measured at -196 °C
using a Micromeritics ASAP 2460 analyzer. Prior to analysis, samples
were degassed at 120 °C for 12 h. The specific surface area was
calculated using the Brunauer-Emmett-Teller (BET) method, and the
pore volume was determined by the Barrett-Joyner-Halenda (BJH)
method from the adsorption branch. Thermal stability was assessed
by thermogravimetric-differential thermal analysis (TG-DTA) on a
Mettler TGA/DSC1 instrument (Switzerland) under an air atmo-
sphere. X-ray photoelectron spectroscopy (XPS) analysis was per-
formed on a Thermo Fisher Scientific Nexsa G2 spectrometer (USA)
with an Al Ko X-ray source (hv = 1,486.6 eV). Survey and high-resolu-
tion spectra were collected with pass energies of 100 and 20 eV,
respectively, and step sizes of 1.0 and 0.05 eV. The actual iron con-
tent in the catalysts was quantified by inductively coupled plasma
optical emission spectrometry (ICP-OES) on an Agilent 5110 instru-
ment (USA). Functional groups were characterized by Fourier-trans-
form infrared spectroscopy (FT-IR) using a Thermo Scientific Nicolet
iS20 spectrometer (USA) in the range of 400-4,000 cm~'. The surface
acidity was evaluated by ammonia temperature-programmed
desorption (NHs-TPD) on aBelCatllinstrument (Japan). Approximately
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100 mg of catalyst was pretreated in helium (He) at 400 °C for 1 h,
cooled to 100 °C, and then exposed to a 15% NHs/He mixture (50 mL
min~") for 2 h. After purging with He to remove physisorbed NH;,
the temperature was ramped to 800 °C at 10 °C min~! under He flow,
and the desorbed NH; was monitored by a thermal conductivity
detector (TCD). Hydrogen temperature-programmed reduction (H,-
TPR) was conducted on a Thermo Scientific TPDRO 1100 system
equipped with a TCD. About 30 mg of fresh catalyst was pretreated
in Ar at 300 °C for 1 h, cooled to 50 °C, and then heated to 900 °C at
10 °C min~" under a 5% H,/Ar flow (30 mL min~T). The catalyst
morphology and elemental distribution were examined by scan-
ning electron microscopy with energy-dispersive X-ray spectro-
scopy (SEM-EDS) on a ZEISS Sigma 300 microscope (Germany).
Kxl

~ BxCOSH ©
where, D = crystallite size (nm); K = 0.9 (Scherrer constant); 1 = 0.15406
nm (wavelength of X-ray sources); f = FWHM (radians); 0 = Peak
position (radians).

Results and discussion

Catalyst characterization
Figure 1a reveals a fundamental reconstruction of the catalyst's
crystalline structure. Sharp diffraction peaks at 25.8°, 31.8°, 32.9°, 39.6°,

46.6°, and 49.5°, perfectly matching hydroxyapatite (HAP)E%, confirm
its highly crystalline inorganic framework. After treatment with 30%
phosphoric acid, the characteristic HAP peaks of 30P@FC significantly
weaken or even partially disappear, transforming the pattern into a
broad, amorphous diffuse halo. This indicated that the phosphoric acid
treatment disrupted the long-range ordered crystal structure of HAP,
generating an amorphous calcium phosphate composite phasel“41],
Following iron loading, new broadened diffraction peaks appear at
33.2°, 35.6°, 38.2°, and 54.7° in the 20Fe-30P@FC pattern, which are
attributed to nanocrystalline a-Fe,05*%. The low crystallinity of these
peaks suggests a strong interaction between the iron species and the
amorphous support. Notably, the significant peak broadening allowed
for an estimation of an average crystallite size of approximately
0.83 nm using the Scherrer equation. This indicated that the iron
species were highly dispersed on the modified support at the nano-
scale. Combined with the observed Fe-O-P bonding signals in Fig. 2,
these results collectively confirm the successful construction of an
active structure consisting of nano-sized o-Fe,O5 intimately com-
posited with the phosphorylated amorphous support.

The textural properties of the catalysts were investigated by
N, adsorption-desorption analysis, with the results presented in
Fig. 1b-d and Table 1. The isotherms for FC, 30P@FC, and 20Fe-
30P@FC all exhibit Type IV profiles with H3-type hysteresis loops. As
seen in Fig. 1b—d, the relative pressure (P/P,) at which the adsorbed
volume increases sharply shifts to higher values upon further

Fig. 1 (a) X-ray diffraction patterns of FC, 30P@FC, and 20Fe-30P@FC catalysts. (b)-(d) N,-TPD curves of FC, 30P@FC, and 20Fe-30P@FC catalysts,

respectively.
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Fig. 2 (a) XPS results for FC, 30P@FC, 20Fe-30P@FC XPS measurements. (b) Fe2p of 20Fe-30P@FC. (c) C1s of FC. (d) C1s of 30P@FC. (e) C1s of 20Fe-

30P@FC. (f) P2p of FC. (g) P2p of 30P@FC. (h) P2p of 20Fe-30P@FC catalysts.

treatment, suggesting the development of more irregular pore
structuresi4344. The specific surface area plummets from
88.73 m2 g~' for FC to 0.98 m2 g~ for 20Fe-30P@FC, with the micro-
pore volume nearly vanishing. This provides direct evidence that the
phosphoric acid treatment and subsequent iron loading processes
cause severe pore blockage and structural densification. Thermo-
gravimetric (TG) analysis further corroborates this observation

Table 1 Structural properties of catalysts

Sample number FC 30P@FC  20Fe-30P@FC
Fe metal content 0.007% 0.012% 17.251%

P metal content 11.076% 13.309% 6.499%

Ca metal content 24.232% 9.413% 4.800%
BET specific area (m?g™") 88.733 3.291 0.982
Micropore volume (cm3 g™) 22.698 0.182 0.212
Micropore area (cm3g™") 0.125459  0.000114 0.000071
Average size (nm) 11.283 18.353 34.564
Hole size (nm) 1.165 12.892 0.827

(Supplementary Fig. S3). The weight loss of FC in the low-tempera-
ture region (< 400 °C) is primarily attributed to the decomposition of
amorphous carbon and residual organics. In contrast, the TG curves
of 30P@FC and 20Fe-30P@FC demonstrate higher thermal stability.
A distinct weight loss plateau observed around 600 °C is likely asso-
ciated with the further condensation of calcium phosphate salts or
Fe-O-P species, indicating the formation of more stable composite
phases.

To further elucidate the nature of interactions between the
fish bone-derived catalyst matrix and the introduced P and/or Fe
species, X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted. Figure 2 displays the survey spectra, Cls, P2p, and Fe2p
core-level spectra for the FC, 30P@FC, and 20Fe-30P@FC catalysts.
The Ca2p spectrum (not shown) exhibited typical features characte-
ristic of hydroxyapatite. As shown in Fig. 2b, the C 1s spectra of all
fish bone-based catalysts can be deconvoluted into two compo-
nent peaks at binding energies of approximately 284.8 and 287.4 eV.
The first peak is characteristic of C-C bonds, originating from the
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bulk carbon skeleton within the bone char®l. The second peak
corresponds to C-O bonds, attributable to residual organic C-O func-
tionalitiest*®l, After phosphoric acid modification, a strong peak
emerges at 134.2 eV in the P 2p spectrum of 30P@FC, which is
assigned to P-O-H/P=0 species, confirming the successful introduc-
tion of acidic phosphate groups[*’l. Following iron loading, the Fe
2p3), core-level spectrum of 20Fe-30P@FC (Fig. 2d) was carefully
analyzed. The peak is located at a binding energy of approximately
711.5 eV, which is characteristic of Fe3*+ speciesi8l. To quantify the
electronic perturbation induced by the support, we compared this
value to that of a reference pure Fe,O5 sample, which exhibits its Fe
2ps,, peak at approximately 710.8 eV under identical instrument
conditions. The observed positive shift of approximately 0.7 eV for
20Fe-30P@FC indicates a decrease in the electron density around
the iron nuclei. Concurrently, the P 2p spectrum of 20Fe-30P@FC
shifts towards a lower binding energy (by approximately 0.3-0.5 eV)
compared to that of 30P@FC. These opposite and complementary
shifts in binding energy provide strong evidence for electron trans-
fer from the Fe species to the adjacent phosphate groups through
an Fe-O-P linkage. This strong electronic interaction modulates the
electron density of the iron species and is key to creating a unique
catalytic interface. Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) further corroborated these findings (elemen-
tal contents detailed in Table 1). FC contains high levels of calcium
(24.2%) and phosphorus (11.1%). After phosphoric acid treatment,
the calcium content in 30P@FC sharply decreases to 9.4%, while the
phosphorus content increases to 13.3%, directly reflecting the leach-
ing of Ca from HAP and the introduction of P. The 20Fe-30P@FC
catalyst achieved a high iron loading of 17.3%, with a concomitant
further reduction in calcium and phosphorus content, aligning with
the design strategy for the composite catalyst.

Supplementary Fig. S4 comparatively presents the Fourier Trans-
form Infrared (FT-IR) spectra of the FC, 30P@FC, and 20Fe-30P@FC
catalysts, providing vibrational spectroscopic evidence for the struc-
tural evolution and the formation of Fe-O-P interfacial bonding. In
the pristine FC sample, a broad absorption band around 3,411 cm™!
is attributed to the O-H stretching vibration of structural hydroxyl
groups within the hydroxyapatite (HAP) lattice. After modification
(30P@FC), the intensity of this O-H band significantly diminishes,
indicating the consumption of surface hydroxyl groups during
chemical treatment, which directly confirms effective chemical
reactions between the HAP framework and the modifying agent.
More pronounced changes are observed in the phosphate-related
vibration regions. Compared to pristine FC, the modified samples
exhibit new, strong absorption bands at approximately 1,247 and
1,076 cm~, assigned to the stretching vibrations of the P=0 double
bond and P-O-C/P-O single bonds, respectively.

The emergence of these new bands provides definitive evidence
for the successful chemical incorporation of phosphate groups onto
the catalyst framework, extending beyond the inherent phosphate
species of the original HAP structure. The absorption bands at 962
and 1,105 cm~! correspond to the symmetric (v;) and asymmetric
(v3) stretching vibrations of the phosphate (PO,3-) tetrahedron,
which are inherent vibrational modes of the HAP structural
unitsl4959 and remain present throughout the modification process.
Notably, in the iron-loaded 20Fe-30P@FC sample, the P=0 charac-
teristic band (~1,247 c¢m~') undergoes a distinct redshift and
broadening. This redshift indicates a weakening of the P=0 bond
strength, which is consistent with an alteration in the electron cloud
density surrounding the phosphate groups. Such an alteration is
typically induced by the introduction of adjacent metal species that

interact chemically with the oxygen atoms of the P=0 moiety.
Simultaneously, a broad absorption band attributable to Fe-O bond
vibrations appears in the lower wavenumber region (typically below
800 cm™"). These systematic spectral changes (the redshift of the
P=0 band and the concurrent appearance of Fe-O vibrations) collec-
tively indicate that the loaded iron species are not merely physically
adsorbed onto the surface but engage in strong chemical interac-
tions with the surface phosphate groups. This interaction alters the
electron cloud density and local chemical environment of the P=0
bonds and leads to the formation of new Fe-O chemical bonds. The
spectral evolution observed across the three samples (FC, 30P@FC,
20Fe-30P@FC) thus traces a clear pathway of structural modification:
first, the introduction of phosphate groups onto the HAP-derived
matrix, followed by the coordination of iron species through oxygen
bridges to form a well-defined Fe-O-P interfacial bonding structure.
The formation of this Fe-O-P interface is crucial for tuning the elec-
tronic properties of the catalyst. By creating a direct chemical link-
age between the iron active species and the phosphate-modified
support, this interfacial structure enhances the stability of the active
component and establishes a unique catalytic environment that is
expected to optimize the acid-metal balance, ultimately contribut-
ing to improved catalytic performance.

To systematically investigate the influence of surface acidity on
catalytic performance, the acidic properties of the catalysts were
analyzed using NH3-TPD, with the results shown in Fig. 3a and
the corresponding acid amount and strength distribution data
summarized in Table 1. All samples' TPD profiles exhibit two distinct
desorption peaks around 127 and 418 °C, which can be attributed to
weak and strong acid sites on the catalyst surface, respectively®',
After phosphoric acid modification, the acidity of 30P@FC changes
significantly: the area of the weak acid peak near 127 °C increases
notably, and a new strong acid desorption peak appears at a higher
temperature (approximately 534 °C). This change directly stems
from the successful introduction of phosphate groups. The P-OH
groups contribute abundant Brgnsted acid sites, while the phospho-
rus species themselves may also act as Lewis acid sites, collectively
enhancing the surface acidity. Upon further loading of iron species,
a key modulation in the acid strength distribution occurs for 20Fe-
30P@FC. Compared to 30P@FC, the desorption peak temperature of
its strong acid sites does not decrease but instead undergoes a
significant 'rightward shift' to higher temperatures. This phenome-
non, consistent in its physical origin with the observation of altered
strong acid sites, indicates strong chemical interaction between the
iron species and the support's phosphate groups (Fe-O-P bonding,
as seen in Fig. 2g and Supplementary Fig. S4). This interaction likely
modulates the acidity through two mechanisms: first, Fe3+ ions may
exchange with protons (H*) in the P-OH groups of the support, par-
tially neutralizing the original Brgnsted strong acid centers; second,
new Lewis acid centers centered on Fe3*+ are formed, possessing
different acid strengths compared to the original protonic acid
centers, thereby altering the adsorption strength and desorption
energy barrier of NH3 on the surface. Concurrently, the uniformly
dispersed iron oxide nanoparticles observed in SEM images (Fig. 3¢)
may physically cover some strong acid sites, further influencing acid
site distribution and desorption kinetics. In summary, the synergis-
tic effect of phosphoric acid modification and iron species loading
successfully enables effective tuning of the catalyst's surface acid
amount, strength, and type. This precise design of acidic properties,
particularly the modification of strong acid sites and the introduc-
tion of new Lewis acid sites, holds significant theoretical and practi-
cal value for optimizing the adsorption, activation, and product
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Fig. 3 (a) NH;-TPD spectra of prepared catalysts. (b) H,-TPR spectra of prepared catalysts. (c) SEM-EDS spectra of prepared catalysts.

desorption steps of reactant molecules, thereby enhancing the
activity and selectivity of the target catalytic reaction.

To investigate the reducibility and distribution of species in the
Fe,O3 and P-loaded fish bone-based catalysts, H,-TPR analysis was
performed, with the results shown in Fig. 3b. Low-temperature TPR
peaks correspond to bulk oxides or species with weak interaction
with the support, while high-temperature peaks indicate species
that have penetrated the support or formed strong interactions with
itl>2531, FC and 30P@FC show no significant reduction peaks below
600 °C. FC exhibits a strong single reduction peak at 610 °C, which
may correspond to the deep transformation of carbonaceous
species under a hydrogen atmosphere. For 30P@FC, three stronger
reduction peaks appear at 600, 700, and 837 °C. The medium-
strength peak at 600 °C is likely associated with the reduction of
readily accessible, weakly bound phosphorus-oxygen species in
calcium phosphate precursors (e.g., CaHPO,) or their thermally
transformed intermediate phases formed during phosphoric acid
modification. The strong peak at 700 °C is primarily attributed to the
removal of structural oxygen associated with phosphate (PO,3-)
groups within the hydroxyapatite (HAP) framework. The excessive
introduction of phosphoric acid may promote the formation of a
phosphorus-rich layer on the HAP surface or create lattice defects
(e.g., forming pyrophosphate or metaphosphate species). While the
P-O bonds in these species are stronger than in pristine HAP, some
oxygen atoms can still be removed under strong reducing condi-
tions at this temperature, leading to a significant increase in peak
intensity. The extremely high-temperature strong reduction peak at
837 °C indicates the deep reduction of the most stable chemical

structures. It likely corresponds to the removal of strongly bound
oxygen from highly polymerized or well-crystallized calcium phos-
phate species (e.g. stable calcium pyrophosphate or phosphate
phases highly integrated with the HAP framework) and may even
involve the partial reduction of framework phosphate groups. The
appearance of this peak demonstrates that phosphoric acid treat-
ment not only modifies the surface but may also induce partial
restructuring of the near-surface bulk phase of the support, forming
new phases with extremely high thermal stability that are reducible
by hydrogen only under intense driving forces. In contrast, 20Fe-
30P@FC exhibits two overlapping reduction peaks at 350 and
500 °C. The high-temperature reduction peak (500 °C) is signifi-
cantly higher than the reduction temperature of pure Fe,05, provid-
ing strong evidence for the existence of strong chemical bonding
(Fe-O-P) between the iron species and the phosphorylated support.
This interaction increases the difficulty of reduction, implying that
this interface may maintain a specific oxidation state under reaction
conditions to preserve catalytic activity®*. A broad reduction peak is
also observed around 700 °C. The higher reduction temperature for
this feature may be due to the more stable nature of the metal
species in the catalyst synthesized at high temperatures.

Effect of catalysts on pyrolysis products

The catalytic pyrolysis reaction pathway and product distribution of
mulch film plastic exhibit significant differences under the influence
of various catalysts. As shown in Fig. 4 and Table 1, a comparative
analysis of four systems—non-catalytic pyrolysis, pyrolysis with FC,
30P@FC, and 20Fe-30P@FC catalysts—clarifies the crucial impact of
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Fig. 4 Yield and composition of bio-oil under different conditions. (a) Pyrolysis products. (b) Bio-oil composition. (c) Distribution of carbon numbers in
bio-oil. (d) Content of C4~C;, compounds in bio-oil. (e) Distribution of other substances in bio-oil. (f) Distribution of carbon numbers at optimal acidity.

catalyst structure and composition on the reaction. Non-catalytic
pyrolysis, relying primarily on thermal cracking, yields a relatively
low bio-oil production (72.3 wt.%) with insufficient olefin selectivity
(43.78%), accompanied by the formation of considerable long-chain
hydrocarbons and coke. This reflects the indiscriminate nature of pure
thermal cracking, which makes selective control of target products
challenging®®. Direct use of the FC catalyst moderately enhances
liquid yield and olefin content. The porous carbon framework formed
from carbonized fish bone possesses certain adsorption capacity
and weak catalytic activity, promoting the cracking of some macro-
molecules. However, due to its weak acidity and lack of metal active
sites, its ability for selective C-C bond scission is limited, resulting in a
product still containing a significant proportion of alkanes and C13+
heavy fractions®®. The 30P@FC catalyst (selected based on acidity
screening in Supplementary Fig. S5) demonstrates markedly improved
performance. This catalyst successfully introduced abundant Brensted
and Lewis acid sites onto its surface®*”). These acid sites effectively
promote C-C bond cleavage and stabilize reaction intermediates,
thereby increasing olefin selectivity to approximately 80% while simul-
taneously suppressing coke formation. Nevertheless, this system still
shows limitations in facilitating deep dehydrogenation and inhibiting
secondary reactionst®.. The 20Fe-30P@FC catalyst (selected based on
loading screening in Supplementary Fig. S6) exhibits the best overall
performance. The loading of iron species onto the acidic support
achieves synergistic catalysis between acid sites and metal active
centers. The iron species not only promote dehydrogenation reactions,
enhancing selectivity towards olefin formation, but also cooperate
with acid sites to modulate hydrogen transfer reactions, effectively
suppressing alkane and coke formation. Under this catalytic action, the
highest bio-oil yield (89.32 wt.%) is achieved, with olefin selectivity
significantly increased to 84.03%. Notably, light olefins (C4-C;,) con-
stitute up to 99.78% of the hydrocarbon products. In summary, the

evolution from non-catalytic pyrolysis to the 20Fe-30P@FC catalytic
system exemplifies an optimization process in catalyst design: pro-
gressing from merely providing a porous structure to introducing
acidic functionality, and finally achieving acid-metal bifunctional
synergy. The 20Fe-30P@FC catalyst successfully integrates the
excellent structural properties of the acid-etched support with the
catalytic function of the iron species, providing an efficient and
promising solution for the valorization of plastic waste via catalytic

pyrolysis.

Effects of pyrolysis temperature

This study employed the 20Fe-30P@FC catalyst, which demonstrated
superior performance in promoting the selective formation of olefins
in bio-oil. With the catalytic temperature fixed at 350 °C and the
catalyst-to-feedstock mass ratio set at 1:2, the influence of pyrolysis
temperature (450-650 °C) on the microwave-assisted catalytic pyro-
lysis of plastic mulch film was systematically investigated. As shown in
Fig. 5a, at a pyrolysis temperature of 450 °C, the bio-oil yield was only
69.32 wt.% and the residual coke content was as high as 9.28 wt.%,
indicating incomplete pyrolysis reactions under these conditions. As
the temperature increased, the bio-oil yield initially rose and then
declined, reaching its maximum value of 89.32 wt.% at 550 °C. The
composition of the products also changed significantly: the relative
content of olefins first increased and then decreased with rising
pyrolysis temperature, peaking at 84.03% at 550 °C (Fig. 5b). This trend
can be attributed to the endothermic nature of pyrolysis itself; appro-
priate heating helps provide the necessary energy for the reactions,
promoting olefin formation®”. However, excessively high tempera-
tures accelerate C=C bond cleavage and promote the recombination
of carbocations, leading to an increased alkane content®”. Further-
more, higher pyrolysis temperatures inhibited the formation of C4-C;,
hydrocarbons, with their relative content dropping to a minimum of
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optimal acidity.

53.81% at 650 °C (Fig. 5d). This is likely because elevated temperatures
favor the production of long-chain, high-carbon hydrocarbons and
promote the secondary cracking of primary pyrolysis vapors, the latter
also increasing the yield of non-condensable gases'". Considering the
bio-oil yield, olefin selectivity, and distribution of light hydrocarbons,
550 °C was identified as the optimal pyrolysis temperature for plastic
mulch film using this fish bone-based catalyst. At this temperature, the
porous structure created by acid etching and the loaded iron active
sites in the catalyst synergistically enhanced mass transfer and the
selective cleavage of C-C bonds, thereby enabling the efficient pro-
duction of high-value-added olefin products.

Effects of catalysis temperature

To determine the optimal catalytic temperature, pyrolysis experiments
were conducted using a temperature gradient of 50 °C over a range
of 300 to 500 °C. The catalyst used was 20Fe-30P@FC, with a fixed
pyrolysis temperature of 550 °C and a catalyst-to-feedstock mass ratio
of 1:2. The results, shown in Fig. 63, indicate that the bio-oil yield ini-
tially increased and then decreased with rising catalytic temperature,
reaching a maximum of 89.32 wt.% at 350 °C. Concurrently, the yield
of non-condensable gases progressively increased. This is attributed
to the intensified secondary cracking of primary pyrolysis vapors at
higher catalytic temperatures, which promotes the formation of
smaller gaseous molecules. Olefin selectivity also peaked at 350 °C
(84.03%), declining at both lower and higher temperatures (Fig. 6b).
This suggests that an appropriate catalytic temperature facilitates the
formation and conversion of reaction intermediates, thereby favoring
olefin production, whereas excessively high temperatures can trigger
over-cracking and recombination reactions, leading to an increase in
by-products such as alkanes and aromatics. The catalytic temperature
also significantly influenced the carbon number distribution of olefins

(Fig. 6¢). When the temperature increased to 350 °C, the relative
content of the C¢-C;, fraction substantially rose from 90.91% to
99.78%, while the proportions of C13-C16 and C16+ components
decreased accordingly. This change indicates that, at a suitable tem-
perature, the synergistic effect between the surface acidity and the iron
species on the catalyst promotes the selective cleavage of C-C bonds,
favoring the production of more valuable light olefins%Z. However,
a further increase in temperature exacerbates alkylation and coking
reactions (Fig. 6d), leading to pore blockage and deactivation of the
catalyst, which in turn reduces olefin selectivity!®. In summary, the
catalytic temperature presents a crucial trade-off between product
distribution and liquid yield by influencing both the reaction pathway
and catalyst stability. Based on a comprehensive consideration of bio-
oil yield, olefin selectivity, and the yield of low-carbon-number olefins
in this study, 350 °C was identified as the optimal catalytic temperature
for the pyrolysis of mulch film plastic using this fish bone-based
catalyst. This temperature provides sufficient energy to promote C-C
bond cleavage and olefin formation while avoiding performance
degradation caused by excessive cracking and coking, demonstrating
a good synergistic effect between the acid-etched porous support and
the loaded iron active sites.

Effect of catalyst-to-feedstock ratio on product
distribution

To systematically evaluate the influence of the catalyst-to-feedstock
ratio on the reaction pathway and product distribution, this study
further investigated the effect of varying the mass ratio of the 20Fe-
30P@FC catalyst to mulch film plastic (0:1, 1:3, 1:2, 1:1, 2:1, 3:1) on the
microwave-assisted catalytic pyrolysis process under the optimized
conditions of a catalytic temperature of 350 °C and a pyrolysis tem-
perature of 550 °C. The results are shown in Fig. 7. As the relative
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optimal acidity.

amount of catalyst decreased (i.e., the catalyst/feedstock ratio varied
from 0:1 to 3:1), the bio-oil yield exhibited a trend of first increasing
and then decreasing (Fig. 7a). The highest liquid yield (89.32 wt.%) was
obtained at a ratio of 1:2, indicating that an appropriate number of
active sites can effectively promote the conversion of primary cracking
vapors into the desired liquid products. At higher ratios (e.g., 1:1),
excessive acid sites and iron species may intensify over-cracking and
deep dehydrogenation, leading to increased gas yield. Conversely, at
lower ratios (e.g., 1:3), insufficient active centers result in inadequate
catalytic conversion of the primary pyrolysis products, with partial
conversion to cokel®, The catalyst ratio also exhibited a significant
regulatory effect on product selectivity (Fig. 7b). As the ratio decreased
from 1:1 to 1:2, olefin selectivity markedly increased from 54.31% to
84.03%. This is because a moderate catalyst loading provides an
optimal balance for intermediate adsorption, selective C-C bond
scission, and olefin desorption, favoring the olefin formation pathway.
However, when the ratio was further reduced to 1:3, olefin selectivity
decreased to 59.73%, accompanied by a corresponding increase in
alkane content. This is attributed to the reduced probability of radicals
contacting active sites under catalyst-deficient conditions, which
enhances non-catalytic thermal polymerization and hydrogen transfer
reactions, thereby promoting the formation of alkanes and aromatic
structuresi®. Analysis of the olefin carbon number distribution further
corroborates this mechanism (Fig. 7c). Under the optimal ratio of 1:2,
the relative content of C¢-C;, light olefins was the highest (99.78%),
indicating that the acidic environment and metal active sites provided
by the catalyst under these conditions can effectively suppress the
formation and re-polymerization of long-chain olefins, promoting their
cleavage into the target fraction. Deviations from this optimal ratio
resulted in decreased selectivity towards light olefins. In conclusion,
the catalyst-to-feedstock ratio is a key parameter for balancing the

reaction network. A ratio of 1:2 in this catalytic system achieved
the best match between the number of active sites, mass transfer
efficiency, and reaction pathway selectivity, ensuring a high bio-oil
yield while maximizing the selective production of high-value-added
light olefins. This result highlights the practicality and tunability of the
developed acid-etched, iron-loaded fish bone-based catalyst for
optimizing plastic catalytic pyrolysis processes.

Stability testing of catalysts

To assess the catalyst's stability under practical, continuous operation,
five consecutive usage cycles of the 20Fe-30P@FC catalyst were con-
ducted under fixed conditions (pyrolysis temperature: 550 °C, catalytic
temperature: 350 °C, catalyst/feedstock mass ratio: 1:2). The evolution
of its performance is shown in Fig. 8. With increasing cycle number, the
catalyst performance exhibited a regular decline. The bio-oil yield
gradually decreased from 89.32 wt.% in the first run to 86.52wt.% in
the fifth run (Fig. 8a), while the selectivity towards the target olefins
dropped from 84.03% to 82.32% (Fig. 8b). The selectivity for the C¢-C;,
fraction also decreased from 99.78% to 99.11%. Correspondingly,
the yield of non-condensable gases increased from 8.94 wt.% to
10.39 wt.%, the coke yield rose from 0.43 wt.% to 0.87 wt.%, and the
selectivity for other by-products increased from 1.8% to 2.78% (Fig. 8e).
This trend indicates a continuous weakening of the accessibility of the
catalyst's active sites and its ability to selectively control the reaction
pathways during cycling, with the reaction gradually shifting towards
non-selective thermal cracking. Deactivation is primarily attributed
to the progressive deposition of carbonaceous species (coke) on the
catalyst surface during the reaction®’. The coke layer not only
physically covers the Fe active centers and acid sites but may also
cause partial pore blockage, increasing mass transfer resistance for
reactants and products and limiting their contact with internal active
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as electron-deficient Fe3* (Fe 2p;, = 711.5 eV, +0.7 eV shift vs Fe,0;),
which weakens z-backbonding with olefins and inherently suppresses
coke formation. However, over multiple cycles, even this optimized

sites. The coverage of acid sites directly impairs the catalyst's ability to
activate C-C bonds and stabilize key intermediates, leading to reduced
cracking depth and product selectivity®®l. XPS confirmed that Fe exists
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interface gradually accumulates deposits. The more pronounced
decline in olefin selectivity (84.03% to 82.32%) correlates with com-
promised Fe site function, while the moderate increase in gas yield
reflects gradual acid site coverage. NH5-TPD demonstrated that Fe-O-P
formation reconstructs acid sites (strong acid sites shift to higher
temperature), creating optimized acidity that resists rapid coking,
explaining why the catalyst maintains > 82% selectivity even after
five cycles. The Fe-O-P structure is fully restorable upon regeneration.
Since deactivation is due to reversible coke coverage rather than
structural degradation, calcination under nitrogen should remove
carbon deposits while preserving the Fe-O-P framework. In summary,
the catalyst's remarkable olefin selectivity retention stems from its
unique Fe-O-P interfacial design. It also points out that coking as the
key factor limits the long-term stability of this class of biomass-derived
catalysts, pointing the way toward enhancing their industrial appli-
cation potential through surface modification, pore structure optimi-
zation, or the incorporation of anti-coking components.

Catalytic conversion mechanism

In the microwave-assisted catalytic pyrolysis system for agricultural
plastic films, the structural and functional evolution of catalysts plays a
decisive role in directing the preparation of highly selective olefins. As
shown in Fig. 9, the FC, 30P@FC, and 20Fe-30P@FC series of catalysts
constructed in this study clearly demonstrate an evolutionary pathway
from reliance on physical structure to enhanced acidic functionality,
and ultimately to the realization of synergistic metal-acid catalysis. The
bulk heating and selective 'hot spot' effects of the microwave field,
combined with the characteristics of catalysts at different stages, jointly
regulate the reaction process and product distribution.

The initial fishbone-based catalyst (FC) features a porous (prima-
rily mesoporous) hydroxyapatite/carbon composite framework. Its
large specific surface area and surface weak acid/base sites provide
initial adsorption and thermal cracking sites for plastic macro-
molecules. However, its catalytic activity is low, and cracking is
highly random, resulting in limited bio-oil yield and olefin selectivity,
along with a broad carbon number distribution[671.

The phosphate-modified 30P@FC catalyst successfully intro-
duced abundant Brgnsted and Lewis acid sites on its surface
(confirmed by Fig. 3a and Supplementary Fig. S4). Under microwave
conditions, these strong acid sites functioned as localized active
centers, shifting the catalytic mechanism to an acid-dominated
positive carbocation cracking pathway. This pathway significantly
promotes selective C-C bond cleavage, enhancing olefin yield and
bio-oil quality (olefin selectivity 79.82%, C¢—C;, selectivity 99.33%).
However, the sole presence of strong acidic functionality also
readily induces excessive cracking, aromatization, and cokingf©8l,
Concurrently, partial densification of the framework induced by
phosphoric acid treatment (SEM) may partially restrict mass transfer.

The key breakthrough lies in the development of the 20Fe-
30P@FC catalyst. Strong interactions between iron loading and the
phosphoric acid-modified carrier form a stable Fe-O-P interfacial
structure (confirmed by Fig. 2, Supplementary Fig. S4, and Fig. 3c).
This chemically bonded interface establishes a carbocation-
mediated dehydrogenation mechanism rather than a radical path-
way, supported by the high selectivity toward C4—C;, olefins (> 99%)
with narrow distribution and the absence of radical-coupling
byproducts. The P-modified acid sites provide Brgnsted acidity that
protonates hydrocarbon chains to generate carbocation interme-
diates, while Fe sites facilitate subsequent dehydrogenation. C-C
bond cleavage is primarily executed by P-modified acid sites via
carbocation chemistry. The strong Brgnsted acid sites (NH;-TPD
confirmed) protonate C=C bonds or abstract hydride from alkanes,
generating carbocation intermediates that undergo p-scission.
Upon Fe loading, these acid sites are not eliminated but electroni-
cally modulated: the rightward shift of the strong acid peak to
higher temperature (Fig. 3a) indicates optimized acid strength, suffi-
cient for controlled C-C activation but moderated to prevent exces-
sive cracking. Hydrogen transfer and olefin formation are primarily
executed by Fe sites but critically influenced by electronic effects
from the Fe-O-P linkage. XPS reveals that Fe exists as electron-
deficient Fe3* (Fe 2ps, = 711.5 eV, +0.7 eV shift vs. Fe,0;) due to
directional electron transfer from Fe to P via the oxygen bridge (P 2p
—0.4 eV shift). This electron-deficient state weakens n-backbonding
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with olefin intermediates, preventing their strong adsorption and
facilitating rapid olefin desorption. Simultaneously, the Fe3*/Fe2*
redox pair (as verified by H,-TPR) actively accepts hydride ions from
carbocation intermediates to form olefins. Olefin stabilization results
from the intimate proximity ensured by Fe-O-P chemical bonding.
Acid sites generate carbocation intermediates, while adjacent Fe
sites accept hydride ions to form olefins. The electron-deficient cha-
racter of Fe ensures quick olefin release before secondary reactions
(aromatization, coking) occur. FT-IR confirms this intimacy through
P=0 redshift (indicating P gains electron density) and Fe-O vibra-
tion emergence below 800 cm~. In the microwave system, Fe-based
active sites generate efficient localized heating at the interface,
significantly promoting C-H bond activation and dehydrogenation
steps. The Fe3*/FeZ* redox pair synergizes with modulated adjacent
acid sites, achieving metal-acid bifunctional coordination: Fe sites
drive dehydrogenation to generate olefin intermediates, while
synergistic acid sites precisely regulate cracking depth and isome-
rization while promoting surface hydrogen transfer. This synergistic
mechanism concentrates product selectivity toward high-value
Ce—C;,, light olefins (99.78% selectivity) while significantly suppress-
ing carbon deposit precursor formation through efficient hydrogen
transfer (0.43% coke yield).

Conclusions

This study systematically evaluated the effects of phosphoric acid
modification and iron loading on the microwave-assisted catalytic
pyrolysis performance of 20Fe-30P@FC at a pyrolysis temperature of
550 °C, a catalytic temperature of 350 °C, and a catalyst-to-feedstock
ratio of 1:2. Under these optimized conditions, 20Fe-30P@FC achieved
a maximum bio-oil yield of 89.32 wt.%, with the product dominated
by olefins (84.03%), accompanied by minor fractions of alkanes (8.98%)
and aromatics (4.80%). Notably, the alkyne content remained extre-
mely low (0.29%), indicating a strong synergistic interaction between
acidic sites and iron species. Regeneration tests further demonstrated
stable catalytic activity and oil yield over multiple cycles, confirming
the robustness of the catalyst.

Compared with Fe-only catalysts, phosphoric acid pretreatment
significantly enhanced performance, which is attributed to the
formation of Fe-O-P interfacial structures that modulate the elec-
tronic properties of iron species. This interaction promotes a hydro-
genation—-decyclization pathway, suppressing polycyclic aromatic
hydrocarbon precursors and partially converting aromatic interme-
diates into light olefins, thereby improving product selectivity. Over-
all, the fish bone-derived acid—-metal bifunctional catalyst enables
efficient and selective conversion of agricultural plastic film waste,
offering a cost-effective route for plastic valorization and highlight-
ing the potential of biomass-derived catalysts in high-value solid
waste conversion.
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