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Abstract

Thermochemical conversion of nitrogen- and sulfur-rich biomass-derived wastes, such as
sewage sludge, algae, and agricultural residues, is a promising route for renewable fuel
production and waste valorization. However, fuel-bound nitrogen can be released as NHj,
HCN, and HNCO, while sulfur species such as H,S, SO,, and COS accelerate catalyst deac-
tivation and generate NOx /SOy precursors. Metal-loaded ZSM-5 catalysts are attractive for
clean catalytic pyrolysis because they combine the MFI pore confinement and tunable Bren-
sted/Lewis acidity of ZSM-5 with the hydrogen transfer, dehydrogenation, cracking, redox,
and sulfur-tolerance functions of metal species. This review critically summarizes recent
advances in metal-loaded ZSM-5 catalysts for catalytic denitrogenation of biomass-derived
solid wastes. The formation and migration of NH3, HCN, HNCO, tar-N, and char-N are
first discussed to clarify the chemical basis of fuel-N conversion. The effects of ZSM-5
pore structure, acid-site distribution, Si/ Al ratio, hierarchical porosity, and synergy on
adsorption, diffusion, C-N bond cleavage, heterocyclic-N ring-opening, aromatization, and
nitrogen redistribution are then analyzed. Catalyst deactivation under realistic pyrolysis
atmospheres is also highlighted, including coke deposition, metal sintering, framework
dealumination, mineral poisoning, and H,S/SO,/COS-induced sulfur poisoning. Finally,
future directions are proposed for designing multifunctional ZSM-5-based catalysts in-
tegrating denitrogenation activity, sulfur resistance, coke resistance, regenerability, and
quantitative nitrogen/sulfur mass balance.

Keywords: biomass pyrolysis; denitrogenation; ZSM-5; nitrogen migration; catalyst
deactivation; sulfur resistance

1. Introduction

The catalytic pyrolysis of nitrogen-containing organic solid wastes, including sewage
sludge, microalgae, fermentation residues, livestock manure, and some agricultural by-
products, provides a promising route for waste valorization and renewable fuel/chemical
production. However, these feedstocks usually contain abundant protein-N, amino acid-N,
inorganic nitrogen, heterocyclic nitrogen, and, in some cases, sulfur-containing species.
During pyrolysis, fuel-bound nitrogen can be converted into NH3, HCN, HNCO, nitriles,
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amides, pyrroles, pyridines, indoles, and other nitrogen-containing compounds, while
sulfur species can be released as HyS, SO,, COS, thiophenes, sulfides, and sulfones. These
nitrogen- and sulfur-containing products not only decrease bio-oil quality but also act as
precursors of NOx/SOx emissions and cause rapid catalyst deactivation during down-
stream upgrading [1-7].

As shown in Figure 1, the release of nitrogen-containing gases is closely related to the
chemical structure of fuel-bound nitrogen and the temperature-dependent evolution of
intermediates. Protein-N and amino acid-N first decompose into amino acids and small
nitrogen-containing fragments, which then undergo deamination, dehydration, decarboxy-
lation, condensation, and secondary cracking reactions [2,4,8,9]. Deamination reactions
mainly produce NHj, especially in the relatively low-temperature region of 400-500 °C,
whereas dehydrationcondensation reactions can generate cyclic amide intermediates such
as 2,5-diketopiperazine (DKP), which further contributes to the formation of HCN and
HNCO [8-11]. At higher temperatures, generally above 500 °C, HCN is preferentially
generated through ring-opening and cracking of pyridinic-N, pyrrolic-N, nitrile-N, and
other heterocyclic nitrogen species in tar and char [6,10,12-14]. HNCO is usually less stable
at elevated temperatures and can be further converted into NH; or HCN. Therefore, NHj3,
HCN, and HNCO should not be regarded as isolated products, but as interconnected
intermediates within a cascade nitrogen-conversion network.
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Figure 1. Cascade conversion network of fuel-bound nitrogen and temperature-zoned release
characteristics of NH3, HCN, and HNCO during biomass pyrolysis.

Nitrogen migration during pyrolysis is also reflected in the partitioning of nitrogen
among char, tar, and gas phases. At relatively low temperatures, nitrogen tends to remain in
char as protein-N, amide-N, pyridinic-N, or pyrrolic-N. With increasing temperature, more
nitrogen is released into tar and gas through devolatilization, cracking, and aromatization
reactions. Char-N can be transformed into more stable heterocyclic structures such as
pyridinic-N, pyrrolic-N, quaternary-N, and pyridine-N-oxide, while tar-N mainly consists
of amides, nitriles, amines, and nitrogen-containing heterocycles [7,15,16]. Catalytic miner-
als, atmosphere, heating rate, and feedstock composition can further alter this distribution.
For example, Fe species may regulate NH; and HCN conversion through FeO,, FexN,
or Fe,C intermediates, alkali and alkaline earth metals can change the energy barriers of
deamination and dehydrogenation, and CO, or H; atmospheres can influence nitrogen
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retention and secondary cracking [17-21]. Therefore, catalytic denitrogenation should be
evaluated not only by the nitrogen content of bio-oil, but also by the complete nitrogen
balance among char-N, tar-N, NH3, HCN, HNCO, and Nj.

Among various catalytic systems, ZSM-5 has been widely used for catalytic pyrol-
ysis because of its MFI topology, intersecting 10-membered-ring channels, tunable Bren-
sted/Lewis acidity, shape-selective pore confinement, and relatively high hydrothermal
stability [22-25]. Brensted acid sites originate from bridging hydroxyl groups associated
with framework Al, while Lewis acid sites are mainly related to extra-framework Al species,
framework defects, or introduced metal species. These acid sites can adsorb and activate
amino groups, amides, nitriles, and nitrogen-containing heterocycles through hydrogen
bonding, protonation, coordination, and acid-catalyzed cracking, thereby regulating the
conversion of nitrogen-containing intermediates [26-29]. However, pristine HZSM-5 usu-
ally suffers from limited denitrogenation selectivity, insufficient accessibility for bulky
nitrogen-containing compounds, excessive coke formation, and rapid deactivation. In
many cases, HZSM-5 mainly redistributes nitrogen from tar and char into gaseous nitrogen-
containing products rather than achieving deep nitrogen removal.

The catalytic performance of ZSM-5 is strongly governed by the balance among
pore accessibility, acid strength, acid density, and acid-site distribution. A lower Si/Al
ratio generally increases acid-site density, which can enhance cracking and ring-opening
reactions, but excessive strong acidity may accelerate oligomerization, polyaromatization,
and coke deposition. Hierarchical ZSM-5, hollow ZSM-5, ZSM-5 nanosheets, and matrix-
supported ZSM-5 can introduce mesoporosity or secondary pores, improving the diffusion
of bulky nitrogen-containing intermediates such as indoles, pyrroles, pyridines, amides,
nitriles, and protein-derived fragments [30-37]. Therefore, ZSM-5 modification should not
simply aim to increase acidity; instead, it should optimize the spatial coupling between
accessible pores and suitable Bronsted /Lewis acid sites.

As illustrated in Figure 2, ZSM-5 denitrogenation is controlled by the coupling of
MEFI pore confinement and Brensted/Lewis acid sites. The ~0.55 nm channels favor
the diffusion and adsorption of small N-heterocycles, while partly excluding bulky N-
compounds. Brensted sites promote protonation, cracking, deamination, and aromatization,
whereas Lewis or metal sites enhance adsorption, polarization, and C-N activation. Thus,
effective denitrogenation requires matching pore accessibility, acid-site distribution, and
the size/reactivity of N-containing intermediates while avoiding excessive cracking and
coke formation.
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Figure 2. Structure acidity denitrogenation relationship of ZSM-5 during catalytic pyrolysis.
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The textural properties of ZSM-5 provide the physical basis for molecular transport
and shape-selective catalysis. The BET surface area reflects the overall accessibility of the
catalyst, whereas the micropore volume and pore-size distribution determine whether
nitrogen-containing intermediates can reach the internal acid and metal sites. The ap-
proximately 0.55 nm MFI channels are suitable for small nitrogen-containing molecules,
but bulky compounds such as indoles, substituted pyrroles, amides, and protein-derived
fragments may experience severe diffusion limitations. Introducing secondary mesopores
can shorten diffusion paths, improve active-site accessibility, and facilitate the release of
upgraded products. However, excessive loss of microporosity or blockage of the channel
entrances by metal particles can weaken shape selectivity, increase the residence time of re-
active intermediates, and promote secondary condensation and coke formation. Therefore,
BET surface area, micropore and mesopore volumes, and pore-size distribution should be
considered together with acidity and metal dispersion when evaluating catalytic pyrolysis
performance [22,29,35,36].

More broadly, studies of multi-source solid-waste-derived ceramic foams have simi-
larly demonstrated that pore morphology, pore-size distribution, and pore connectivity are
critical structural property descriptors. Although these materials are not direct denitrogena-
tion catalysts, their interconnected three-dimensional pore networks, high specific surface
area, and favorable thermal and chemical stability provide broader guidance for designing
diffusion-accessible and structurally stable porous materials for harsh biomass-conversion
environments [38].

Metal loading is an effective strategy for constructing bifunctional ZSM-5 catalysts,
hereafter referred to as metal@ZSM-5. Transition metals such as Fe, Ni, Co, Cu, Zn, and Ga
can introduce hydrogenation/dehydrogenation, cracking, reforming, redox, and aromatiza-
tion functions, while alkali and alkaline earth metals such as K, Na, Ca, and Mg can regulate
acid base properties and modify the decomposition pathways of nitrogen-containing inter-
mediates [23,39-44]. The interaction between metal sites and ZSM-5 acid sites can promote
C-N bond cleavage, ring-opening of nitrogen heterocycles, nitrogen redistribution, and bio-
oil upgrading. Ni and Co species are usually associated with hydrogen-transfer-assisted
ring-opening of nitrogen heterocycles; Fe species are promising for redox-mediated ni-
trogen transformation through nitride/carbide intermediates; Zn and Ga species mainly
promote aromatization-driven denitrogenation; and Ca- or alkali-assisted systems can
enhance nitrogen retention in char or regulate NH3 /HCN release. Therefore, metal@ZSM-5
provides a more flexible platform than pristine ZSM-5 for catalytic denitrogenation.

Despite these advantages, the practical application of metal@ZSM-5 catalysts remains
limited by catalyst deactivation. Coke deposition can block micropores and cover acid
or metal active sites, while metal sintering and framework dealumination reduce the
number and accessibility of catalytic centers [45,46]. More importantly, sulfur-containing
species released from nitrogen- and sulfur-containing organic solid wastes, especially H;S,
50,, and COS, can react with metal species to form metal sulfides or sulfates, leading
to irreversible or partially reversible loss of active sites [47-50]. In realistic pyrolysis
atmospheres, nitrogen-containing compounds, sulfur-containing species, tar vapors, steam,
minerals, and coke precursors coexist, resulting in coupled nitrogen/sulfur poisoning and
sulfur-carbon deactivation that are more complex than conventional coke deposition alone.
Although sulfur poisoning has been widely studied in NH3-SCR, flue-gas denitration, and
methane oxidation systems, the H,S/COS-dominated sulfur poisoning behavior, sulfur
tolerance thresholds, and regeneration strategies of metal@ZSM-5 catalysts under organic
solid waste pyrolysis conditions remain insufficiently understood [51,52].

Pristine HZSM-5 has intrinsic limitations in biomass catalytic pyrolysis, including
restricted micropore diffusion, excessive strong acidity, insufficient accessibility for bulky
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nitrogen-containing intermediates, and rapid deactivation by coke deposition. Therefore,
Z5SM-5 modification is necessary to improve denitrogenation activity, product selectivity,
and catalyst lifetime. Current modification strategies can be grouped into three categories:
acidity regulation, hierarchical pore construction, and metal loading. These strategies
do not act independently; instead, they jointly determine the accessibility of nitrogen-
containing intermediates, the strength of acid-catalyzed cracking, the degree of synergy,
and resistance to deactivation.

Acidity regulation is mainly achieved through dealumination, realumination, acid /base
treatment or heteroatom incorporation. Liu et al. [33] developed a one-step dealumina-
tion realumination method using AlF3 in an HF/NH4F buffer solution. Under optimized
conditions, the zeolite maintained high crystallinity and acidity, while its mesopore vol-
ume increased from 23% to 41% of the total pore volume. Cai et al. [34] used an ethanol
triethylamine water buffer solution for mild slow-release alkali treatment of highly acidic
ZSM-5. This treatment reduced the strong acid content, increased medium and weak acid
sites, enlarged the pore structure, and improved catalyst stability over repeated cycles.
These results show that acidity optimization should avoid simply increasing strong acid
density; instead, a balanced distribution of medium and strong acid sites is more favorable
for cracking nitrogen-containing intermediates while suppressing coke formation.

Hierarchical pore construction is another effective strategy for improving mass transfer
and acid-site accessibility. Hollow ZSM-5, desilicated ZSM-5, and matrix-supported ZSM-5
can reduce diffusion limitations for bulky oxygen- and nitrogen-containing intermediates.
Zhao et al. [35] prepared hollow HZSM-5 with controllable acidity through protective
desilication and external surface modification. Crespo et al. [36] embedded HZSM-5 into
a y-AlLO3/«-Al,O3 matrix and significantly improved catalytic stability during bio-oil
cracking. The weakly acidic mesoporous alumina matrix promoted pre-cracking and de-
oxygenation of large molecules, trapped coke precursors, and delayed micropore blockage.
Souza et al. [37] also confirmed that secondary porosity can increase acid-site accessibility
and reduce diffusion limitations. For denitrogenation, hierarchical porosity is particu-
larly important because many nitrogen-containing intermediates, such as indoles, pyrroles,
pyridines, amides, and protein-derived fragments, are too bulky to diffuse efficiently within
purely microporous ZSM-5.

Metal loading provides additional catalytic functions beyond acidity regulation. Fe-
modified HZSM-5 has shown dual deoxygenation and denitrogenation effects in microalgae
catalytic fast pyrolysis; at an Fe loading of 8 wt% and 500 °C, the aromatics content
reached 42.5%, while nitrogen-containing compounds, acids, aldehydes/ketones, and
furans decreased markedly [53]. Ga-modified hollow ZSM-5 enhanced aromatization and
coke resistance during cassava residue pyrolysis, achieving a high aromatics content and
maintaining activity after repeated cycles [54]. Bimetallic Fe-Ni hierarchical zeolites further
optimized acid distribution and improved monocyclic aromatic hydrocarbon selectivity
while suppressing polycyclic aromatic hydrocarbon formation [43]. Cu-modified HZSM-5
also enhanced decarboxylation and aromatization during co-pyrolysis and maintained
stable performance after regeneration. These examples suggest that metal species should
be selected according to their specific functions: Fe and Ni are useful for dehydrogenation,
cracking, and denitrogenation; Ga and Zn are effective for aromatization; Cu contributes
to decarboxylation and aromatic formation; Ce can tune Brensted acidity and improve
catalytic stability.

Overall, the optimization of ZSM-5 for denitrogenation requires the simultaneous
regulation of pore structure, acid properties, and metal functions. A suitable catalyst
should provide accessible mesopores for bulky nitrogen-containing intermediates, suffi-
cient medium/strong acid sites for C-N bond activation, and dispersed metal species for
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hydrogen transfer, redox transformation, or deep nitrogen conversion. Excessive metal
loading or overly strong acidity may decrease surface area, block pores, and accelerate
coke deposition. Therefore, the design of metal-loaded ZSM-5 should focus on balancing
denitrogenation activity, aromatization selectivity, and long-term stability rather than max-
imizing any single structural parameter. Based on the above considerations, this review
summarizes recent advances in metal@ZSM-5 catalysts for catalytic denitrogenation during
the pyrolysis of nitrogen-containing organic solid wastes. The review focuses on three
key aspects. First, the synergistic mechanisms of single-metal, bimetallic, and tandem
metal@ZSM-5 systems are discussed, with emphasis on C-N bond activation, nitrogen hete-
rocycle ring-opening, NHs /HCN regulation, aromatization, and nitrogen redistribution.
Second, the effects of active-site architecture, preparation methods, process conditions,
and reaction/regeneration cycles on denitrogenation performance and catalyst stability
are analyzed. Third, sulfur poisoning mechanisms and sulfur-resistance strategies are
critically summarized, including metal-site sulfidation/sulfation, acid-site poisoning, pore
blockage, sulfur carbon coupled deactivation, upstream sulfur capture, protective coatings,
sulfur-tolerant metal design, and regeneration protocols. This review aims to provide
guidance for the rational design of multifunctional metal@ZSM-5 catalysts that integrate
denitrogenation activity, sulfur resistance, coke resistance, and regenerability under realistic
tar-, steam-, mineral-, and sulfur-containing pyrolysis atmospheres.

2. Denitrogenation Mechanisms over Metal-Loaded ZSM-5
Composite Catalysts

2.1. Influence of Single-Metal Loading on Denitrogenation Performance

Single-metal loading is the most direct and widely used strategy for modifying the
denitrogenation behavior of ZSM-5. Depending on their physicochemical properties and
catalytic functions, loaded metals can be broadly divided into alkali/alkaline earth metals
and transition metals. Alkali and alkaline earth metals mainly regulate nitrogen migration
by changing the acid base environment, stabilizing nitrogen-containing intermediates,
promoting char formation, and modifying the energy barriers of deamination, dehydro-
genation, and 2,5-diketopiperazine (DKP) decomposition. In contrast, transition metals
introduce hydrogenation/dehydrogenation, cracking, reforming, redox, and coordina-
tion functions, which can cooperate with the Bronsted and Lewis acid sites of ZSM-5 to
promote C-N bond cleavage, ring-opening of nitrogen-containing heterocycles, aromati-
zation of hydrocarbon fragments, and redistribution of nitrogen among gas, tar, char and
oil phases [22,28,29,41,42,55].

For biomass pyrolysis denitrogenation, single-metal modification should not be evalu-
ated only by the apparent decrease in nitrogen-containing compounds in bio-oil. A catalyst
that transfers nitrogen from liquid products into NH3, HCN, or HNCO may improve bio-oil
quality but simultaneously increase NOy precursor emissions. Therefore, the catalytic effect
of a metal-loaded ZSM-5 catalyst should be discussed from three levels: nitrogen removal
from bio-oil, suppression of gaseous NOy precursors, and deep conversion of nitrogen
species into N or stable char-N. This distinction is particularly important for nitrogen-rich
feedstocks such as sewage sludge, microalgae, fermentation residues, and protein-rich
agricultural wastes.

2.1.1. Regulatory Effects of Alkali and Alkaline Earth Metals

Alkali and alkaline earth metals (AAEMs), such as K, Na, Ca, and Mg, are naturally
present in biomass and can also be introduced as catalyst modifiers. Their effects on
nitrogen migration are complex because they can simultaneously influence char formation,
intermediate stability, and nitrogenous gas release. Wei et al. [20] investigated the effects
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of K, Ca, Na, and Mg chlorides on glutamic acid pyrolysis and found that these metals
generally inhibited the total release of nitrogen-containing gases while promoting char
formation. Among them, Na showed the strongest suppression of NH3, HCN, and HNCO,
whereas Ca and Mg broadened the release temperature window of nitrogen-containing
gases, resulting in a more gradual evolution process.

The regulation of NHz and HCN by AAEMs is not always in the same direction. Wang
etal. [19] reported that AAEMs inhibited NHj formation by increasing the energy barrier of
deamination, with the inhibitory strength following the order Na > Ca > K > Mg. However,
they could simultaneously promote HCN formation by lowering the dehydrogenation
barrier, with the promotional strength following the order Mg > Ca > Na > K. This indicates
that AAEMs may reduce one NOy precursor while enhancing another, depending on the
dominant reaction pathway. Therefore, their denitrogenation effect should be evaluated
according to the overall distribution of NH;, HCN, HNCO, char-N, and tar-N rather than
by a single gas product.

The effect of AAEMs also depends strongly on feedstock composition and reaction
temperature. In amino-acid model systems, AAEMs mainly regulate the formation and
decomposition of DKP and amide/nitrile intermediates. In real biomass or sewage sludge
systems, inorganic nitrogen, protein-N, heterocyclic-N, ash minerals, sulfur species, and
oxygen-containing compounds coexist, leading to more complicated interactions. For
example, CaO can promote HCN hydrolysis to NH; under some conditions, but it may also
inhibit HCN release by suppressing DKP ring-opening or by enhancing nitrogen retention
in char. In two-step microalgae pyrolysis, CaO-assisted in-bed catalysis retained part of the
feedstock nitrogen in char and reduced the release of NH3 and HCN before downstream up-
grading over Ni-ZSM-5/bentonite [56]. These results suggest that AAEMs are more suitable
for directional nitrogen migration regulation than for universal deep denitrogenation.

From a catalyst-design perspective, AAEMs can be used in three ways. First, they can
act as basic modifiers to neutralize excessive strong acidity of ZSM-5, thereby suppressing
over-cracking and coke formation. Second, they can serve as nitrogen-fixation promoters by
stabilizing nitrogen-containing fragments in char or heavy tar. Third, they can be arranged
as an upstream bed in tandem catalytic systems to capture acidic gases, sulfur species, or
mineral vapors before the vapors reach metal-loaded ZSM-5. However, excessive AAEM
loading may neutralize Bronsted acid sites, reduce aromatic selectivity, and weaken the
acid-catalyzed activation of nitrogen-containing intermediates. Therefore, AAEMs should
be used as auxiliary regulators rather than as the sole active phase for denitrogenation.

2.1.2. Differentiated Regulation by Transition Metals

Compared with AAEMs, transition metals loaded onto ZSM-5 usually show stronger
synergistic effects. Ni, Co, Fe, Zn, Cu, and Ce can provide additional active sites for
hydrogen transfer, dehydrogenation, redox reactions, cracking, and coordination with
nitrogen-containing compounds. These functions are particularly important for the conver-
sion of stable nitrogen heterocycles, which are difficult to completely denitrogenate over
pristine HZSM-5 [35,41,42].

Ni and Co are representative metals for promoting hydrogen transfer and ring-opening
of nitrogen-containing heterocycles. Niu et al. [22] compared Ni- and Co-modified ZSM-5
catalysts in the catalytic fast pyrolysis of defatted microalgae. Ata Niloading of 0.5 wt%, the
relative yield of aromatics increased by 10.9 times compared with non-catalytic pyrolysis,
while Co gave a lower increase. The improved performance of Ni/HZSM-5 was attributed
to the generation of H radicals and enhanced cracking of nitrogen heterocycles. However,
excessive metal loading can substantially decrease the specific surface area and micropore
volume of ZSM-5. For example, increasing the Ni loading to 2 wt% decreased the BET
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surface area from 459.9 to 381.0 m?®g~! and the micropore volume from 0.18 to 0.14 cm®g 1,

corresponding to reductions of 17.2% and 22.2%, respectively. For 2 wt% Co/HZSM-5, the
BET surface area and micropore volume decreased by 4.4% and 11.1%, respectively [22].
These decreases were attributed to surface coverage and partial micropore blockage by the
introduced metal species, which can impair reactant diffusion. Therefore, a relatively low
metal loading range, typically 0.5-1 wt% for Ni- or Co-modified HZSM-5, is more suitable
for balancing synergy and pore preservation.

Ni loading must be carefully controlled. Yung et al. [57] showed that Ni/ZSM-5
performance depends strongly on Ni loading and pretreatment state. Moderate Ni load-
ing can improve deoxygenation and hydrocarbon formation, whereas excessive Ni may
block micropores, cover acid sites, and accelerate coke deposition. Stanton et al. [55]
also demonstrated that hydrogen-activating metals such as Ni, Co, Cu, Ga, and Pt in-
fluence catalytic fast pyrolysis differently under inert and hydrogen atmospheres. In a
hydrogen-containing atmosphere, metal sites may enhance hydrogen transfer and reduce
coke formation, but they may also alter the nitrogen migration pathway by promoting
hydrogenation, hydrodenitrogenation-like reactions, or conversion of tar-N into NHs.
Therefore, Ni- and Co-loaded ZSM-5 catalysts should be optimized by balancing hydrogen
transfer, C-N cleavage, aromatic selectivity, and NOx precursor suppression.

Zn, Cu, Ce, Ag, and Mo show more differentiated functions. Hong et al. [41] systemat-
ically compared several transition metal-loaded HZSM-5 catalysts during the fast pyrolysis
of penicillin fermentation residue. Zn/HZSM-5 showed the strongest denitrogenation
effect, reducing the nitrogen content of bio-o0il from 10.09 wt% to 6.98 wt%. Co/HZSM-5,
Cu/HZSM-5, and Ce/HZSM-5 also reduced the nitrogen content, but their effects were
slightly weaker. In contrast, Ag/HZSM-5 and Mo/HZSM-5 were more favorable for
deoxygenation than for denitrogenation. Cu also contributed to decarboxylation and
aromatization, while Ce showed moderate deoxygenation/denitrogenation ability and
relatively stable CeO, species. These results indicate that different metals should not be
evaluated using only one performance index; their functions may favor denitrogenation,
deoxygenation, aromatization, coke suppression, or catalyst stability to different extents.

Fe species may participate in redox-mediated nitrogen conversion during the pyrolysis
of nitrogen-rich biomass. In an Fe;Os-assisted sludge-protein pyrolysis system, XRD
analysis showed that Fe304 was the predominant Fe-containing phase below 763 K, whereas
FexNy and Fe;C were detected at 1023 K. Thermodynamic analysis further supported a
temperature-dependent evolution sequence of Fe;O3 — Fe3Oy — FexNy — Fe3C [17].
These phases were associated with the consumption of NH; and HCN and enhanced
nitrogen retention in the solid phase. However, this evidence was obtained in an Fe,O3
sludge-protein system without ZSM-5 and should therefore be regarded as a mechanistically
relevant Fe-phase evolution pathway rather than direct proof of identical phase evolution
on Fe-loaded ZSM-5. Fe-modified HZSM-5 has independently been shown to decrease
nitrogen-containing compounds during microalgae pyrolysis [53], but the identity and
evolution of the active Fe species on the zeolite require further confirmation by in situ or
operando characterization.

2.1.3. Targeted Effects of Different Metals on NH3, HCN, and tar-N Conversion

The effects of metal species on nitrogen conversion should be interpreted according
to the nitrogen product directly measured in each study. Alkali and alkaline earth metals
do not exhibit a single universal effect on biomass nitrogen conversion. In amino-acid
model studies, K, Na, Ca, and Mg altered the energy barriers and reaction pathways of
deamination, dehydrogenation, and 2,5-diketopiperazine formation or decomposition,
thereby changing the release of NH3, HCN, and HNCO [19,20]. The direction and magni-
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tude of these effects depended on metal identity, temperature, and feedstock composition.
Therefore, AAEMs are more appropriately described as regulators of nitrogen migration
and nitrogenous-gas evolution than as catalysts for deep denitrogenation.

Direct evidence for transition-metal-loaded ZSM-5 is metal- and feedstock-dependent.
Ni- and Co-modified HZSM-5 promoted the cleavage and ring-opening of nitrogen-
containing heterocycles during the catalytic pyrolysis of protein-rich microalgae, with
Ni/HZSM-5 showing stronger deoxygenation and denitrogenation performance than
Co/HZSM-5 [22]. Zn/HZSM-5 decreased the nitrogen content of penicillin-fermentation-
residue bio-oil from 10.09 to 6.98 wt%, whereas Co-, Cu-, and Ce-modified HZSM-5 pro-
duced smaller reductions under the same conditions [41]. Fe-modified HZSM-5 also de-
creased nitrogen-containing compounds during microalgae pyrolysis, although the specific
Fe phase responsible for this effect was not identified [53].

The available evidence for Ga-modified ZSM-5 should be interpreted differently.
Ga/ZSM-5 has been directly shown to enhance dehydrogenation, aromatization, hydro-
carbon production, and catalyst stability during the upgrading of lignocellulosic biomass
pyrolysis vapors [54,55]. However, these studies did not directly quantify bio-oil nitrogen
removal, NH3; /HCN formation, or the overall nitrogen balance. Ga-modified ZSM-5 should
therefore be regarded as an aromatization and vapor-upgrading catalyst rather than as a
directly validated biomass-denitrogenation catalyst.

Accordingly, catalyst selection should begin with a clearly defined nitrogen-conversion
target. Direct evidence for decreasing nitrogen-containing compounds or bio-oil nitrogen is
currently available for Zn-, Ni-, Co-, and Fe-modified ZSM-5 under specific feedstock and
reaction conditions [22,41,53]. If the objective is to suppress NOy precursors, NH;, HCN,
and HNCO must be directly quantified rather than inferred from a decrease in liquid-phase
nitrogen [19,20,28]. If the objective is primarily aromatization and hydrocarbon production,
Ga- or Zn-modified ZSM-5 may be useful, but increased aromatic formation should not be
considered equivalent to denitrogenation without a complete nitrogen balance [41,54,55].

As shown in Table 1, alkali and alkaline earth metals mainly regulate nitrogen migra-
tion by modifying deamination, dehydrogenation, and char formation, whereas transition
metals introduce additional hydrogen-transfer, redox, cracking, and aromatization func-
tions. However, the effects on NH3 and HCN are strongly dependent on metal identity,
loading, feedstock composition, and reaction conditions. Therefore, an increase or decrease
in a single gaseous nitrogen product should not be interpreted independently of the overall
nitrogen balance.

Table 1. Qualitative comparison of the regulatory effects of alkali/alkaline earth metals and transition
metals on NH; and HCN yields during biomass pyrolysis.

Metal Effect on Effect on . . Feedstock/Model -
Category Metal HCN Main Mechanism Compound Key Implication Ref.
Raises the deamination barrier May suppress NH3
Alkali metal K T and lowers the DKP Glycine but promote HCN [19]
decomposition temperature release

Alkali metal Na

Effective for
suppressing volatile [20]
nitrogen formation

Strongly inhibits nitrogenous
- gas release and stabilizes
DKP/amide intermediates

Glutamic acid

Alkaline earth Regulates DKP decomposition Sewage Effect depends
Ca Torl and may catalyze HCN sludge/amino acid  strongly on feedstock
metal .
hydrolysis to NH3 systems and temperature [19]
Alkaline earth Lowers the dehydrogenation Can enhance HCN
Mg ™ barrier and promotes HCN Glycine formation despite
metal . .
formation NHj3 suppression
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Table 1. Cont.
Metal Effect on Effect on . . Feedstock/Model ...
Category Metal NH; HCN Main Mechanism Compound Key Implication Ref.
- Forms Fe30y4, FexN, and Fe,C Sludge Promising for deeper
Transition . B X : . R
Fe 1 1 intermediates; promotes redox protein/biomass- nitrogen conversion [17,58]
metal . . . . .
conversion and cracking derived nitrogen and N, formation
Transition ‘ Generates H rad1cal§ and Defatted Strong metal—aqd
Ni W J promotes ring-opening of . synergy, but loading
metal . microalgae
nitrogen heterocycles must be controlled [22]
L Promotes conversion of Moderate
Transition . Defatted . .
Co 1 1 polycyclic N-heterocycles to - denitrogenation
metal . . . microalgae o
amines/amides and aromatics activity
-, Highly dispersed Zn species Penicillin Shows strong bio-oil
Transition L . . .
metal Zn L - promote aromatization and fermentation denitrogenation
bio-oil denitrogenation residue performance
.. Promotes decarboxylation, Penicillin Useful for combined
Transition N . . .
metal Cu J - aromatization, and partial fermentation deoxygenation and
denitrogenation residue denitrogenation [41]
. Mainly improves Penicillin Not a primary
Transition . A . . X
Ag - - deoxygenation; limited fermentation denitrogenation
metal . . e .
denitrogenation contribution residue metal
Rare earth Provides moderate deoxygena- Penicillin Useful as a promoter
metal Ce J - tion/denitrogenation and stable fermentation for stability and
CeO, species residue redox regulation

(Note: 1 indicates promotion, | indicates inhibition, 11 indicates strong promotion, || indicates strong inhibition,
and “-” indicates no clear or limited effect. The number of arrows reflects the relative strength of the effect.
Because the reported trends depend on feedstock, temperature, atmosphere, and catalyst preparation method,
these symbols should be interpreted qualitatively rather than as universal rules).

To further illustrate the metal-specific regulation pathways, the major catalytic func-
tions of representative metals in nitrogen conversion are schematically summarized in

Ring-opening of i NHy/ HCN conversion
N-heterocycles i Partial oxidation

1 Deeconversion to N,
Tar-N I

Lower deamination &
dehydrogenation barriers

Lower bio-oil N
Aromatics enrichment
C-N cleavage

NH5;/HCN/HNCO
redistribution
Char-N retention |

Figure 3.
; N-containing intermediates from biomass pyrolysis
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Figure 3. Metal-specific regulation pathways of nitrogen conversion over metal-loaded ZSM-5.

As summarized in Figure 3, the reported functions of metal modifiers should be distin-
guished according to the level of direct evidence. K, Na, Ca, and Mg directly regulate NHj3,
HCN, and HNCO evolution by changing amino-acid and DKP reaction pathways [19,20].
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Ni- and Co-modified HZSM-5 promote the cleavage of nitrogen-containing heterocycles,
while Zn/HZSM-5 directly decreases bio-oil nitrogen under the reported fermentation-
residue conditions [22,41]. Fe/HZSM-5 has been shown to decrease nitrogen-containing
compounds during microalgae pyrolysis, although the active Fe phase and its evolution
under reaction conditions remain unresolved [53]. Ga-modified ZSM-5 directly enhances
dehydrogenation and aromatization, but its effect on nitrogen removal has not yet been
quantitatively established [54,55]. Therefore, metal-specific functions should be assigned
only to the nitrogen or hydrocarbon products directly measured in the cited study.

2.2. Multi-Metal Synergistic Catalysis and Underlying Mechanisms

Although single-metal loading can regulate specific nitrogen conversion pathways,
one type of active site is often insufficient to simultaneously achieve denitrogenation,
deoxygenation, aromatization, coke suppression, sulfur resistance, and regenerability.
Multi-metal and tandem catalytic systems have therefore been developed to combine
complementary functions. Synergy can arise from spatial separation of acid/base sites,
electronic interaction between different metals, interfacial redox cycles, hydrogen spillover,
and coupling between hierarchical pores and active-site distribution. According to the
location and interaction mode of different components, multi-metal systems can be divided
into tandem catalytic systems and bimetallic/multimetallic co-loaded ZSM-5 catalysts.

2.2.1. Multi-Component Tandem Synergistic Catalysis

Tandem catalysis separates different catalytic functions into different beds or spatial
regions, thereby avoiding direct neutralization between incompatible active sites. This
strategy is particularly useful for biomass pyrolysis because nitrogen-containing vapors
usually coexist with oxygenates, hydrocarbons, steam, and coke precursors. Basic catalysts
can first promote deoxygenation, decarboxylation, nitrogen fixation, or tar cracking, while
acidic ZSM-5-based catalysts can subsequently promote aromatization, cracking, and
further vapor upgrading.

Niu et al. [56] developed a two-step catalytic strategy for nitrogen-rich microalgae.
CaO was first mixed with microalgae during pyrolysis, and the generated vapors were
then upgraded over Ni-ZSM-5/bentonite. In this NG-CaO-Ni mode, 41.1% of feedstock
nitrogen was retained in char, while the heavy bio-oil fraction achieved a deoxygenation
degree of 89.4% and a denitrogenation degree of 38.9%. CaO acted both as a reactant and as
a catalyst, promoting dehydration, decarboxylation, ring-opening, and cracking reactions
while reducing the release of NHz and HCN. This example shows that tandem catalysis
can balance two objectives that are difficult to achieve simultaneously in a single catalyst:
nitrogen fixation in char and vapor-phase upgrading.

Other tandem systems mainly emphasize deoxygenation and aromatization but still
provide useful guidance for denitrogenation catalyst design. Sun et al. [59] reported that
HZSM-5/CuMgAl tandem catalysis increased tar aromatics to 76.88 wt% during coal-
biomass co-pyrolysis through acid base synergy. CuMgAl first cracked macromolecular
intermediates, which then diffused into HZSM-5 channels for cyclization and aromatization.
Zhang et al. [60] showed that a CaO-CajyAl130,3/Zn-ZSM-5 tandem catalyst enhanced
BTX formation and suppressed polycyclic aromatic hydrocarbons. Hernando et al. [61]
also demonstrated that sequential acidic and basic zeolite beds can reduce oxygen content
while avoiding acid-base neutralization. For denitrogenation, these studies suggest that
spatially separated acid-base catalysis may be used to first stabilize or capture nitrogen
species and then upgrade the remaining vapors over metal-loaded ZSM-5.

The key advantage of tandem catalysis is functional separation. However, its effective-
ness depends on catalyst-bed sequence, residence time, vapor transfer, and the stability
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of each component. If the basic bed excessively cracks nitrogen-containing compounds
into NHj3 or HCN before downstream conversion, NOy precursor release may increase.
Therefore, future tandem systems should be designed with explicit nitrogen balances,
including char-N, tar-N, NH3;, HCN, HNCO, and N selectivity.

2.2.2. Bimetallic and Multimetallic Chemical Synergy

Unlike tandem catalysis, bimetallic and multimetallic ZSM-5 catalysts integrate dif-
ferent active metals on the same support. Their synergy can originate from electronic
interactions, alloy or oxide interface formation, redistribution of acid sites, improved hy-
drogen transfer, and enhanced resistance to coke deposition. This strategy is especially
useful when one metal mainly promotes cracking or hydrogen transfer while another metal
promotes aromatization, redox conversion, or nitrogen fixation.

Fe-Ni/ZSM-5 is a representative bimetallic system. Li et al. [45] investigated the
deactivation and regeneration behavior of Fe-Ni/ZSM-5 during poplar wood catalytic
pyrolysis. The incorporation of Fe and Ni improved deoxygenation activity and hydro-
carbon yield, but coke deposition became the dominant cause of deactivation when the
cumulative biomass-to-catalyst ratio increased. Importantly, the bimetallic catalyst could
recover activity through oxidative regeneration and showed better regeneration stability
than the corresponding monometallic catalysts. This indicates that bimetallic design can
improve not only catalytic activity but also regeneration behavior.

Ga-Ni and Zn-Ni systems further demonstrate the importance of coupling metal
function with hierarchical pore structure. Tian et al. [62] prepared an M@3Ga-8Ni/AZ
catalyst by combining alkali-treated ZSM-5, Ga-Ni loading, and an MCM-41 shell. The
monocyclic aromatic hydrocarbon yield increased from 40.35% over alkali-treated HZSM-5
to 69.48% over 3Ga-8Ni/AZ, and further to 83.61% after introducing the MCM-41 coating.
The Ga-Ni synergy suppressed excessive aromatization and PAH polymerization, while the
mesoporous shell improved mass transfer. Similarly, Zn-Ni bimetallic catalysts improved
MAH and BTX yields, and the MCM-41 structure further enhanced mass transfer and
coke resistance. For nitrogen-rich vapors, this type of design is valuable because bulky
nitrogen-containing intermediates require accessible pores before they can undergo C-N
cleavage or ring-opening.

Fe-Ca composite catalysts provide a more direct example of nitrogen-specific synergy.
Cheng et al. [40] used proline as a nitrogen-rich biomass model compound and found
that a Fe:Ca mass ratio of 1:3 produced the strongest inhibition of nitrogenous gas release,
reducing NHjz by 38.7% and HCN by 53.6%. Fe promoted proline ring-opening and amine-
N formation, while Ca immobilized nitrogen in char and tar through basic sites. This shows
that bimetallic synergy does not always aim to increase aromatics; it can also be designed
to suppress gaseous NOy precursors by coupling ring-opening with nitrogen fixation.

Overall, multi-metal catalysts provide more flexible regulation than monometallic
systems. Their main advantage lies in combining complementary functions, such as Fe-
mediated redox conversion, Ni-assisted hydrogen transfer, Zn/Ga-promoted aromatization,
Ca-induced nitrogen fixation, and mesoporous-shell-assisted diffusion. However, excessive
complexity can also introduce new problems, including unclear active-site attribution,
competitive adsorption, pore blockage, and more difficult regeneration. Therefore, future
studies should combine isotopic tracing, in situ spectroscopy, and quantitative nitrogen
balance to clarify whether multi-metal synergy truly promotes deep denitrogenation or
only redistributes nitrogen among products.
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2.3. Preparation Methods and Active-Site Architecture

The preparation method determines how metal species are introduced onto or into
ZSM-5, thereby governing metal dispersion, metal support interaction, acid-site distribu-
tion, particle size, oxidation state, and catalytic stability. For metal-loaded ZSM-5 catalysts
used in biomass pyrolysis denitrogenation, preparation is not only a synthetic step but
also a key factor controlling the architecture of active sites. A suitable preparation method
should provide highly dispersed metal species, preserve the pore structure of ZSM-5, main-
tain an appropriate Brensted /Lewis acid balance, and avoid excessive pore blockage or
metal aggregation. The most commonly used methods include impregnation, ion exchange,
and deposition precipitation, each of which generates different types of metal sites and
metal support interactions.

2.3.1. Impregnation Method

Impregnation is the most widely used method for preparing metal-loaded ZSM-
5 catalysts because of its simplicity, low cost, and broad applicability. In this method,
ZSM-5 is contacted with a solution containing metal precursors, followed by drying,
calcination, and sometimes reduction. Depending on the solution volume, impregnation
can be performed as excess-solution impregnation or incipient-wetness impregnation. This
method is particularly suitable for rapid screening of different metals, metal loadings, and
catalyst formulations.

Bhuyan et al. [63] prepared Co/ZSM-5 and Ni/ZSM-5 catalysts by impregnation and
applied them to the catalytic pyrolysis of invasive plant species in a fixed-bed reactor.
Characterization results confirmed successful metal incorporation while largely preserving
the zeolite microstructure. The modified catalysts reduced the oxygen content of bio-oil,
increased its carbon content and heating value, and lowered the activation energy compared
with non-catalytic pyrolysis. Shafaghat et al. [64] used incipient-wetness impregnation
to prepare Fe-, Cu-, Zn-, Mo-, and Ni-modified HZSM-5 catalysts and found that 1 wt%
Ni/HZSM-5 exhibited the highest hydrocarbon yield under methane co-feeding conditions.
Iliopoulou et al. [65] also demonstrated the applicability of impregnation-prepared Co-ZSM-
5 in larger scale catalytic pyrolysis systems. Stanton et al. [55] also prepared Ga-, Ni-, Cu-,
Co-, and Pt-modified ZSM-5 catalysts and demonstrated that metal modification strongly
changed product selectivity and coke behavior under inert and hydrogen atmospheres.

However, impregnation has intrinsic limitations. During drying and calcination,
metal precursors can migrate and aggregate on the external surface of ZSM-5, producing
relatively large oxide particles and partially blocking micropores. As a result, impregnation-
prepared catalysts often exhibit moderate metal support interactions and less uniform
metal dispersion than ion-exchanged catalysts. For denitrogenation, this may reduce
the accessibility of nitrogen-containing intermediates to acid and metal sites. Therefore,
impregnation is useful for preliminary catalyst screening, but further optimization of
drying, calcination, reduction, and metal loading is required when high dispersion and
long-term stability are needed.

2.3.2. Ion-Exchange Method

Ion exchange introduces metal cations by replacing protons or charge-balancing
cations associated with framework Al sites in ZSM-5. Compared with impregnation,
ion exchange can generate stronger metal-support interactions and more highly dispersed
or even isolated metal species. Because exchanged metal ions are closely associated with
framework Al, this method is particularly effective for regulating Brensted /Lewis acidity
and constructing well-defined metal-acid bifunctional sites.
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Mullen et al. [66] prepared Fe-HZSM-5 catalysts with different Fe loadings by partial
ion exchange of NH4-ZSM-5 and evaluated their performance in catalytic fast pyrolysis of
cellulose, cellobiose, lignin, and switchgrass. The introduction of Fe changed the chemose-
lectivity of aromatic products and demonstrated that ion-exchanged Fe species can strongly
influence acid-catalyzed vapor upgrading. Avila et al. [67] introduced Na*, K*, and Mg?*
into H-ZSM-5 and H-Beta through ion exchange and found that these cations promoted
decarboxylation and decarbonylation while suppressing coke formation, especially for
Mg2+—exchanged ZSM-5. Fu et al. [68] further showed that ion-exchanged Ag-, Mo-, Ni-,
and Ce-modified ZSM-5 nanosheets could tune acid strength and preserve the channel
structure when the metal loading was properly controlled.

The use of an ion-exchange procedure alone does not necessarily demonstrate that
all introduced metal species occupy exchange positions. Successful ion exchange should
be supported by combined compositional, structural, and spectroscopic evidence. ICP-
OES can determine the actual metal loading and metal/Al ratio, while analysis of the
residual exchange solution can provide the ion-exchange efficiency. A decrease in Brensted
acid-site density, together with a corresponding increase in Lewis acidity, is consistent
with the replacement of framework-associated protons by metal cations, although this
change alone does not prove successful ion exchange. XPS, UV vis spectroscopy, electron
paramagnetic resonance, or X-ray absorption spectroscopy can identify the predominantly
cationic state and local coordination of the exchanged metal. In addition, the absence of
crystalline metal oxide peaks in XRD and the absence of large external particles in TEM or
STEM-EDS support high dispersion. Therefore, ion exchange should be distinguished from
simple surface deposition using several complementary techniques rather than a single
characterization result.

For denitrogenation, ion exchange is attractive because isolated or highly dispersed
metal cations can work together with nearby acid sites to promote C-N bond cleavage,
ring-opening of nitrogen heterocycles, and hydrogen-transfer reactions. Nevertheless,
the method is limited by the ion-exchange capacity of the zeolite and the accessibility
of exchangeable sites. Excessive metal exchange may neutralize Brensted acid sites and
reduce cracking activity, while insufficient exchange may not provide enough metal sites
for deep nitrogen conversion. Therefore, ion exchange is most suitable when precise control
of metal location and acid metal proximity is required.

2.3.3. Deposition Precipitation Method

Deposition precipitation involves the controlled hydrolysis and precipitation of metal
precursors in a suspension containing the zeolite support. Metal species are deposited as
hydroxides or oxides on the support surface and are then converted into active phases
by calcination or reduction. Compared with impregnation, deposition precipitation can
achieve higher metal loading while maintaining better dispersion and reducing metal
migration during drying.

Barton et al. [69] prepared Ni/HZSM-5 catalysts by deposition precipitation and
systematically investigated the effects of Ni loading, precipitation time, and calcination
temperature. The 15 wt% Ni/HZSM-5 catalyst prepared with a long deposition precipita-
tion time of 16 h and a low calcination temperature of 673 K exhibited a small particle size
of approximately 5 nm and a Ni dispersion of 7%. Further studies showed that deposition—
precipitation-prepared Ni/HZSM-5 had higher hydrodeoxygenation activity and lower
coke deposition than impregnation-prepared catalysts [70]. Yu et al. [71] used deposition—
precipitation followed by electroless plating and phosphidation to prepare highly dispersed
Niz;P/HZSM-5, where Ni3P nanoparticles with a size of approximately 4-6 nm showed
high activity and selectivity in hydrodeoxygenation.
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Although many deposition precipitation studies focus on deoxygenation rather than
denitrogenation, their implications for denitrogenation are clear. Highly dispersed metal
nanoparticles can provide more accessible hydrogenation/dehydrogenation and redox
sites, while reduced coke formation helps maintain access to ZSM-5 acid sites. For nitrogen-
rich biomass pyrolysis, deposition precipitation may therefore be useful for preparing
catalysts that require relatively high metal loading, such as Ni-, Fe-, or Ni-Fe-based systems,
while still preserving dispersion and stability.

2.3.4. Metal Dispersion, Preparation Conditions, and Active-Site Stability

Metal dispersion and metal support interaction are central parameters linking prepa-
ration method to catalytic performance. Impregnation usually produces a mixture of
oxide nanoparticles and partially dispersed cationic species. Ion exchange favors isolated
cations anchored near framework Al sites. Deposition precipitation produces supported
nanoparticles with tunable particle size and interaction strength. These different active-
site structures directly affect C-N bond cleavage, ring-opening of nitrogen-containing
heterocycles, aromatization, coke formation, and catalyst regeneration.

Preparation parameters such as metal loading, calcination temperature, reduction
temperature, and treatment time must be carefully optimized. Barton et al. [69] showed
that extending the deposition precipitation time from 2 to 16 h increased Ni dispersion
from 3.5% to 7.0% and reduced the particle size from approximately 15 to 5 nm. However,
increasing the calcination temperature from 673 to 823 K caused metal sintering and
dispersion loss. Qu et al. [72] found that increasing the reduction temperature from 400 to
600 °C enlarged Ni particles from 21.7 to 30.5 nm, which changed both catalytic activity
and deactivation behavior. Niu et al. [22] further showed that for Ni- and Co-modified
HZSM-5 in defatted microalgae pyrolysis, the optimal metal loading was 0.5-1 wt%; higher
loading reduced specific surface area and pore volume and weakened catalyst performance.
Wau et al. [73] demonstrated that single-atom Ga in hollow ZSM-5 can improve mass transfer
and suppress coke formation while avoiding conventional metal sintering. Studies of
non-zeolitic metal phosphides further illustrate that synthesis history can strongly affect
active-phase formation, catalytic stability, and coke deposition. Guo et al. prepared
MOF-derived CusP catalysts at different phosphidation temperatures and found that CusP-
350 maintained relatively stable conversion during 6 h of CH4-CO; reforming, whereas
phosphidation at 400 °C resulted in substantially greater carbon deposition. Although this
reaction differs from biomass pyrolysis denitrogenation, the results reinforce the need to
correlate preparation conditions and metal-phase evolution with catalytic pathways and
deactivation behavior rather than assuming a generic synergistic effect [74].

A more directly relevant HZSM-5 example was recently reported by Hu et al., who
coupled NaOH treatment, activation atmosphere, and Ni loading for catalytic toluene
cracking. Air activation primarily expanded the mesopore structure and improved mass
transfer, whereas CO; activation increased the abundance of weak and medium-strength
acid sites. Highly dispersed Ni nanoparticles then cooperated with the zeolite acid sites
to promote C-H and C-C bond cleavage and aromatic-ring opening, with 7 wt% Ni under
CO; activation achieving a maximum toluene conversion of 78.92%. Although toluene is a
biomass-tar model compound rather than a nitrogen-containing intermediate, this study
demonstrates that pore architecture, acidity, metal state, and activation atmosphere should
be evaluated as a coupled system during biomass-vapor upgrading [75].

The catalytic function of a loaded metal depends not only on its elemental identity
but also on its oxidation and coordination states. Ni and Co may exist as exchanged
Ni?*/Co?* ions, oxide species, or reduced metallic particles, while Cu may be present as
Cu?*, Cu*, CuO, Cu,0, or Cu® depending on the preparation and reaction atmosphere. Ag
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can occur as exchanged Ag* ions or metallic Ag clusters, whereas Ce generally exists as
mixed Ce®* /Ce** species associated with CeO,. Metallic Ni, Co, and Cu sites generally
favor hydrogen activation, hydrogen transfer, and C-N bond cleavage, whereas cationic
or oxide species can provide Lewis acidity, coordination sites, and redox functions for
the adsorption and transformation of nitrogen-containing intermediates. Mixed oxidation
states may further facilitate redox cycling, but excessive reduction can promote particle
sintering and pore blockage. Because these species may change dynamically under reducing
pyrolysis atmospheres, the active phase should be identified using pre- and post-reaction
XPS or X-ray absorption measurements rather than inferred only from the metal precursor
or preparation method [41,57,63,76,77].

A reliable comparison of preparation methods requires a consistent characterization
workflow. Nj analysis should be used to determine whether impregnation, ion exchange,
or deposition—precipitation changes the BET surface area, micropore volume, mesopore vol-
ume, and pore-size distribution. XRD can confirm preservation of the MFI framework and
detect sufficiently large crystalline metal or oxide phases, whereas TEM, HAADF-STEM,
and elemental mapping provide information on particle size, dispersion, and external-
surface deposition. XPS and X-ray absorption spectroscopy identify metal oxidation states
and local coordination, while H,-TPR evaluates reducibility and metal support interaction.
NH3-TPD and pyridine-IR should be used to determine changes in acid strength and
in the Bronsted /Lewis acid balance. These characterization results should be correlated
with catalytic activity to distinguish whether performance changes originate from metal
chemistry, acid-site modification, improved diffusion, or pore blockage.

Because no single characterization technique can fully distinguish exchanged cations,
surface oxides, metallic nanoparticles, and strongly anchored isolated species, complemen-
tary methods are required. The principal characterization techniques and the information
expected from each method are summarized in Table 2.

Table 2. Characterization methods for identifying the textural properties, location, dispersion, and
chemical state of metals in ZSM-5.

Technique Main Information Expected Evidence
Bet surface area, . .
. Decreases in surface area or micropore volume
BET micropore/mesopore volumes, and . . . .
AT indicate possible pore occupation or blockage
pore-size distribution
Retention of characteristic ZSM-5 peaks
MEFI framework retention and indicates framework preservation; additional
XRD . . o .
crystalline metal /oxide phases peaks may indicate large crystalline
metal species
TEM/HAADF-STEM-EDS Particle size, c.hspers%on, and spatial .Identlﬁes extgrnal particles, agglgm(.eratl.on,
distribution isolated species, and elemental distribution

Metal oxidation state, local Distinguishes metallic, oxide, and exchanged

XPS/XANES/EXAFS coordination, and metal-support L .
. . cationic metal species
interaction
Reducibility and strength of Reductlpn temperatures reflect the reduC}blhty
H,-TPR metal—sunport interaction and interaction strength of metal species
PP with ZSM-5
Actual metal loading, metal/Al ratio, Quantifies metal uptake and supports
ICP-OES L . s
and exchange degree estimation of ion-exchange efficiency
NH;3-TPD/ Pyridine-IR Changes in Br;ansfced / LeW}s acidity Changes indicate proton exchan'ge, a.c1d'—51te
after metal introduction coverage, or generation of Lewis acid sites
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These techniques should be used in combination because the absence of metal oxide
peaks in XRD alone does not prove successful ion exchange, and a decrease in BET surface
area alone cannot distinguish pore blockage from framework damage or metal aggregation.
Correlating these characterization results with catalytic performance is therefore essential
for identifying the active metal species and clarifying the structure activity relationship.

Overall, the design of active-site architecture should follow a balance principle. Too
little metal loading cannot provide sufficient synergy, whereas excessive loading can block
micropores, reduce acid-site accessibility, and accelerate sintering. High calcination or
reduction temperatures may improve precursor decomposition but can also enlarge metal
particles and decrease dispersion. Therefore, future preparation strategies should focus on
constructing stable, accessible, and highly dispersed metal sites in close proximity to acid
sites, while preserving hierarchical porosity and coke resistance.

2.4. Process Conditions for Catalytic Denitrogenation and Catalyst Stability

Catalytic denitrogenation performance is controlled not only by catalyst structure
but also by reaction conditions. Temperature, biomass-to-catalyst ratio, catalyst contact
mode, residence time, and regeneration strategy all influence nitrogen migration, product
distribution, and catalyst lifetime. Under realistic pyrolysis conditions, catalyst deacti-
vation is unavoidable and mainly arises from coke deposition, metal sintering, mineral
poisoning, framework degradation, and active-site loss. Therefore, process optimization
should not aim only at high initial denitrogenation activity but also at long-term stability
and regenerability.

2.4.1. Effects of Temperature, Biomass-to-Catalyst Ratio, and Contact Mode

Temperature is the primary factor controlling nitrogen conversion pathways. In
general, the low-temperature region of 400-500 °C favors deamination of amino acids and
proteins, leading mainly to NH3 formation. The higher temperature region of 500-800 °C
promotes ring-opening and cracking of heterocyclic nitrogen species, leading to increased
HCN formation. In catalytic pyrolysis, ZSM-5-based catalysts can shift nitrogen from tar
and char into the gas phase. For example, Tian et al. [28] showed that H-ZSM-5 increased
the proportion of gaseous nitrogen-containing products from 38.54% to 53.95% while
reducing tar-N and char-N by 69.22% and 58.07%, respectively. Niu et al. [56] achieved
favorable denitrogenation performance in two-step microalgae pyrolysis when both the
CaO-assisted pyrolysis stage and the Ni-ZSM-5/bentonite vapor-upgrading stage were
operated at 500 °C. In industrial biomass waste pyrolysis, temperatures above 550 °C
promoted HCN formation from heterocyclic nitrogen in tar, while NH3 mainly originated
from the hydrogenation of heterocyclic nitrogen in char [78].

The biomass-to-catalyst ratio, often expressed as B/C, determines the balance between
conversion efficiency and catalyst lifetime. A low B/C ratio provides sufficient active sites
for vapor upgrading but increases catalyst consumption and lowers process throughput. A
high B/C ratio improves throughput but accelerates pore blockage and active-site coverage.
Li et al. [45] reported that the deoxygenation activity of Fe-Ni/ZSM-5 gradually declined
with increasing cumulative B/C ratio during poplar wood pyrolysis, and the catalyst
became nearly deactivated at B/C = 4. Sonsupap et al. [79] proposed a partial regeneration
strategy in which coke content was controlled at 2—4 wt% under B/C = 10, reducing
catalyst demand while maintaining deep bio-oil deoxygenation. Other studies also show
that the optimal B/C ratio varies with feedstock and catalyst; for example, Ce/HZSM-5
gave the highest oil yield from sugarcane bagasse at B/C = 2.0, whereas the highest C6-C8
hydrocarbon selectivity was obtained at B/C = 1.5 [80]. Therefore, B/C optimization should
consider both nitrogen removal and catalyst lifetime, rather than product yield alone.
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Catalyst contact mode also strongly affects denitrogenation and deactivation. In-
situ catalytic pyrolysis, biomass and catalyst are mixed in the same reactor, allowing
immediate contact between pyrolysis intermediates and catalyst sites. This configuration
can enhance vapor conversion but exposes the catalyst directly to ash minerals, alkali
metals, char particles, and coke precursors. These species may neutralize Brensted acid
sites and accelerate irreversible deactivation. In ex-situ catalytic pyrolysis, pyrolysis and
catalytic upgrading occur in separate zones, allowing independent temperature control
and reducing direct contact between catalyst and solid ash. Hernando et al. [81] showed
that an ex-situ configuration allowed independent control of the pyrolysis and catalytic
stages, while Mao et al. [82] observed that ex-situ catalytic fast pyrolysis over bimetallic
modified zeolites and clays effectively delayed deactivation. For nitrogen-rich biomass,
ex-situ or two-step catalysis is often preferable because nitrogen fixation, mineral capture,
and vapor upgrading can be spatially separated.

2.4.2. Catalyst Deactivation and Regeneration

Coke deposition is the most common deactivation pathway for ZSM-5-based catalysts
during biomass pyrolysis. Coke can form through oligomerization, polymerization, hy-
drogen transfer, aromatization, and condensation of oxygenated and nitrogen-containing
intermediates. It blocks micropores, covers acid sites, reduces metal-site accessibility, and
limits diffusion. However, the severity of deactivation is not determined only by total coke
amount. Yao et al. [83] showed that coke morphology and location are more important
than coke quantity. Amorphous carbon coating on the zeolite surface or inside micropores
caused more severe deactivation than graphitic carbon located mainly on the external
surface. Co/ZSM-5 exhibited better resistance to deactivation than Mo/ZSM-5 because
Co favored the decomposition of macromolecular compounds and produced less harmful
coke structures.

Hierarchical and structures can improve coke resistance by controlling where coke
forms. Mao et al. [82] showed that after five catalytic runs, parent HZSM-5 retained
only 16.24% aromatic selectivity and a catalytic activity index of 45.45%, whereas the
M@3Ga-8Ni/AZ catalyst retained 67.46% aromatic selectivity and an activity index of
84.44%. After oxidative regeneration, the activity recovered to 98.46%. This improved
stability was attributed to the MCM-41 shell, which protected microporous acid sites and
confined coke mainly to the external surface. Such structural design is also valuable for
denitrogenation because it maintains access to acid and metal sites required for nitrogen-
containing intermediates.

Metal sintering is another important cause of deactivation. Under high-temperature
pyrolysis and oxidative regeneration conditions, metal nanoparticles can migrate, aggregate,
and undergo Ostwald ripening, resulting in fewer exposed active sites and weaker metal-
acid synergy. Wu et al. [73] emphasized that conventional metal-loaded zeolites can
deactivate through metal sintering, whereas single-atom Ga anchored in hollow ZSM-
5 avoids thermally driven migration and aggregation. Qu et al. [72] also showed that
Ni particle size increased from 21.7 to 30.5 nm as the reduction temperature increased,
confirming the sensitivity of Ni dispersion to thermal treatment. Therefore, stabilizing
metal sites through ion exchange, strong anchoring, encapsulation, or single-atom design
is essential for long-term catalytic denitrogenation.

Active-site loss can be reversible or irreversible. Reversible deactivation is mainly
caused by coke deposition and can be partially removed by oxidative regeneration. Irre-
versible deactivation arises from mineral accumulation, framework dealumination, metal
sintering, and chemical transformation of active metals. Niu et al. [46] found that repeated
reaction/regeneration cycles over HZSM-5/ Al,O3 led to mineral accumulation from mi-
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croalgae ash; the mineral content increased by 2.5 times, the specific surface area decreased
by 4.4%, and the Brensted acid amount dropped by 70.4%. This type of deactivation
cannot be fully reversed by coke combustion. Li et al. [45] also showed that regenerated
Fe-Ni/ZSM-5 retained most deoxygenation activity, but aromatic yield remained slightly
lower than that of the fresh catalyst because of partial irreversible loss of acid sites and
pore structure.

Regeneration strategy should be selected according to the deactivation mechanism. Ox-
idative regeneration at approximately 500-600 °C can remove coke but may also accelerate
metal sintering or framework degradation if conditions are too severe. Mild regeneration
or partial regeneration may better preserve metal dispersion and acidity. Pretreatment
strategies can also reduce irreversible poisoning. For example, CaO pre-mixing before
microalgae pyrolysis can capture inorganic minerals and reduce their poisoning effect on
downstream Ni-ZSM-5 catalysts [56]. In sulfur-containing atmospheres, however, regener-
ation becomes more complicated because metal sulfides or sulfates may form, requiring Hj
reduction, thermal treatment, or sulfur-resistant catalyst design. Therefore, coke resistance,
mineral tolerance, metal stability, and sulfur resistance should be considered together rather
than separately.

Metal-loaded ZSM-5 catalysts can deactivate through coke deposition, metal sintering,
mineral poisoning, framework degradation, and sulfur poisoning. Figure 4 summarizes
the principal reversible and irreversible pathways associated with coking, metal sintering,
and sulfur poisoning. Coke deposition is partly reversible through oxidative regeneration,
whereas metal sintering, framework dealumination, and mineral-induced neutralization of
Brensted acid sites are largely irreversible. Sulfur poisoning, involving the formation of
metal sulfides, sulfates, or strongly adsorbed sulfur species, is chemically more complex
and is therefore discussed separately in the following section.
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Figure 4. Catalyst deactivation mechanisms and regeneration strategies for metal-loaded ZSM-5
during biomass pyrolysis.

Despite these mechanistic insights, quantitative long-term stability data remain con-
siderably more limited than initial-activity data, and the available cycling studies generally
use overall catalytic activity or aromatic selectivity rather than nitrogen-specific conversion
as the stability metric. In sequential reuse tests, parent HZSM-5 retained an activity index of
only 45.45% after five catalytic runs, whereas the hierarchical M@3Ga-8Ni/AZ catalyst re-
tained 84.44% and recovered to 98.46% of its initial activity after oxidative regeneration [82].
During repeated reaction regeneration cycles of HZSM-5/ Al,O3 in microalgae pyrolysis,
mineral accumulation increased by approximately 2.5-fold, while the specific surface area
and Brensted acid amount decreased by 4.4% and 70.4%, respectively [46]. These results
demonstrate that apparent activity recovery after coke combustion does not necessarily
indicate complete structural recovery. Nevertheless, most available studies are based on
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sequential batch reuse or reaction regeneration cycles rather than prolonged continuous
time-on-stream operation. Future continuous tests should report denitrogenation activity,
NHj; and HCN formation, product-N distribution, coke accumulation, and changes in pore
structure, metal dispersion, and acidity as functions of time on stream.

2.5. Critical Understanding of “Denitrogenation” over Metal-Loaded ZSM-5

A critical issue in evaluating metal-loaded ZSM-5 catalysts is that “denitrogenation”
is not always defined consistently. In many catalytic pyrolysis studies, denitrogenation is
evaluated mainly by the decrease in nitrogen-containing compounds in bio-oil. However,
a lower nitrogen content in the liquid product does not necessarily indicate complete
nitrogen removal from the whole pyrolysis system. Part of the fuel-bound nitrogen may be
transferred into NH3, HCN, HNCO, char-N, coke-N, or unquantified gas-phase nitrogen
species [12,17,28,29,56,84]. Therefore, the apparent denitrogenation performance of metal-
loaded ZSM-5 should be interpreted at three different levels: nitrogen redistribution among
char, tar, and gas phases; removal of nitrogen from bio-oil; and deep conversion of reactive
nitrogen species into harmless N [21,28,56,58]. Based on this critical distinction, a three-
level framework is proposed in Figure 5 to differentiate apparent denitrogenation from
real denitrogenation.

Pyrolysis
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Figure 5. Three-level evaluation of apparent and real denitrogenation.

This distinction is particularly important for ZSM-5-based catalysts. Pristine HZSM-
5 can promote the migration of nitrogen from tar and char into the gas phase through
acid-catalyzed deamination, cracking, and ring-opening reactions [28,29]. Such behavior
may improve bio-oil quality but may also increase the formation of NOx precursors if
NH3z, HCN, and HNCO are not further converted or captured. Metal loading can partly
overcome this limitation by introducing hydrogen-transfer, dehydrogenation, redox, and
C-N activation functions [22,53,57]. For example, Ni- and Co-modified ZSM-5 catalysts can
enhance the cracking and ring-opening of nitrogen heterocycles through hydrogen-transfer-
assisted pathways [22,57,85], whereas Zn/HZSM-5 has been reported to reduce the nitrogen
content of penicillin fermentation residue bio-oil from 10.09 wt% to 6.98 wt% [41]. Fe-
based systems are more promising for deeper nitrogen conversion because Fe species may
participate in redox cycles and form FexN intermediates that further regulate NH; /HCN
conversion [17,53,58].

As illustrated in Figure 5, the denitrogenation performance of metal-loaded ZSM-5
should be evaluated using a three-level framework rather than by the nitrogen content of
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bio-oil alone. The first level is apparent denitrogenation, which is reflected by a decrease in
bio-oil nitrogen content or a reduction in nitrogen-containing organic compounds in the
liquid phase. This level is directly related to bio-oil quality improvement, but it does not
necessarily represent complete nitrogen removal from the whole pyrolysis system.

The second level is nitrogen redistribution among different product phases. During
catalytic pyrolysis, fuel-bound nitrogen may migrate among tar-N, char-N, coke-N, gaseous
nitrogen species such as NH3, HCN, and HNCO, and mineral-associated nitrogen. There-
fore, a decrease in bio-oil nitrogen may simply indicate the transfer of nitrogen from the
liquid phase to the gas or solid phase. Without a quantitative nitrogen balance, apparent
denitrogenation may overestimate the real nitrogen-removal ability of the catalyst.

The third level is deep denitrogenation, which represents the real elimination or
stabilization of reactive nitrogen species. Ideally, reactive nitrogen intermediates should
be converted into harmless N, or immobilized as stable char-N, while the formation of
NOy precursors such as NH3;, HCN, and HNCO should be suppressed. Accordingly, a
reliable evaluation of metal-loaded ZSM-5 catalysts should integrate bio-oil N removal,
nitrogen redistribution, NOx precursor control, and deep nitrogen conversion. Only when
nitrogen removal from bio-oil is accompanied by suppression of reactive gaseous nitrogen
species or conversion into N, /stable char-N can the catalyst be considered to achieve
real denitrogenation.

2.6. Structure Function Matching Between Metal Sites and Nitrogen-Containing Intermediates

Different nitrogen-containing intermediates require different catalytic functions.
Amines and amides are relatively reactive and can be converted through deamination, dehy-
dration, or cracking over acid sites [4,8,28]. Nitriles may undergo cracking, hydrogenation,
or hydrolysis depending on the reaction atmosphere and catalyst composition [4,16,80].
In contrast, pyridines, pyrroles, indoles, carbazoles, and other nitrogen-containing hete-
rocycles are more difficult to denitrogenate because the nitrogen atom is embedded in an
aromatic or conjugated ring structure [29,35]. For these stable species, acid sites alone are
insufficient; metal-assisted hydrogen transfer, dehydrogenation, redox activation, and C-N
bond weakening are usually required [41,57,85].

The catalytic function of the loaded metal should therefore be matched with the dominant
nitrogen species in the feedstock. For protein-rich biomass or microalgae, Ni and Co are useful
because they promote hydrogen-transfer-assisted cracking and ring-opening of nitrogen
heterocycles [22,29,55,57]. For fermentation residues and other nitrogen-rich solid wastes
containing complex N/O compounds, Zn, Cu, Ce, and Fe show different advantages in
denitrogenation, deoxygenation, aromatization, and coke suppression [41,53,77]. For systems
aiming at deeper nitrogen conversion, Fe-based catalysts deserve special attention because
Fe oxides can be reduced during pyrolysis and may form metallic Fe, iron carbides, or iron
nitrides, thereby participating in the secondary conversion of tar-N, NH3, and HCN [17,58,87].

However, increasing metal loading does not always improve denitrogenation. Exces-
sive loading may cover Brensted acid sites, block micropores, decrease specific surface
area, and weaken the shape-selective function of ZSM-5 [22,53,69,72]. Therefore, the key
design principle is not simply to maximize the number of metal sites, but to construct acces-
sible and highly dispersed metal species near Brensted/Lewis acid sites while preserving
hierarchical porosity for bulky nitrogen-containing intermediates.

2.7. Evaluation Criteria for Future Metal-Loaded ZSM-5 Denitrogenation Catalysts

In the context of biomass pyrolysis, “denitrogenation” should not be interpreted sim-
ply as a decrease in the relative abundance of nitrogen-containing compounds in bio-oil.
At least three different outcomes should be distinguished: (i) removal of nitrogen from the
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liquid product; (ii) suppression of gaseous NOx precursors, particularly NH3, HCN, and
HNCO; and (iii) deep conversion of fuel-bound nitrogen into N; or environmentally stable
char-N. A catalyst may improve bio-oil quality by transferring nitrogen from the liquid
phase into NH3 or HCN, but such redistribution does not necessarily represent environ-
mentally effective denitrogenation. Therefore, both apparent bio-oil denitrogenation and
overall nitrogen-conversion performance should be reported.

Future studies should report complete nitrogen balances instead of relying only on
the relative content of nitrogen-containing compounds in bio-oil. At minimum, char-
N, tar-N, gas-phase NH3;/HCN/HNCO, coke-N, and, where possible, N, should be
quantified [17,21,28,58]. The decrease in bio-0il-N should be distinguished from the sup-
pression of NOx precursors. A catalyst that converts bio-0il-N into NH; or HCN may
improve liquid-fuel quality, but it does not necessarily improve environmental perfor-
mance [28,29,41]. Therefore, metal-loaded ZSM-5 catalysts should be evaluated using both
product-upgrading indicators and emission-control indicators.

Available quantitative results illustrate the difference between nitrogen removal and
nitrogen redistribution. During the catalytic upgrading of penicillin fermentation residue,
Zn/HZSM-5 decreased the nitrogen content of bio-oil from 10.09 to 6.98 wt%, demon-
strating substantial liquid-phase upgrading [41]. In another study, H-ZSM-5 increased the
proportion of gaseous nitrogen-containing products from 38.54% to 53.95%, while tar-N and
char-N decreased by 69.22% and 58.07%, respectively [28]. The former result demonstrates
a decrease in bio-oil nitrogen, whereas the latter indicates that a considerable fraction of
nitrogen was redistributed toward the gas phase. These examples show why bio-o0il-N,
char-N, tar-N, NH3, HCN, HNCO, coke-N, and N, should be quantified simultaneously
whenever possible.

In addition, catalyst performance should be compared under realistic pyrolysis condi-
tions. Many studies use model compounds or single feedstocks, but real biomass-derived
solid wastes contain proteins, inorganic nitrogen, ash, alkali/alkaline earth metals, sulfur
species, steam, and tar precursors. These components may change the reaction pathway,
active metal state, acid-site accessibility, and coke formation behavior. Therefore, future
evaluation should include nitrogen balance, sulfur balance, coke content, residual metal
dispersion, acid-site recovery, pore structure retention, and regeneration efficiency after
repeated cycles [45-47,50,56].

3. Sulfur Resistance of Metal-Loaded ZSM-5 Catalysts
3.1. Sulfur Release During Biomass Pyrolysis and Its Threat to Catalyst Stability

During biomass pyrolysis, sulfur in the feedstock can be released into the pyrolysis
atmosphere as H,S, SO, COS, mercaptans, thiophenes, sulfides, sulfones, and other sulfur-
containing organic vapors. These species pose a serious threat to the activity and stability
of downstream catalysts. Unlike coke deposition, which is mainly a physical blockage and
can often be removed by oxidative regeneration, sulfur poisoning is primarily chemical
deactivation. Sulfur-containing species can react with metal sites, acid sites, or framework
species, thereby changing the chemical state, electronic structure, and accessibility of
active centers.

Sulfur resistance is particularly important for metal-loaded ZSM-5 catalysts used in
biomass pyrolysis denitrogenation because many nitrogen-rich feedstocks are also sulfur-
rich. Sewage sludge contains proteins, inorganic sulfates, sulfides, and organic sulfur
compounds. Microalgae contain sulfur-containing amino acids and sulfate-containing
biomolecules. Herbaceous biomass and cruciferous plants may contain inorganic sulfates
or glucosinolate-derived sulfur species [88-90]. During pyrolysis, these sulfur species can
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be converted into H,S, SO,, COS, or sulfur-containing organics depending on temperature,
atmosphere, mineral composition, and char reactivity [49,50,89].

For metal-loaded ZSM-5, sulfur poisoning can directly destroy the same synergy
required for denitrogenation. Ni, Co, Cu, Fe, Zn, Ga, and Ce species may react with H,S
or SO, to form sulfides, sulfates, or strongly adsorbed sulfur species. Meanwhile, sulfur
species can poison Brensted or Lewis acid sites and promote coke formation. This is
especially problematic under realistic pyrolysis conditions, where tar vapors, steam, NHj,
HCN, H,S, COS, alkali metals, and coke precursors coexist. Therefore, sulfur resistance
should be treated as a core performance index rather than as a secondary stability issue.

3.2. Microscopic Mechanisms of Sulfur Poisoning
3.2.1. Metal-Site Sulfidation and Sulfation

The first and most direct sulfur-poisoning pathway is the reaction between sulfur-
containing gases and metal sites. Under reducing pyrolysis atmospheres, H,S and COS
can react with metal oxides or reduced metal species to form metal sulfides such as NiS,
CoS, CusS, FeS, ZnS, or mixed metal sulfides. Under more oxidizing local environments,
SO, or SOj3 can react with metal oxides to form metal sulfates such as CuSQOy, Fe;(SO,)3,
or ZnSOjy. These transformations change the oxidation state, coordination environment,
and electronic structure of metal active sites, thereby weakening hydrogen transfer, redox
cycling, and C-N bond activation.

Direct identification of metal sulfides or sulfates requires evidence beyond the ob-
served decrease in catalytic activity. S 2p and metal core-level XPS can identify changes in
sulfur speciation and metal oxidation state, while XRD can detect sufficiently crystalline
sulfide or sulfate phases. XANES/EXAFS, Raman spectroscopy, and STEM-EDS elemental
mapping can further determine the local coordination and spatial association of sulfur
with metal particles. In the reviewed literature, the formation of NiS on Fe-Ni/biochar
and CuSOy on Cu-Ir/H-ZSM-5 provides mechanistic evidence for sulfur-induced trans-
formation of active metal sites [47,91]. However, direct operando evidence for sulfide
formation on metal-loaded ZSM-5 during actual biomass pyrolysis remains limited. Results
obtained from biochar-supported metals, SCR, methane oxidation, or syngas-cleaning sys-
tems should therefore be regarded as mechanistically informative but not fully equivalent
to HyS/COS-containing biomass pyrolysis conditions.

Liu et al. [47] showed that sulfur and carbon in pyrolysis volatiles can jointly deactivate
Fe-Ni/biochar catalysts. HyS and COS promoted the formation of NiS from active Ni
species, while carbon deposition further covered active sites. Although this study used
biochar-supported Fe-Ni rather than ZSM-5, the mechanism is highly relevant to metal-
loaded ZSM-5 because Ni, Fe, and other transition metals on ZSM-5 can undergo similar
sulfidation. In SO,-containing systems, Zhang et al. [51] showed that sulfur poisoning
of Rh-ZSM-5 became more severe at lower temperatures and higher SO, concentrations.
Hua et al. [91] showed that CuSOy formation was a key cause of deactivation for Cu-Ir/H-
Z5SM-5, and Hj reduction could partially restore activity.

For denitrogenation, metal sulfidation or sulfation has two consequences. First, metal
sites lose their ability to promote hydrogen transfer, dehydrogenation, or redox conversion,
thereby reducing C-N bond activation and heterocyclic-N ring-opening. Second, sulfur-
modified metal sites may change product selectivity, sometimes promoting coke formation
or stabilizing undesirable nitrogen-containing intermediates. Therefore, sulfur poisoning
affects both catalyst lifetime and nitrogen migration selectivity.
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3.2.2. Acid-Site Poisoning and Framework Degradation

The second sulfur-poisoning pathway is the deactivation of ZSM-5 acid sites. Sulfur
species can adsorb on Brensted or Lewis acid sites, reducing their ability to activate amino
groups, amides, nitriles, and nitrogen-containing heterocycles. In the presence of steam
or acidic sulfur-containing species, framework dealumination may also occur, leading to
irreversible loss of Brensted acidity and changes in pore structure. Because acid sites are
required for deamination, cracking, aromatization, and ring-opening reactions, acid-site
poisoning directly weakens the denitrogenation function of ZSM-5.

Acid-site poisoning is especially severe when sulfur-containing species and nitrogen-
containing species coexist. NHj3 generated during pyrolysis can adsorb strongly on Bren-
sted acid sites, while H,S, SO,, and COS may compete for metal sites or react with them.
This competitive adsorption can change the local acid base environment and suppress
the cooperative activation of nitrogen-containing intermediates. If metal sites are sulfided
and acid sites are simultaneously neutralized, the bifunctional pathway collapses, and the
catalyst may only act as an inert adsorbent or coke surface.

3.2.3. Sulfur Carbon Coupled Deactivation and Pore Blockage

The third pathway is pore blockage caused by sulfate/sulfide deposition and sulfur
carbon coupling. Sulfur species can promote coke formation by changing the adsorption
and conversion behavior of hydrocarbon and tar intermediates on metal surfaces. Con-
versely, coke deposits can encapsulate sulfur species and hinder their desorption during
regeneration. This positive-feedback cycle of “sulfur promoting carbon deposition and
carbon encapsulating sulfur species” makes sulfur carbon coupled deactivation more severe
than coke deposition or sulfur poisoning alone. Sulfur-induced pore blockage should also
be supported by paired textural characterization of the fresh and spent catalysts. A decrease
in BET surface area alone is insufficient because it may originate from coke deposition, min-
eral accumulation, framework damage, or metal sintering. Changes in micropore volume,
mesopore volume, pore-size distribution, and hysteresis should therefore be measured
before and after sulfur exposure.

A 4.4% decrease in specific surface area was reported after repeated microalgae-
pyrolysis cycles [46]. However, the simultaneous 2.5-fold mineral accumulation and 70.4%
decrease in Brensted acidity indicate that this result reflects multi-factor deactivation
and cannot be used as direct evidence of sulfur-induced pore blockage. Direct paired
measurements of sulfur speciation and pore-volume changes under realistic HyS/COS-
containing pyrolysis conditions remain scarce. At present, paired sulfur-speciation and
pore-volume data for metal-loaded ZSM-5 under actual biomass pyrolysis conditions
remain scarce. This limitation should be recognized when pore blockage is proposed as a
sulfur-deactivation mechanism.

This issue is particularly important for real biomass pyrolysis. In model SO, poisoning
experiments, catalysts are usually exposed to low concentrations of SO, and simple gas
mixtures. In biomass pyrolysis, however, sulfur-containing gases coexist with tar vapors,
phenolics, furans, nitrogen heterocycles, steam, CO,, and mineral vapors. Therefore,
sulfur poisoning under real pyrolysis atmospheres may involve simultaneous sulfidation,
sulfation, acid-site poisoning, coke deposition, and mineral accumulation. This complexity
explains why sulfur tolerance measured under simple SCR or methane oxidation conditions
cannot be directly extrapolated to biomass pyrolysis denitrogenation.
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3.3. Sulfur-Resistance Strategies for Metal-Loaded ZSM-5 Catalysts
3.3.1. Sulfur-Tolerant Metal Selection and Promoter Modification

Because metal-site sulfidation or sulfation is usually the first step of catalyst poison-
ing, metal selection is the most direct strategy for improving sulfur resistance. Different
metals have different affinities for sulfur. Ni and Co tend to form relatively stable sulfides,
whereas Fe and Zn sulfides may show different stability and regeneration behavior de-
pending on temperature and atmosphere. Fe is particularly attractive because it combines
denitrogenation, deoxygenation, redox flexibility, and relatively good sulfur tolerance.

Wang et al. [92] compared Fe, Co, Ni, and Cu supported on HZSM-5 under SO;-
containing conditions and found that Fe/HZSM-5 exhibited the highest sulfur resistance
among the tested transition metals. Cs modification further improved SO, tolerance by
suppressing SO, adsorption, increasing Fe dispersion, and increasing the proportion of
isolated Fe** and Fe-O-Fe species. These results suggest that Fe can be used as a base
metal for sulfur-resistant ZSM-5 catalysts, while alkali-metal promoters can tune surface
adsorption and active-site dispersion.

Rare-earth promoters such as Ce can also improve sulfur resistance. In Mn-Fe-
Ce/Z5M-5 systems, Ce addition suppressed H,O adsorption and mitigated SO, poisoning.
Ce can enhance oxygen storage/release capacity, regulate surface oxygen species, and
reduce direct poisoning of active metal centers. However, for biomass pyrolysis, Ce-based
sulfur-resistance mechanisms need further validation under H,S-rich, COS-containing,
tar-rich, and reducing atmospheres rather than only SO,-containing SCR conditions.

3.3.2. Upstream Sulfur Capture and Tandem Protection

Tandem protection is another promising strategy. Instead of requiring the active ZSM-
5 catalyst itself to tolerate all sulfur species, an upstream sulfur adsorbent can preferentially
capture sulfur-containing compounds before they reach the denitrogenation catalyst. Wang
et al. [93] placed a Ce-doped TiO, adsorbent upstream of Mn/HZSM-5 with millimeter-
scale separation. The adsorbent captured SO, as surface sulfates and protected Mn active
species, allowing stable operation for 160 h. For biomass pyrolysis, this idea can be extended
to upstream CaO, ZnO, Fe oxide, biochar-based adsorbents, dolomite, or alkaline mineral
beds to capture H,S/COS before vapor upgrading over metal-loaded ZSM-5.

ZnO-based sorbents are particularly relevant because ZnO can react with H;S to form
ZnS and is widely used for hot-gas desulfurization. CaO- and Fe;O3-based sorbents can
also interact with H,S and NHj in biomass gasification producer gas [94]. Although these
studies focus on gasification or syngas purification rather than pyrolysis vapor upgrading,
they provide useful guidance for designing upstream protection beds in biomass pyrolysis
systems. A practical configuration may involve a first bed for mineral/sulfur capture, a
second bed for tar pre-cracking, and a final metal-loaded ZSM-5 bed for denitrogenation
and aromatization.

3.3.3. Support-Side Protection, Coating, and Hierarchical-Shell Design

Support-side protection can suppress sulfur diffusion and adsorption while maintain-
ing catalytic accessibility. Wu et al. [95] prepared a BaSO4-coated V/Fe/BS-ZSM-5 catalyst
and proposed a dual-protection mechanism. Ba?* first reacts with SO, to form a BaSO,
layer, which then acts as a physical barrier to inhibit further SO, adsorption and diffu-
sion, protecting V5*+-Ov-Fe?* interfacial active sites. Similar coating, and hierarchical-shell
strategies may be useful for biomass pyrolysis because they can protect active sites while
maintaining diffusion channels for pyrolysis vapors.

For metal-loaded ZSM-5, protective layers should meet three requirements. First,
the shell must be permeable enough to allow rapid diffusion of target vapors, especially
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small nitrogen-containing intermediates and light oxygenates. Second, it should block or
capture sulfur species before they reach vulnerable interfaces. Third, it should suppress
coke deposition by reducing external strong acid sites or providing mesoporous diffusion
pathways. MCM-41 shells, alumina matrices, BaSO, coatings, and oxide-modified hierar-
chical shells may all be explored, but their stability under tar-rich pyrolysis atmospheres
must be verified.

3.4. Regeneration of Sulfur-Poisoned Catalysts

The regeneration of sulfur-poisoned catalysts is more difficult than the regeneration
of coke-deactivated catalysts. Coke can usually be removed by oxidative regeneration at
500-600 °C, but metal sulfides and sulfates often require higher decomposition tempera-
tures or reducing treatments. Harsh regeneration conditions may cause secondary damage,
including metal sintering, framework dealumination, and loss of acid sites. Therefore,
regeneration strategy must be designed according to the chemical form of sulfur species
on the catalyst.

H; reduction is effective for regenerating sulfate-poisoned catalysts. For Cu-Ir/H-
ZSM-5, Hj reduction at 500 °C reduced surface CuSO,4 and restored catalytic activity to 95%
of the fresh catalyst [91]. Li et al. [96] showed that sulfur-deactivated Ni-based biomass
syngas cleaning catalysts could be regenerated, but regeneration efficiency depended
on sulfur species, treatment temperature, and gas atmosphere. Chein et al. [97] further
showed that H,S poisoning of Ni-based catalysts depends on reaction temperature and
exposure time, and low-temperature sulfur poisoning may be difficult to fully reverse.
These findings suggest that regeneration of sulfur-poisoned metal-loaded ZSM-5 catalysts
should avoid severe thermal treatment and should combine controlled oxidation, reduction,
and sulfur capture.

For sulfidation-dominated poisoning caused by H,S, regeneration may be more chal-
lenging because stable metal sulfides can persist. A possible regeneration sequence is
mild oxidation to convert sulfides into oxides or sulfates, followed by controlled reduction
to restore active metal states. However, this sequence may release SO, or induce metal
sintering. Therefore, regeneration should be evaluated by both catalytic activity recov-
ery and structural recovery. XPS, XRD, NH3-TPD, BET, TEM, and sulfur mass balance
should be used to determine residual sulfur species, acid-site recovery, pore reopening, and
metal dispersion after regeneration. Based on the above analysis, the sulfur resistance of
metal-loaded ZSM-5 catalysts is governed by the coupling of sulfur adsorption, metal-site
transformation, acid-site preservation, pore accessibility, coke suppression, and regenera-
tion behavior. Table 3 summarizes representative strategies for improving sulfur resistance
and regenerability of metal-loaded ZSM-5 catalysts. These strategies include sulfur-tolerant
active-metal selection, promoter-assisted modification, upstream sulfur-capture beds, pro-
tective coating or structures, and controlled regeneration of sulfur-poisoned catalysts. Each
strategy targets a different stage of catalyst deactivation, including suppression of sulfur
adsorption, inhibition of metal sulfidation/sulfation, protection of Brensted /Lewis acid
sites, mitigation of sulfur—carbon coupled pore blockage, or restoration of active sites after
poisoning. This comparison indicates that effective sulfur resistance cannot be achieved
by a single modification alone, but requires the integrated design of active metals, zeolite
acidity, pore architecture, sulfur-capture components, and regeneration protocols under
realistic biomass pyrolysis atmospheres.
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Table 3. Summary of sulfur-resistance and regeneration strategies for metal-loaded ZSM-5 catalysts.

Representative Main Sulfur-Resistance R
Strategy System Mechanism Key Advantage Key Limitation Ref.
Feedstock Hydrothermal Transfers sulfur into the Reduces catalyst Requires additional )
pretreatment of aqueous phase and reduces Lo [49]
pretreatment . . poisoning at the source pretreatment step
corncob residue volatile sulfur release
Microwave-assisted
Organic acid citric acid Reduces organic sulfur Mitigates downstream Feedstock-specific [47]
pretreatment pretreatment of star content before pyrolysis metal sulfidation effectiveness
anise
Sulfur-tolerant metal Fe shows higher SO, Combines Single Fe may have limited
X Fe/HZSM-5 . denitrogenation and ..
selection tolerance than Co, Ni, and Cu . low-temperature activity
sulfur resistance
Alkali-metal Cs suppresses SO, adsorption Improves sulfur Potential neutralization of
. Cs-Fe-HZSM-5 pp 2 adsorp tolerance of Fe-based acid sites at excessive [92]
promotion and improves Fe dispersion .
catalysts loading
Ce enhances oxygen Improves resistance to Needs validation under
Rare-earth promotion Mn-Fe-Ce/ZSM-5 storage/release and mitigates P HjS-rich pyrolysis
N SO, and steam
SO, /H;0 poisoning atmospheres
Tandem adsorbent Ce-TiO, Upstream adsorbent captures Prgtects active metal Increases reactor
rotection adsorbent + Mn/ SO, before it reaches ZSM-5 sites for long-term complexit 93]
P HZSM-5 2 operation pleaty
Multimetallic Multiple redox centers Improves activity and Active-site attribution
synergy Cu-Mn-Fe/ZSM-5 improve SO, /H,O tolerance stability becomes complex 76l
. . BaSOj4-coated BaSOy layer acts as sacrificial Physically protects May introduce diffusion
Protective coating V/Fe/BS-ZSM-5 and diffusion barrier interfacial active sites limitation 93]
H; reduction Culr/H-ZSM.5 Reduces surface CuSO4 and High activity recovery Consumes H, and may [91]

regeneration

restores active sites

induce sintering

3.5. Evaluation Criteria for Sulfur Resistance Under Realistic Pyrolysis Conditions

Future studies should establish standardized sulfur-resistance evaluation proto-
cols for metal-loaded ZSM-5 catalysts. First, sulfur tolerance should be tested under
H,S/COS/tar/steam-containing atmospheres rather than only SO;-containing model gases.
Second, nitrogen and sulfur mass balances should be measured simultaneously because
denitrogenation and sulfur poisoning are coupled. Third, catalyst stability should be evalu-
ated through repeated reaction regeneration cycles instead of only short-time activity tests.
Fourth, the location and chemical state of sulfur should be characterized, distinguishing
sulfur on metal sites, acid sites, coke deposits, and inorganic mineral residues.

A practical sulfur-resistance index should include initial denitrogenation activity,
nitrogen-containing compound removal from bio-oil, NH3 /HCN/HNCO suppression, Np
selectivity, sulfur uptake capacity, activity retention time, coke content, residual sulfur after
regeneration, and acid-site recovery. Only with such multi-dimensional evaluation can the
real applicability of metal-loaded ZSM-5 catalysts be assessed for nitrogen- and sulfur-rich
biomass pyrolysis.

As shown in Figure 6, sulfur poisoning of metal-loaded ZSM-5 catalysts follows a
cascade pathway involving metal-site sulfidation/sulfation, acid-site poisoning, framework
damage, pore blockage, and sulfur-carbon coupled deactivation. Effective sulfur-resistance
strategies include sulfur-tolerant metal selection, Fe- or Ce- based active-site design, alkali
or rare-earth promotion, upstream ZnO/CaO/Fe oxide sulfur capture, protective coatings,
hierarchical-shell structures, and controlled regeneration. These strategies should be inte-
grated with denitrogenation catalyst design rather than treated as an independent problem.
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Figure 6. Microscopic mechanisms of sulfur poisoning and sulfur-resistance strategies for metal-
loaded ZSM-5 catalysts.

4. Challenges and Future Prospects

Representative high-performing ZSM-5-based systems have demonstrated different
advantages, although direct comparison remains difficult because of variations in feed-
stocks, reaction conditions, and evaluation methods. For example, Zn/HZSM-5 showed
effective bio-oil denitrogenation, while the CaO-Ni-ZSM-5/bentonite tandem system com-
bined nitrogen retention in char with downstream vapor upgrading [41,56]. Hierarchical
catalysts such as M@3Ga-8Ni/AZ exhibited improved coke resistance and showed an
activity recovery of 98.46% after oxidative regeneration [82]. Fe-based ZSM-5 catalysts also
showed comparatively favorable sulfur tolerance under SO,.containing model conditions,
which could be further improved through promoter modification [92]. However, no re-
ported catalyst has yet been systematically demonstrated to simultaneously achieve high
denitrogenation activity, sulfur resistance, coke resistance, and regenerability under the
same realistic biomass pyrolysis conditions.

Future studies should therefore move beyond optimization of a single performance
parameter toward the integrated regulation of metal sites, acidity, pore architecture, and
catalyst stability. Related non-zeolitic multifunctional systems provide useful design analo-
gies. A Cr-ZIFs-8/ZnCo-LDH composite integrated Lewis-acid and basic sites, achieved
a maximum biodiesel yield of 96.32%, and maintained catalytic applicability over four
consecutive reuse cycles [98]. Although esterification and transesterification differ from
biomass pyrolysis denitrogenation, this example demonstrates how spatially coupled com-
plementary functions can improve catalytic activity and recyclability. For metal-loaded
ZSM-5, analogous multifunctional design should integrate metal, Brensted-acid, Lewis-
acid, and, where appropriate, basic functions while preserving MFI pore confinement and
shape selectivity.

Beyond conventional regulation of metal loading and porosity, local strain and de-
fect engineering may offer additional strategies for tuning catalytic activity. A ligand-
engineered Cu-containing MOF demonstrated a “pre-strain and release” mechanism, in
which torsional distortion stored in the framework was released during the transition state,
lowering the activation barrier and increasing the turnover frequency by up to 4.7-fold [99].
Although this mechanism was established for epoxide ring-opening, it highlights the
potential of controlling local structural distortion, metal coordination, and framework
flexibility in future metal-loaded ZSM-5 catalysts. Molecular catalysts with structurally
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well-defined active centers provide a complementary mechanistic reference. A tetranu-
clear Th-containing antimonotungstate achieved a 93% yield and a turnover frequency
of 3720 h~ 1 in Knoevenagel condensation, where Lewis-acidic Th centers activated ben-
zaldehyde and the SbWy units promoted proton abstraction [100]. Although this molecular
system is not directly comparable with biomass pyrolysis, its clearly separated catalytic
functions emphasize the value of constructing identifiable and spatially cooperative active
centers. These cross-system examples are presented as transferable catalyst-design analo-
gies rather than direct performance benchmarks for biomass pyrolysis denitrogenation.

Future catalyst design should therefore combine hierarchical porosity and moderated
acidity with stable Fe-, Ni-, Zn-, or multimetallic active sites, together with upstream
sulfur-capture components, protective shells, or controlled regeneration strategies. Catalyst
performance should be evaluated through complete nitrogen and sulfur balances, coke
deposition, sulfur speciation, acid-site and pore-structure retention, metal dispersion, and
repeated reaction egeneration cycles. Testing under realistic atmospheres containing H,S,
COS, tar, steam, mineral vapors, and nitrogen-containing intermediates will be essential
for developing multifunctional metal-loaded ZSM-5 catalysts with high denitrogenation
activity, sulfur resistance, coke resistance, and regenerability.

5. Conclusions

This review summarizes recent advances in metal-loaded ZSM-5 catalysts for biomass
pyrolysis denitrogenation, focusing on nitrogen migration, synergy, catalyst deactivation,
and sulfur resistance. Fuel-bound nitrogen is converted through a cascade network in-
volving amino acid decomposition, DKP-type intermediates, heterocyclic-N cracking, and
secondary reactions that generate NH;, HCN, and HNCO. Therefore, denitrogenation
should be understood as regulation of the whole nitrogen migration network rather than
suppression of a single product. ZSM-5 provides MFI pore confinement, shape selectivity,
and tunable Brensted /Lewis acidity, but pristine HZSM-5 is limited by micropore diffusion,
excessive acidity, and rapid coking. Hierarchical pores, acidity regulation, and metal load-
ing are therefore required to improve access to bulky N-containing intermediates, balance
cracking and aromatization, and enhance catalyst lifetime. Metal loading introduces func-
tions that cannot be provided by acidity alone. AAEMs mainly regulate acid base properties
and nitrogen retention, while Ni/Co promote hydrogen-transfer-assisted ring-opening,
Fe enables redox-mediated nitrogen conversion, and Zn/Ga favor aromatization-driven
denitrogenation. Bimetallic and tandem systems further combine complementary func-
tions, but their real benefit must be verified by complete nitrogen balances rather than
bio-oil N reduction alone. Catalyst deactivation remains a central barrier. Coke deposition,
metal sintering, mineral accumulation, framework dealumination, and sulfur poisoning
jointly reduce active-site accessibility. For N/S-rich feedstocks, H;S, SO,, COS, steam,
tar vapors, minerals, and nitrogenous intermediates coexist, leading to coupled nitrogen
sulfur carbon deactivation. Sulfur-tolerant metals, Fe/Ce-type redox systems, upstream
sulfur capture, protective coatings, and controlled regeneration are promising, but they still
require validation under realistic pyrolysis atmospheres.

Future work should establish quantitative N/S mass balances, distinguish apparent
bio-oil denitrogenation from deep conversion to N, or stable char-N, and test catalysts
under real tar-, steam-, mineral-, and sulfur-containing conditions. Advanced in situ
characterization, isotope tracing, online MS, XAFS/DRIFTS, and theoretical modeling
should be combined to identify active sites and intermediates. This integrated approach will
support the design of multifunctional metal-loaded ZSM-5 catalysts with denitrogenation
activity, sulfur resistance, coke resistance, regenerability, and practical environmental value.
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