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However, most studies have evaluated these materials based on adsorption capacity
and static structural properties. Changes in active sites during H»S adsorption, sulfur
speciation, deactivation, and regeneration are still not well understood. This review
presents a dynamic active site engineering perspective on MOF-based adsorbents
during the H,S removal cycle. MOF-based H,S adsorbents, including pristine
MOFs, functionalized frameworks, MOF-derived carbons, and hybrid materials,
are discussed based on their structural characteristics and adsorption behavior. The
roles of hierarchical porosity, metal centers, nitrogen functionalities, and metal-
support interactions in molecular adsorption, sulfur conversion, and interfacial
reconstruction are also discussed. The changes in active sites during H,S activation,
sulfur accumulation, and regeneration are then examined, together with thermal,
chemical, and photo-assisted regeneration methods. Finally, advances in operando
characterization, theoretical modeling, and artificial intelligence-assisted materials
discovery are discussed as tools for linking material structure, active site changes,
and H2S removal performance.
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1. Introduction

Hydrogen sulfide is a toxic and corrosive gas contaminant commonly found in industrial gas streams,
including biogas, natural gas, coke oven gas, landfill gas, and refinery off-gases [1-8]. Exposure to H,S can
threaten occupational safety and accelerate equipment degradation through sulfide corrosion and catalyst
poisoning [9—13]. Incompletely removed H»S also forms sulfur oxides during combustion, which can cause acid
deposition and secondary particulate pollution [14—16]. As sulfur emission regulations become stricter and
renewable gaseous fuels are used more widely, efficient H>S removal has become an important step in gas
purification and catalyst protection [17,18].

Industrial H»S removal technologies mainly include wet scrubbing, biological desulfurization, membrane
separation, catalytic oxidation, and adsorption [19-21]. Wet chemical processes can achieve high sulfur removal
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efficiencies, but they usually require large amounts of chemical reagents, produce secondary wastewater, and have
high operating costs [20,22]. Biological methods are more environmentally friendly, but they are limited by slow
reaction rates and narrow operating conditions [9,23]. Membrane separation allows continuous operation, but it often
has limited selectivity and can suffer from membrane fouling when treating sulfur-containing gas mixtures [24-26].
Catalytic oxidation can convert H»S rapidly, but it usually requires a controlled oxygen supply and a suitable
operating temperature. Sulfur accumulation and strongly bound sulfur species can also cause catalyst deactivation
over time [9,27,28].

For solid-based H,S removal, the dominant pathway may range from molecular adsorption and reactive
chemisorption to adsorption-coupled catalytic oxidation, depending on the active site chemistry and reaction
atmosphere [17,29,30]: (i) molecular adsorption or coordination adsorption. In this mode, the H>S molecule
interacts with the open metal sites or the pore surface through weak coordination bonds or van der Waals forces,
without breaking the S—H bond. This process is often reversible under mild conditions; (ii) reactive adsorption or
metal sulfidation. During this process, H,S undergoes dissociative chemical adsorption, forming strong metal-
sulfur bonds (such as Cu-S, Zn-S). Because a chemical bond must be broken for the site to be restored, this pathway
is usually difficult to reverse and frequently leads to irreversible sulfidation; (iii) adsorption-assisted selective
oxidation. The MOF material first captures H»S through coordination, and then uses lattice oxygen or sites with
redox activity (such as Fe3'/Fe?", Cu?'/Cu’) to selectively oxidize the HS" or S” species, generating elemental
sulfur. The regeneration process requires re-oxidation and reduction of the metal sites with O,. MOFs with redox-
active linkers or doped with heteroatoms (N, S) belong to this category; (iv) continuous feed catalytic conversion.
In this mode, the metal-organic framework functions as a true catalyst rather than an adsorbent. Hydrogen sulfide
is supplied together with the continuously supplied oxidant (such as O, air) or reactant, and through mechanisms
similar to the Claus process or photocatalytic/electrocatalytic oxidation, a continuous conversion to elemental
sulfur and H,O is achieved. The active sites are dynamically regenerated during the reaction process, and the
stability of the material under continuous operation conditions is the main evaluation criterion. These pathways
should be distinguished because they involve different sulfur products, regeneration behaviors, and performance
metrics. Nevertheless, adsorption-based processes can often operate under comparatively mild conditions,
accommodate variable gas compositions, and be readily integrated into fixed-bed systems.

The performance of adsorption processes mainly depends on the adsorbent. Conventional materials, including
activated carbon, zeolites, metal oxides, and impregnated porous supports, have been widely studied over the past
decades [29]. Activated carbon has a high surface area but often relies mainly on physical adsorption unless additional
catalytic species are introduced [31]. Metal oxides have a strong chemical affinity toward H»S, but irreversible sulfide
formation often limits regeneration [31,32]. Zeolites have well-defined pore structures but generally show weak sulfur
affinity because of their limited variety of active sites [33]. These limitations show that a high surface area alone is
not enough for efficient and stable H,S capture [30]. The adsorption behavior also depends on the chemical identity,
spatial distribution, and changes of active sites during sulfur uptake and regeneration [34—36]. MOF-based and MOF-
derived materials are therefore promising for H,S purification because their pore environments and active sites can
be adjusted for selective capture, reactive removal, or catalytic sulfur conversion.

MOFs provide another platform for designing adsorbents with adjustable structures. Their crystalline
architectures, high porosity, and flexible compositions allow precise control of pore geometry and the coordination
environment of metal centers [37]. Both metal nodes and organic linkers can interact with guest molecules. This
allows adsorption sites to be designed at the molecular level instead of being added through post-synthetic
impregnation [38,39]. By selecting suitable metal ions, organic ligands, and synthetic methods, MOFs can be used
to adjust Lewis acidity, electronic structures, defect concentrations, and pore accessibility. This makes MOFs
attractive materials for the purification of sulfur-containing gas [38,40—42].

Growing evidence shows that H,S adsorption in MOFs, especially in frameworks with open or redox-active
metal sites, cannot always be explained by conventional adsorption models based only on pore filling or adsorption
equilibrium [34,43]. Depending on the framework chemistry and gas composition, sulfur capture may involve
multiple elementary processes occurring sequentially or concurrently, including molecular diffusion, coordination
with unsaturated metal centers, acid-base interactions, electron transfer, and the formation of metal-sulfur species;
in O,-containing streams, further oxidation to elemental sulfur or oxidized sulfur species may also occur [1,35,44].
For instance, coordinatively unsaturated metal sites may undergo changes in their coordination environment and
in redox-active systems, oxidation state, while linker functional groups, structural defects, and adsorbed water may
influence H»S dissociation, proton transfer, and the local hydrogen-bonding environment, particularly under humid
conditions [1,44—46]. These changes are not necessarily reversible. Weak coordination interactions and certain
redox processes may be reversed during regeneration, whereas metal sulfidation, ligand displacement, sulfur
deposition, and framework collapse can result in permanent losses of porosity and active sites [35,43,44].
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Accordingly, this review distinguishes reversible changes in active site chemistry from irreversible structural
degradation and examines how both affect H,S uptake, sulfur speciation, regeneration, and cyclic stability.
Recent developments have expanded the design of MOF-based H,S adsorbents beyond pristine crystalline
frameworks [43]. Defect engineering, mixed-metal frameworks, linker functionalization, heteroatom
incorporation, and hierarchical pore construction have been used to improve sulfur affinity [41,45,47]. MOF-
derived porous carbons and metal/carbon composites produced by controlled pyrolysis have also attracted
attention. Thermal transformation can retain some structural features of the parent framework and can also form
highly dispersed metal nanoparticles, metal oxides/carbides, and heteroatom-doped carbon matrices, depending
on the precursor composition and pyrolysis conditions [30,48]. These derived materials often have higher electrical
conductivity and better hydrothermal stability than their parent MOFs [30,49,50]. They can also have high
accessible surface area, well-developed pores, adjustable architectures, and well dispersed heteroatoms [48,51].
Although much progress has been made, current knowledge of MOF-based H»S adsorption is still
fragmented. Existing reviews mainly classify materials by composition or synthesis strategy and focus on
adsorption capacity and structural properties [1,34,43]. To understand the research landscape of MOF-based
materials for H,S-related applications, a bibliometric analysis was performed using the Web of Science Core
Collection database. Publications from 1 January 2006 to 1 July 2026 were retrieved with the search topic “MOFs
& hydrogen sulfide”. English-language research articles and review papers were included. Duplicate records were
identified and removed in two steps using EndNote and VOSviewer to improve data reliability. Bibliometric
visualization was performed using VOSviewer (version 1.6.20). Author keywords were analyzed using the full
counting method, with the minimum occurrence threshold of five. Synonymous terms, such as “H,S” and
“hydrogen sulfide” were merged, and 242 high-frequency keywords were retained for co-occurrence analysis. In
the network, node shows the occurrence frequency of each keyword, line thickness shows the strength of keyword
co-occurrence, and different colors show different research clusters. As shown in Figure 1, the keyword co-
occurrence network provides an overview of the broader research field related to H»S studies in the context of
MOFs. This network mainly consists of interrelated keywords related to H»S adsorption, capture, removal,
separation, and desulfurization, highlighting the core role of MOFs in H,S purification. Keywords such as
oxidation, catalyst, oxide, and hydrogen peroxide further indicate the increasing interest in H,S catalytic
conversion. Other clusters involving gas sensing, fluorescence, electrocatalysis, and photocatalysis are located at
the periphery of the network, reflecting the broader multi-functional applications of MOFs in H,S-related research
rather than the main focus of this review. The H>S removal domain covered in this review has seen previous studies
mainly focusing on adsorption capacity, selectivity, and material design, while the evolution of active sites during
H,S adsorption, sulfur transformation, and regeneration processes has received relatively less systematic attention.
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Figure 1. Keyword co-occurrence network of publications on MOF-based materials for HaS-related applications
based on the Web of Science Core Collection database (from 1 January 2006 to 1 July 2026), generated using
VOSviewer (minimum keyword occurrence = 5).
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This review addresses these issues by studying how to remove H>S from the perspective of dynamic active
site engineering (Figures 2 and 3). Here, “dynamic active-site engineering” refers to the intentional regulation of
the configuration of the active site, so that it changes during the processes of H,S adsorption, sulfur conversion,
and regeneration, rather than treating the active site as a static structural entity. In this context, “dynamic”
encompasses three interrelated processes: (i) changes in the coordination environment of the metal center,
including the breaking, formation, and reconfiguration of metal-ligand or metal-sulfur bonds; (ii) the redistribution
of interface electronic structure, including the changes in the oxidation state and charge density of the metal during
H>S activation and sulfur conversion, which may be reversible, partially reversible, or irreversible; (iii) in the
regeneration process, the reversible or partially reversible reconfiguration of the metal-heteroatom-carbon
interface and surface functional groups. These changes determine whether the active site can still be accessed and
remains reactive, whether it evolves into a more active configuration, or is blocked or irreversibly deactivated due
to sulfur accumulation. Therefore, dynamic active-site engineering shifts the design principle from maximizing
the initial number of active sites to controlling their evolution, adaptability, and reversibility during the adsorption-
conversion-regeneration cycle.
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Figure 2. Conceptual diagram providing an overview of the topics covered in this review. The specific engineering
strategies, transformation pathways, and active site performances are system-dependent and may vary with material

architectures, operating conditions, and atmospheric conditions.

Rather than classifying materials only by framework chemistry, this review focuses on how different active
sites change during adsorption, sulfur conversion, and regeneration. The discussion starts with the molecular
interactions between H,S and different adsorption sites in pristine MOFs. It then covers recent advances in the
design of metal nodes, organic linkers, and defect structures. Special attention is given to MOF-derived materials,
where pyrolysis changes the structure and forms metal-carbon interfaces with coupled catalytic functions. The
regeneration of active sites, sulfur-species transformation, and structural stability during repeated operation are
then discussed. The second and third sections in this review are organized by material type, as the synthetic
pathways determine which types of active sites can be initially obtained; the fourth and fifth sections track the
behavior of the active sites in the adsorption-conversion-regeneration cycle. The former focuses on which sites
exist in the materials and how their structures are regulated, while the latter explores how these sites behave after
the introduction of H,S. Finally, new opportunities in characterization, theoretical simulations, and machine-
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learning-assisted catalyst design are discussed to guide the development of regenerable MOF-based adsorbents for

sulfur purification.

Dynamic Active-Site Engineering

Active sites are adaptive rather than static during the adsorption-conversion-regeneration cycle
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Figure 3. Conceptual diagram illustrating the conceptual framework of dynamic active sites in MOF-based adsorbents
for hydrogen sulfide removal. The specific evolution pathways and dynamic behaviors are system-dependent.

2. Major Classes of MOF-Based and MOF-Derived Materials for H:S Removal
2.1. Pristine MOFs

Pristine metal-organic frameworks are among the first crystalline porous materials studied for H»S capture
because of their adjustable pore structures and chemical environments [43]. Unlike conventional porous
adsorbents, such as activated carbons and zeolites, MOFs are formed by coordinating between metal nodes and
organic linkers. This structure allows the control of pore size, surface polarity, and adsorption-site chemistry [37].

The H»S removal performance of pristine MOFs is mainly determined by the type of metal nodes and the
accessibility of metal centers rather than surface area alone [1,43]. MOFs with coordinatively unsaturated metal
sites (CUSs), including Cu-, Fe-, Ni-, Zn-, and Mg-based frameworks, generally show stronger H,S uptake than
frameworks lacking open metal sites [43,52], as summarized in Table 1. This enhancement arises largely from
reactive capture through metal-sulfur bond formation rather than from stronger reversible adsorption, as evidenced
by the low capacity retention of Cu-BTC upon cycling. In comparison, ZIF-8, UiO-66, and MOF-801 (as shown
in Figure 4) have fewer accessible metal sites, and their H,S removal is dominated by physisorption and pore
confinement rather than by metal-sulfur bond formation [53].

Table 1. Summary of several reported pristine MOF materials for H,S adsorption (N»/He balance,
standard atmospheric pressure).

MOFs Cu-BTC Fe-BTC Ni-MOF-74 Mg-MOF-74 Zn-MOF-74
BET surface area (m*/g) 774 / 1193 1244 920

H,S uptake (mg/g) 38 11.9 409 8 56
Adsorption conditions 30 °C 30°C 30 °C 25 °C 25 °C

H,S concentration (ppm) 430 458 59200 10000 10000
Flow rate (mL/min) 30 100 200 / /
Adsorbent dose (g) / / 0.5 / /
MOF-H;S Interactions  Cu-S Fe-S Ni-S Mg-S Zn-S
Cycle(s) 3 / / / /

Capacity retention (%) iggg ggzziz g; / / / /
Reversibility Irreversible / Irreversible  Reversible Irreversible
Reference [53] [54] [55,56] [57] [57]
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The chemical environment of organic linkers also affects H,S adsorption. Functional groups in linkers, such
as amino, hydroxyl, and oxygen-containing groups, can change framework polarity and provide additional
interaction sites for H,S molecules [1,41,43,45,58]. Pore topology, pore size distribution, and defect concentration
also influence molecular diffusion and adsorption capacity. These studies show that the H,S adsorption
performance of pristine MOFs is determined by the combined effect of metal nodes and organic linkers.

(d)

(h)

00000000000

Ni ZnMgCuCrZrN S CO H

Figure 4. The location of H2S on MOFs upon adsorption. (a) Ni-MOF-74, (b) Mg-MOF-74, (¢) Zn-MOF-74, (d)
MOF-199, (e) MIL-101(Cr), (f) ZIF-8, (g) UiO-66, (h) MOF-801. Reproduced with permission from ref. [53].
Copyright 2023 Elsevier.

The strong interaction between sulfur-containing molecules and metal sites may result in difficult
regeneration, and some MOFs show poor chemical stability in humid environments [43]. MOFs with weak metal-
ligand bonds may suffer from structural damage during long-term exposure, leading to reduced adsorption capacity
and limited recyclability [1,42]. Therefore, although pristine MOFs help reveal the relationship between
framework structure and H,S adsorption, further modifications are needed to improve stability, reversibility and
practical applicability.

These limitations have promoted the development of functionalized MOFs, MOF-derived carbon materials,
and hybrid structures.

2.2. Functionalized MOFs

Functionalization strategies are mainly used to introduce new adsorption sites and adjust the local chemical
environment [43,57]. These modifications can improve H,S affinity, separation selectivity, and structural stability
by regulating surface polarity and electronic properties [42,45]. From the perspective of dynamic active site
engineering, functional groups may also influence the behavior of adsorption sites during adsorption and
regeneration cycles [38,45].

In the current strategies, amino functionalization has received extensive research because amino groups provide
basic sites, which can interact with acidic H,S through hydrogen bonds and acid-base interactions [1,43]. Although
this method is effective, MOFs with amino functional groups usually encounter challenges in large-scale synthesis
regarding the cost of ligands and the complexity of the synthesis process. Vaesen et al. [59] demonstrated that
functionalizing MIL-125(Ti) with MIL-125(Ti)-NH, significantly enhances H,S/CH4 selectivity. Despite its
excellent performance, large-scale synthesis of MIL-125(Ti)-NH; still faces the challenge of incomplete ligand
exchange, often resulting in batch-to-batch variability. Grand Canonical Monte Carlo (GCMC) calculations revealed
that the grafted amino groups introduce additional hydrogen-bonding interactions with H»,S while maintaining a
relatively low adsorption enthalpy, enabling selective adsorption without relying on exposed metal sites.

The amino group is designed as a non-dissociative hydrogen-bonding site, but the same basic site can accept
a proton from H»S to form ammonium hydrosulfide (NH4+"SH"), converting the captured sulfur into a salt-like
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species that is only partially removed by thermal desorption. This pathway drift is consistent with the cycling data
in Table 2, where UiO-66-NH, retains only 41.8% of its capacity after two cycles, whereas MIL-125(Ti)-NH,
remains reversible [57]. It should be noted that the uptake values compiled in Table 2 were obtained under different
conditions; only within-pair comparisons are meaningful, and the absolute values should not be ranked across
studies. Columns 2—5 are within-study pairs, each measured the H,S removal performance of selected MOFs
before and after modification under identical conditions in a single source and therefore directly comparable; the
last two columns are from different studies under different conditions and are listed for reference only, not as a
before/after comparison. From a scalable synthesis perspective, UiO-66-NH> is more amenable to gram-scale
production via modulated solvothermal routes; while the high cost of 2-aminoterephthalic acid and the difficulty
in removing residual modulators can hinder its industrial-scale fabrication. However, stronger H,S binding also
reduced regeneration efficiency because stable ammonium hydrosulfide species were difficult to remove
completely during thermal desorption. Amino functionalization should therefore not be assumed a priori to afford
reversible adsorption.

To distinguish reversible active-site evolution from irreversible degradation, this review assesses the
reversibility from two perspectives: structure/electronic and function [43,60,61]. Reversibility is assigned from the
change trend over multiple cycles rather than from a single end-point comparison: a change is regarded as
reversible when both the structural/electronic characteristics (XRD lattice integrity, Brunauer-Emmett-Teller
(BET) surface area, metal oxidation state) and the removal performance (capacity, breakthrough time, or sulfur
selectivity) recover to a stable plateau, that is, when the loss per additional cycle becomes negligible. When only
some structural or functional properties are restored, the change in the active site is classified as partially reversible.
Conversely, if the coordination structure continues to be lost, stable metal sulfides or strongly bound sulfur species
are formed, the pore structure undergoes irreversible collapse, or performance continues to decline after
regeneration, it is regarded as evidence of irreversible degradation. This standard provides a unified basis for
comparing the evolution of active sites in different MOF-based adsorption materials.

Table 2. Comparison of the H2S removal performance of selected MOFs.

MOFs 11\/;15%%) 2%'125(“)' Ui0-66  UiO-66-NH: 1C9“9' MOF- cuNBC
BET surface area (m*g) 1179 1245 1322 1097 / 434
H,S uptake (mg/g) 221 289 8 31 69 158
Adsorption conditions 30 °C 30 °C 25°C 25 °C / 25 °C
H,S concentration (ppm) / / 10,000 10,000 / 300
Flow rate (mL/min) / / / / 50 100
Adsorbent dose (g) / / / / / 0.1
Balance gas CH4 CH4 CO; CO; / N»
Pressure (bar) 1 1 1 1 / /

. Hou-S, Hups-  Aromatic  NH,-H,S
MOF-H,S Interactions ~ Hon-S Nuio, Hyio-S  ring-S Aromatic ring-S Cu-S Cu-S
Cycles / / / 2 /
Capacity retention (%)  / / / 41.8 /

o . . . Partially .
Reversibility Reversible Reversible Reversible . Irreversible /
reversible

Reference [43,59] [43,59] [57] [57] [62] [30]

Besides amino groups, oxygen-containing functionalities provide another effective route for regulating H,S
adsorption by modifying framework polarity and hydrogen-bonding capability. A systematic comparison of UiO-
66(Zr)-X derivatives demonstrated that carboxyl- and hydroxyl-containing substituents produced substantially higher
H,S selectivity than other functional groups because of stronger host-guest interactions [63]. Similar trends were reported
for hydroxyl-functionalized MIL-47(V), where hydrogen bonding promoted reversible adsorption [53,64—66].
Sulfonic-functionalized MIL-101(Cr), particularly MIL-101(Cr)-SO3Ag, further achieved markedly enhanced H,S
uptake together with excellent cyclic stability over five adsorption-desorption cycles [67]. In this case the high
uptake originates from reactive sulfidation at Ag" sites rather than from polarity regulation, illustrating that the
same linker class can support different removal pathways depending on the incorporated cation. These studies
suggest that oxygen-containing groups enhance H,S capture primarily through polarity regulation and specific
intermolecular interactions rather than increased surface area.

Halogen functionalization mainly regulates adsorption through electronic effects. Molecular simulations
showed that fluorinated and chlorinated MIL-47(V) derivatives maintained high H,S adsorption capacity and
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improved H,S/CH4 and H,S/N, selectivity because halogen groups modified the electronic environment of the
framework [68—72]. NUM-3a with halogen modification also showed enhanced H,S adsorption, although its
regeneration performance was not reported [73]. Partial fluorination of MIL-101(Cr) further improved H,S uptake
and H,S/CO, selectivity by strengthening interactions between Cr sites and H,S molecules [74]. However,
fluorination could not fully prevent framework degradation after long-term H,S exposure, indicating that stronger
adsorption alone cannot ensure long-term stability [53,67]. Therefore, the effects of halogen functionalization on
cyclic stability and regeneration behavior still require further investigation [75,76].

2.3. MOF-Derived Carbons

Although functionalization can improve the adsorption affinity of pristine MOFs, the poor stability of coordination
frameworks under sulfur attack, moisture, exposure and structural damage remains a key limitation [42,77,78]. To
address these problems, thermal conversion of MOFs into porous carbon materials has been widely studied as an
effective approach to construct stable metal-carbon hybrid structures [79-82]. MOF pyrolysis leads to significant
structural changes and produces complex interfaces containing carbon framework, dispersed metal species,
heteroatom sites, and structural defects [83].

Depending on the metal species, precursor structure, and pyrolysis conditions, different metal-based
components, including nanoparticles, metal sites, metal carbides, and metal-Nx sites, can be formed [30,84]. The
carbon matrix limits the growth and aggregation of metal species, while the interaction between metals and
heteroatoms modifies the electronic properties of active sites. Therefore, MOF-derived carbons can provide
adsorption systems that integrate gas enrichment, surface activation, and sulfur conversion, which are difficult to
achieve in pristine MOFs.

Cu-based MOF-derived carbon materials are typical examples of this structural transformation. Song et al. [30]
reported a Cu-MOF-199-derived N-doped carbon composite (Cu/NBC-600-1), where pyrolysis converted the Cu-
BTC framework into a Cu-containing carbon structure. The decomposition of organic ligands formed a porous
carbon skeleton, and Cu species were converted into highly dispersed Cu-based nanoparticles confined within the
carbon matrix. Unlike pristine MOF-199 with relatively uniform Cu-ligand coordination sites, the derived material
contained abundant metal-carbon interfaces and defect-related active regions. These newly formed sites improved
resistance to sulfur-induced structural degradation and enhanced the interaction between H»S molecules and active
centers. During the hydrogen sulfide removal process, the porous carbon matrix mainly promotes molecular
enrichment and diffusion, while the reconstructed metal-containing interface is conducive to the activation of
hydrogen sulfide and further selectively catalyzes its oxidation to elemental sulfur, rather than merely causing
chemical adsorption to form stable metal sulfides.

The performance of MOF-derived carbons is closely related to pyrolysis conditions because temperature affects
carbon structure, metal dispersion, and interfacial properties [85-87]. Suitable thermal treatment can generate well-
dispersed metal species and accessible pore structures. However, excessive carbonization may cause metal particle
growth, loss of defects, and reduced accessibility of active sites. Thus, pyrolysis is not only a carbon formation process
but also an important method for controlling the distribution and chemical properties of active interfaces.

Their H>S removal ability is mainly determined by the combined effects of porous carbon structures and
reconstructed interfacial sites. Compared with parent MOFs, these materials show better structural stability [88,89].

2.4. MOF Hybrids

The development of MOF-based H»S adsorbents has gradually changed from improving individual active sites
to designing multifunctional interfaces that can combine adsorption, catalytic conversion, and structural stability [43].
MOF-based hybrid materials have been developed by combining MOFs with other functional components. These
hybrid structures can overcome the limitations of pristine MOFs and MOF-derived carbons [58].

Based on the incorporated components, MOF hybrids can be divided into three main types: carbon-based
composites, metal oxide/MOF heterostructures, and polymer-assisted hybrids. Carbon-supported MOF
composites, such as MOF/graphene, MOF/carbon nanotube, and MOF/biochar systems, were first developed to
improve the stability and gas transport properties of MOFs. For example, HKUST-1/graphene oxide (GO)
composites showed faster H,S adsorption kinetics than pristine HKUST-1. This improvement was mainly related
to better dispersion of MOF particles and the improved accessibility of gas molecules [30,43,77,90-92]. It should
be noted that the captured sulfur is not necessarily oxidized to its elemental form in these systems: for HKUST-
1/GO composites, reactive adsorption at the unsaturated Cu sites leads to CuS formation, so that retention and
sulfidation, rather than selective catalytic oxidation, account for the measured uptake [77]. Notably, this
improvement is textural rather than electronic: for HKUST-1/GO composites, and independent electrochemical
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measurements on HKUST-1/graphene films showed that graphene incorporation restores conductivity without
inducing Cu(Il) — Cu(I) reduction. Similarly, UiO-66/GO nanocomposites reached 8.7 mmol S/g at 30 °C, roughly
three times the pristine UiO-66, an enhancement ascribed to larger surface area and micropore volume [93].
Interfacial charge transfer is, however, well documented in other MOF-based hybrid systems. More directly
relevant to H,S, the Fe-O-Zr bonds formed in Fe;O3;@UiO-66 promote electron transfer from Fe to Zr, which
suppresses the FeS, intermediate that would otherwise be oxidized to SO, and thereby raises sulfur selectivity to
93.06% at 150 °C [94]. This establishes that engineering the electron density of the metal center through an
interfacial bond is also a viable route to high sulfur selectivity.

MOF/metal oxide hybrid materials represent another important development direction, especially suitable for
systems that require both adsorption and catalytic conversion functions. Introducing oxides with redox activity,
such as Fe;O3 and TiO,, can overcome the problem of limited reaction activity of traditional MOFs due to their
focus on adsorption alone. For instance, Fe;O3@Ui0O-66 exhibits superior sulfur removal performance compared
to the parent framework, while the UiO-66/TiO, composite still achieves stronger H,S removal ability despite a
reduced surface area [94,95]. Both systems operate through adsorption-assisted selective oxidation: the MOF
phase concentrates H,S, while the redox-active oxide supplies reactive oxygen that converts the sulfur intermediate
to elemental sulfur rather than to a metal sulfide. However, excessive oxide loading may lead to pore blockage,
reducing the accessibility of MOF adsorption sites, and the accumulation of sulfur during long-term operation
remains a challenge [96].

Polymer-assisted MOF hybrid materials are mainly used to improve their moisture resistance and structural
durability. The flexible polymer matrix can enhance the stability of the framework under humid conditions and
provide additional functional groups for acid gas capture [97,98]. Polyethyleneimine (PEI) functionalization of
HKUST-1 grown in situ on graphene oxide suppressed the hydrophilicity of the composite and increased the
ambient-temperature H,S uptake from 0.5 to 0.9 mmol S/g per MOF, an 80% improvement, while a HKUST-
1/GO hybrid reached 2.1 mmol S/g at 150 °C, 27% above the parent MOF. These effects are structural and
chemical rather than electronic. In MOF/conducting-polymer hybrids, coordination between the heteroatoms of
polypyrrole and the Zn ions of ZIF-8 has been shown by density functional theory (DFT) to shift the active site
and lower the free-energy barrier of the rate-determining step [99], and PEDOT encapsulation raises the
conductivity of MIL-101(Cr) to 1.1 x 107 S cm™! without sacrificing porosity [100]. The electron-donating or
electron-withdrawing character of a coordinated group modulates the electron density at the metal center [101]. It
is well established for linker substituents, where -NH, and -NO, shift the band gap of UiO-66 from 3.64 to 2.76
and 2.92 eV. By analogy, an electron-donating or electron-withdrawing polymer functionality could modulate the
electron density at the metal center, influence H,S dissociation, and facilitate redox cycling and reactive-oxygen
generation. However, this possibility has not been verified for a MOF/polymer hybrid under H,S exposure, for
which the available characterization is limited to breakthrough capacity, XRD, FTIR, and porosimetry. It is
therefore presented here as a design consideration rather than an established mechanism.

MOF hybrids provide a useful strategy to address the limitations of single-component materials. By
combining different components, these materials can achieve improved structural stability, adsorption
performance, and catalytic activity.

3. Structure-Function Relationships

The adsorption and catalytic conversion of hydrogen sulfide are related but not exactly the same in terms of
structural requirements. In terms of adsorption, the key design goal is to maximize the accessibility and affinity of
the hydrogen sulfide binding sites, while avoiding the impact on regeneration performance due to overly strong
interactions. Therefore, the pore structure, surface polarity, and Lewis acid-base interactions mainly determine the
adsorption capacity and selectivity. In contrast, catalytic conversion requires active sites that can activate H,S
and/or O,, and promote electron transfer and the conversion of sulfur intermediates. Therefore, for the catalytic
conversion of sulfur, metal centers with redox activity, metal-heteroatom interfaces, and structures rich in defects
are particularly important. Therefore, an efficient MOF material should balance both functions rather than merely
pursuing the maximum adsorption capacity of H»S.

3.1. Hierarchical Porosity

The adsorption performance of MOF-based materials is closely related to their pore structures, which control
molecular transport, active site accessibility, and the interfacial reactions during H»S removal. Hierarchical
porosity provides a suitable structure to regulate gas diffusion, adsorption, and surface reactions at different length
scales. The combination of micro-, meso-, and macropores can accelerate H,S diffusion and allow more gas
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molecules to reach active sites before pore blockage or structural damage occurs [102,103]. Therefore, hierarchical
pore networks improve active sites utilization and reduce diffusion limitations during repeated adsorption-
regeneration processes [104]. Pore structures should be considered as an important part of active site design rather
than only a physical property of the material.

Micropores (<2 nm) are the main adsorption regions in most pristine MOFs, because their confined spaces bring
H,S molecules close to coordinatively unsaturated metal sites and facilitate host-guest interactions [103,105]. The
short distance between H,S and metal centers in microporous channels also promotes the formation of metal-sulfur
bonds, leading to strong initial chemisorption [55,62]. However, too many micropores may limit gas diffusion,
especially during long-term operation. Sulfur intermediates can gradually occupy narrow channels [102]. The
accumulation of elemental sulfur or sulfate species can block pore entrances, reduce the accessibility of internal
active sites and accelerate performance decay during cyclic adsorption [106].

The incorporation of mesopores (2-50 nm) can reduce these diffusion limitations by providing larger
transport channels and more space for sulfur species movement [107]. Mesoporous structures improve the
exchange of reactants and products between the gas phase and internal adsorption sites. This effect increases the
utilization of active sites located in microporous regions. Faster transport of oxygen, H>S, and sulfur-containing
intermediates helps maintain redox reactions at metal-heteroatom interfaces. It also reduces the accumulation of
reaction products that may block catalytic sites [107,108].

While micropores provide the main adsorption capacity, macropores decrease diffusion resistance in packed
adsorption beds and improve access to internal pore structures. This advantage becomes more significant at high
gas flow rates or high H,S concentrations [88]. In hierarchical pore materials, macropores act as transport channels,
mesopores provide diffusion space, and micropores serve as high-energy adsorption sites [103,108]. The
combination of these pore levels creates efficient transport pathways, which help H>S molecules reach and promote
sulfur products removal during regeneration.

Hierarchical porosity also affects the chemical environment around active sites. The formation of mesoporous
and defects during framework modification or pyrolysis can expose more coordinatively unsaturated metal sites
and generate new interfaces between metal species and heteroatom-doped carbon structures [107,109-111]. For
example, theoretical calculation in MOF-derived N-doped carbon systems showed that pyridinic and pyrrolic
nitrogen coordinated with Zn provided strong charge transfer and high binding energy for H,S adsorption [112].
This result indicates that pore structure and active sites are closely connected. In many MOF-derived materials,
improved H,S removal performance is not only caused by larger pore volume but also by the combined effects of
pore connectivity, active site exposure, and electronic interactions. For example, hierarchical porous MOF-199
achieved a 34% increase in H,S breakthrough capacity [102].

Future pore design should focus not only on increasing surface area but also on building hierarchical
architectures that balance molecular diffusion and interfacial reaction rates.

3.2. Metal Active Sites

Metal centers are among the most important structural factors controlling H>S removal in MOF-based
adsorbents because they directly afford adsorption affinity, molecular accessibility, and catalytic activity [55,113].
Unlike traditional porous materials, where adsorption mainly depends on surface area and pore volume, MOFs
contain well-defined metal coordination structures. The type of metal, coordination environment, and electronic
structure of metal centers are key factors determining H»S removal performance.

Among various structural features, coordinatively unsaturated sites (CUSs) are generally considered the
primary adsorption centers for H,S because exposed metal atoms provide Lewis acidic sites capable of interacting
with sulfur-containing molecules [55]. This mechanism is directly evidenced by DFT calculations showing that
H,S preferentially coordinates to the axial position of coordinatively unsaturated sites in M-BTC clusters [114].
MOFs containing open metal sites, such as MOF-74 series, MOF-199, and MIL-101(Cr), usually exhibit stronger
H,S affinity than fully coordinated frameworks because accessible metal centers provide additional binding sites.
For example, theoretical calculations have shown that H»S adsorption on metal centers in MOF-74 and MOF-199
exhibits significantly stronger interaction energies than adsorption on organic linkers, confirming the dominant
role of metal sites in sulfur capture [113]. However, the presence of highly accessible metal sites does not
necessarily guarantee superior practical performance, because excessively strong metal-sulfur interactions may
compromise regeneration efficiency. Table 3 presents the structural-property relationships of several
representative MOF materials for the removal of H»S.
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Table 3. Structure-property relationships of representative MOF materials for H2S removal.
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Structural
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) coordination
sites
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MIL-100(Fe) Fe*" CUS density S activation and MIL-100(Fe)-250  [116]
activation 1
oxidation
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MOF-derived Metal-carbon interface Pyrolysis Adsorptlon— . Cu/NBC [30]
carbon catalysis coupling
NH,-MOF Linker functionality Amino groups Stronger H-bond UiO-66-NH, [110,117]

interaction

The electronic structure of metal centers further influences the balance between adsorption strength and
reversibility. Different metal species exhibit distinct H,S affinities due to variations in oxidation state, orbital
configuration, and coordination environment. Copper-based MOFs have attracted much attention due to their Cu
sites having moderate sulfur affinity and good redox flexibility, thereby achieving the dual functions of adsorption
and catalytic conversion [60,118]. In contrast, nickel-based frameworks usually have a stronger ability to bind
sulfur, but the formation of stable nickel sulfide species can hinder the regeneration process and limit their long-
term application in adsorption [119]. Similarly, although Co-based MOFs possess highly accessible Lewis acidic
Co?" sites, excessive sulfur affinity may induce framework degradation and irreversible metal sulfide formation,
reducing their recyclability [119]. These comparisons indicate that metal selection should consider not only initial
H,S uptake but also the reversibility of metal-sulfur interactions.

The coordination environment around metal centers also affects H,S adsorption and conversion. For example,
ligand substitution or partial linker removal can change the coordination structure of metal atoms and modify their
Lewis acidity and adsorption strength. In acetic acid-modulated MIL-53(Fe), the removal of partial linkers exposed
more coordinatively unsaturated Fe’' sites and generated additional Lewis acid sites, which improved H,S removal
activity [120]. Defect engineering is another effective method to increase the accessibility of metal sites. Open
metal sites generated by defects provide more available positions for H»S adsorption and reduce steric limitations.
For example, benzoic acid-modified MOF-199 produced more unsaturated Cu centers and additional mesopores
through defect formation, leading to H,S uptake [111]. In MIL-100(Fe), the introduction of coordinatively
unsaturated Fe sites created a suitable Fe?'/Fe*" redox environment and enhanced H,S removal performance
(Figure 5) [116,120]. However, excessive defect formation may reduce framework stability and accelerate
structural degradation under sulfur-containing conditions. Therefore, a proper balance between active site
accessibility and structural stability is required.

Multi-metal active sites provide another important strategy for improving sulfur removal performance [121].
Introducing a second metal into the MOF structure can change electronic properties of nearby active centers
through electron interaction and charge redistribution. For example, computational studies of bimetallic TM-Cu-
BTC systems showed that interaction between Rh-4d/V-3d and S-2p orbitals promoted charge transfer at the
interface [122]. Bimetallic MOFs may show different adsorption behavior from single metal systems because of
the interaction between two metal centers. For example, Zn-Cu-BTC showed improved H,S removal after
introducing a second metal, which provided additional active sites [121]. In dual-metal MOFs, the two metal
species usually play different roles. One metal site can adsorb and activate H,S, whereas the other metal site can
promote sulfur oxidation or assist regeneration through redox reactions [96]. This cooperative effect reduces
irreversible sulfur poisoning and improves cycling stability, as demonstrated by hierarchically porous UiO-66-Fe
where the synergistic interplay between Fe/Zr bimetallic sites and the hierarchical porous framework strengthens
sulfur poisoning resistance while achieving complete H,S conversion with remarkable stability [110]. These results
show that well-designed bimetallic interfaces can improve adsorption capacity, sulfur conversion, and structural
stability at the same time [96,110,121].

In MOF-derived carbons and hybrid materials, metal species interact with carbon structures, heteroatoms, or
other phases to form multifunctional interfaces. These interfaces provide additional pathways for H>S adsorption
and sulfur conversion. They also improve resistance to sulfur-induced deactivation [30,109,110].
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Figure 5. (a) The breakthrough curves and (b) the breakthrough sulfur capacities of MIL-100(Fe)-T, where T
represents the temperature of thermal treatment), (¢) schematic of HaS catalytic oxidation over the MIL-100(Fe)
catalyst. Reproduced with permission from ref. [116]. Copyright 2025 Elsevier.

Metal active sites provide the main driving force for H>S adsorption and sulfur conversion. However, their
performance depends not only on the initial metal structure but also on the changes in coordination environment and
electronic properties during operation. Future metal-site design should not only focus on increasing the number of
exposed metal centers but also on controlling their electronic structure, coordination stability, and regeneration ability.

3.3. Nitrogen Functionalities

Nitrogen functionalities are among the most influential structural features in MOF-derived adsorbents
because they regulate both the electronic properties of active sites and the physicochemical characteristics of the
carbon framework [103,123]. In metal-containing systems, nitrogen species primarily function as electronic
mediators that modify charge distribution, stabilize reactive intermediates, and strengthen metal-support
interactions. This behavior was directly evidenced by Co-decorated N-doped hollow carbon nanofibers (Co-
NHCFs) derived from a bimetallic Zn-Co ZIF, where long-range interactions among Co, N dopants, and the carbon
lattice increase the Lewis-basicity of the carbon surface and facilitate H,S dissociation [123]. In metal-free
systems, nitrogen species can directly act as active sites. For example, MOF-derived N-doped mesoporous carbon
nanosheets (from ZIF-8) showed high catalytic activity in metal-free H,S oxidation at room temperature [108].
Nitrogen species do not only improve adsorption capacity but also participate in H,S activation and sulfur
conversion. For example, N-PCNFs (from ZIF-8/PAN) achieved high sulfur capacity because of the combined
effects of high nitrogen content and hierarchical porosity [103]. Cu-MOF-derived Cu nanoparticles supported on
N-doped biochar also showed efficient H,S removal capacity through reactive adsorption and catalytic oxidation
promoted by the N-doped carbon matrix [30].

Nitrogen atoms in carbon frameworks can exist in several forms, including pyridinic N, pyrrolic N, graphitic
N, and metal-coordinated N species. These nitrogen species have different bonding structures, electron densities,
and chemical activities. Therefore, they show different functions during H»S removal. For example, Edge-N-rich
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carbon nanosheet@porous biochar showed that pyridinic N exhibited stronger interaction with H>S than pyrrolic
N and graphitic N. Edge-N species also decreased the energy barriers for H,S dissociation and O, activation [124].
Pyridinic nitrogen is located at the edge of graphitic carbon domains and contains lone-pair electrons. These
electrons can coordinate with transition metals and form stable metal-Nx moieties. Such coordination anchors
highly dispersed metal species, suppresses particle migration during thermal treatment, and modifies the electronic
structure of adjacent metal centers. For example, an axially pyridinic-N-coordinated Ni-Ns single-atom catalyst
showed that the fifth axial pyridinic N ligand increased the electron density of Ni sites and reduced the activation
energy barrier for HS intermediate from 2.62 to 1.12 eV. The catalyst achieved an H,S oxidation activity of 354
gs kg | h™! maintained stable catalytic performance for more than 100 h [125]. The important role of pyridinic
N was further confirmed in MOF-derived nitrogen-rich hierarchical porous carbon nanofibers (N-PCNFs). The
high content of pyridinic and pyrrolic nitrogen, together with hierarchical pores, provided excellent H,S selective
oxidation performance at room temperature (breakthrough sulfur capacity: 3.34 g H,S/g cat) [103]. Pyrrolic
nitrogen mainly affects the electronic environment of defective carbon domains. Because pyrrolic N can donate
electrons, it promotes charge redistribution around neighboring carbon atoms and improves the adsorption of polar
H>S molecules. DFT studies showed that pyrrolic N and pyridinic N coordinated with metal atoms produced the
highest charge transfer and binding energy among the simulated factors in Zn-MOF-derived N-doped graphitic
carbon [112]. Graphitic nitrogen usually improves the electrical conductivity of carbon framework and accelerates
electron transport between metal centers and carbon support [126]. This improved conductivity is important for
systems involving redox reactions because continuous electron transfer is needed for sulfur oxidation and active site
regeneration [103].

The distribution and stability of nitrogen species are strongly influenced by synthesis conditions, particularly
pyrolysis temperature and precursor structure. Moderate carbonization temperatures can preserve more pyridinic
and pyrrolic nitrogen species. However, higher temperatures can promote their conversion into graphitic nitrogen
or cause nitrogen loss. For example, ZIF-8-derived N-doped carbon showed that the total N content decreased
from 8.875 atom% at 800 °C to 1.055 atom% at 1100 °C. This change was accompanied by a decrease in pyridinic
N and an increase in the degree of graphitization (evidenced by decreasing Ip/lg ratio) [127]. Graphitization can
improve structural stability and electrical conductivity. However, excessive graphitization reduces nitrogen-based
coordination sites and decreases the number of available metal-Nx active centers [85,127]. Therefore, nitrogen
optimization requires a balance between electronic conductivity and active site availability instead of increasing
total nitrogen content.

Future studies should focus on controlling nitrogen configuration and spatial distribution more precisely.
Combining operando characterization and theoretical calculations will help clarify how nitrogen species change
during sulfur exposure and how they interact with metal centers during repeated adsorption-regeneration cycles.

3.4. Metal-Support Interaction

The catalytic behavior of MOF-based adsorbents is closely related to interfacial interactions rather than only
the properties of isolated metal centers [113,128]. Metal-support interaction is an important factor controlling
active site stability, sulfur conversion, and regeneration performance [129]. The support is not only a structural
framework but also participates in charge transfer, intermediate stabilization, and structural changes during
repeated adsorption-regeneration cycles [1,61].

In pristine MOFs, the interaction between metal nodes and organic linkers determines the initial coordination
environment of catalytic sites. For example, DFT calculations of MOF-199 showed that copper dimers and trimesic
acid (BTC) linkers together form the main adsorption sites for H,S adsorption at low pressures. H>S molecules
adsorbed on copper sites tend to form a saturated six-coordinated structure [130]. Functional group modification
alters this coordination environment by adjusting local electron density. For example, triethanolamine (TEA)-
functionalized MOF-199 showed an increased hydroxyl hydrogen from 0.256 to 0.300 after TEA loading. This
promoted OH...S interaction with H,S and increased the adsorption capacity from 1.67 to 2.74 mmol/g [97].
Defect engineering can also modify the coordination environment by exposing coordinatively unsaturated metal
sites. For example, benzoic acid-modified MOF-199 generated additional unsaturated Cu sites and changed the
coordination structure and electronic properties of Cu?". As a result, the material achieved sulfur capacities of 69.2
and 78.9 mg S/g for H>S and CH3SCH3 removal, respectively [111]. These observations indicate that H»S
adsorption behavior is determined not only by the identity of the metal but also by the electronic coupling between
the inorganic node and its surrounding framework. For example, DFT studies comparing Zn-MOF-74 and Cu-
MOF-199 showed that Zn-MOF-74 had stronger CUS binding energy and higher CUS density, while Cu-MOF-
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199 showed better desulfurization performance. This indicates that unsaturated metal sites are important for sulfur
adsorption, but the interaction between metal centers and linkers also strongly affects the final performance [113].

The role of metal-support interaction becomes clearer after MOF pyrolysis. During thermal conversion,
organic ligands are transformed into conductive carbon frameworks containing heteroatom sites and structural
defects. At the same time, metal ions are converted into nanoparticles, metal oxides, carbides, or atomically
dispersed metal-Nx species [131]. These components remain connected through metal-carbon interfaces, forming
complex active structures instead of independent metal particles [30]. Electron transfer across the metal-carbon
interface modifies the adsorption energy of H,S and sulfur-containing intermediates. For example, Co-decorated
N-doped hollow carbon nanofibers showed that the interaction between Co species and N-doped carbon promoted
electron redistribution, oxygen radical generation, and H,S activation [123]. In 2D MOF-derived MgO/C
heterostructures, defect carbon reduced the energy barrier for *0O»-to-'O, activation, while ions and electrons migrate
through the water film and carbon substrates promoted redox reactions. This material achieved a high H,S capacity
of 11.2 g/g [109]. The carbon framework also suppresses particle migration. For example, in ZnyCos<O4/CNFs,
carbon networks physically separated oxide nanoparticles and inhibited their aggregation [131]. Such interfacial
regulation explains the high activity and stability of many MOF-derived carbon materials. For example,
Zn,Co3-4O4/CNFs achieved a sulfur breakthrough capacity of 12.4 g S/100 g sorbent with 83.2% active component
utilization [131]. Co@N-doped carbon materials used N-doped graphene to regulate the electron density around
Co NPs, which promoted H,S adsorption and maintained nearly 100% conversion at 190 °C for 28 h [132].

From the perspective of active-site engineering, optimizing the metal-support interaction is no longer limited
to maximizing metal dispersion or enhancing metal anchoring. Instead, the goal is to construct a stable interface
structure to facilitate efficient charge transfer, while resisting structural degradation in reactive H,S environments.

3.5. Adsorption vs. Catalytic Conversion

Although both adsorption and catalytic conversion aim to remove hydrogen sulfide, the design principles of
the active sites in these two pathways are fundamentally different and should not be confused.

In physical/chemical adsorption, the main goal is to maximize the adsorption capacity and selectivity, which
usually relies on strong host-guest interactions. The design considerations include: (i) high-density CUS to achieve
strong Lewis acid-base coordination; (ii) microporous structure to enhance binding energy; and (iii) functional
groups with acid-base interaction properties (such as -NH>). In this mode, metals such as nickel (Ni) and zinc (Zn)
are often used because they can form stable sulfides, which is beneficial for high-capacity storage, but may also
lead to irreversible deactivation.

In catalytic conversion (such as the selective oxidation to produce elemental sulfur), the goal is to convert
H,S into a product that is easy to separate and recover (elemental sulfur), while maintaining reusability. The design
focuses on: (i) metal centers with redox activity (such as Cu*/Cu2*, Fe?*/Fe*"), which can facilitate electron transfer
without generating excessive sulfides; (ii) oxygen-activated sites (such as nitrogen-doped carbon-based materials,
redox oxides), to provide reactive oxygen species; (iii) moderate sulfur binding capacity to allow for desorption
or migration of elemental sulfur; and (iv) hierarchical porous structure to accommodate the volume expansion of
sulfur products and facilitate their removal.

It is crucial to distinguish these principles: an excellent adsorbent is not necessarily a good catalyst, and vice
versa. Therefore, future material design should be tailored according to the specific operating window, regardless
of whether the process is dominated by adsorption or coupled with catalysis.

4. Dynamic Evolution of Active Sites Throughout the H>S Removal Cycle
4.1. Initial Active Site State

H,S molecules first diffuse through the pore network and interact with accessible metal centers, heteroatom
functionalities, or defect sites. These initial interactions establish the local coordination and electronic environment
that subsequently evolves during H,S activation, sulfur conversion, and regeneration. Dynamic evolution is a
conceptual framework that encompasses state-dependent changes, rather than implying that every transformation
has been directly observed in real time. Whether H,S remains molecularly adsorbed, undergoes dissociation, or is
directly converted into oxidized sulfur species is largely determined during this early stage [130]. Rather than
representing a simple adsorption equilibrium, the initial adsorption process involves simultaneous molecular
diffusion, active site recognition, and interfacial electron redistribution (Figure 6) [97,116]. These elementary
events collectively determine the accessibility, reactivity, and stability of catalytic sites throughout the adsorption-
regeneration cycle [102,119].
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The adsorption process starts with the diffusion of H,S molecules through the hierarchical pore network
toward active regions. Wang et al. [102] reported that PVP-regulated hierarchical porous MOF-199 exhibited a
lower BET surface area than pristine MOF-199 but had a much larger mesopore volume. The increased mesopore
volume allowed more H,S molecules to access exposed Cu active sites before framework degradation restricted
mass transport (Figure 7). Therefore, the optimized MOF-199-P, achieved a 34% higher H,S breakthrough
capacity than the original material. This result shows that active site accessibility is mainly controlled by pore
connectivity rather than surface area alone. A similar structure-function relationship has also been demonstrated
in ZIF-8-derived nitrogen-rich hierarchical porous carbon nanofibers, which achieved efficient H>S removal at
room temperature [103]. These nitrogen sites promoted the selective oxidation of H,S into elemental sulfur and
resulted in a high breakthrough sulfur capacity of 3.34 g H,S g™' catalyst. After HoS reaches the adsorption
interface, coordinatively unsaturated metal centers generally serve as the primary adsorption sites because their
Lewis acidic character enables strong interactions with the lone-pair electrons of sulfur atoms.

Initial adsorption mechanism of H,S on MOF-based adsorbents
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Figure 6. Conceptual diagram illustrating the mechanism of hydrogen sulfide removal by MOF-based adsorbents.
The specific adsorption steps and interaction pathways are system-dependent and may vary with material

architectures, operating conditions, and atmospheric conditions.
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Figure 7. (a) The synthesis process of hierarchical porous MOF-199 and role of PVP, (b) breakthrough curves on
MOF-199 and MOF-199-Px for H2S. Reproduced with permission from ref. [102]. Copyright 2022 Elsevier.

Furthermore, the functional groups located on the organic linkers or on the carbon matrix doped with
heteroatoms also play a significant role. They actively participate in the adsorption process by forming
heterointerfaces, establishing hydrogen bond networks, and altering the local electrostatic environment. This
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contribution is evidenced by oxygen-rich MOFs, in which tortuous or “pocket-like” channels provide abundant O
sites for favorable electrostatic and dispersion interactions with H,S [133], and by ZTF/MAF-66, in which H»S
forms relatively strong hydrogen bonds with the nitrogen atoms of the organic linkers [134]. Oxygen-containing
groups, amino functionalities, and nitrogen dopants increase the local polarity of the adsorption interface,
facilitating molecular enrichment near catalytically active centers, as computationally demonstrated by NH,-BDC
ligands where the amino group increases the polarity in the ligand and enhances its interaction with sulfur,
exhibiting acid-base interaction trends with H,S and physical adsorption character (>—50 kJ/mol) [113], and
experimentally confirmed by IRMOF-3 where FTIR analysis reveals a strong H**...N% hydrogen bond between
H>,S molecules and the -NH; group of the MOF [1]. In heteroatom-doped carbon matrices, replacement of carbon
atoms with boron or nitrogen changes the chemical reactivity and forms secondary structures through charge
distributions, thereby improving the interaction of polar molecules like H,S [135].

In another work, Song et al. [30] reported a Cu-MOF-199-derived/N-doped biochar composite. During
pyrolysis, the MOF-199/N-doped biochar precursor was converted into an N-doped carbon matrix, with nitrogen
supplied primarily by the biochar support, while Cu?* nodes were reduced in situ to well-dispersed Cu’
nanoparticles, creating Cu’@N-doped carbon heterointerfaces. The reconstructed interface couples Cu’-mediated
O, activation with basic sites on N-doped carbon, which promotes the reactive adsorption and oxidation of H»S,
as shown in Figure 8. During H,S removal, these interfacial active sites work together. Porous carbon enriches
H,S molecules, Cu-based species promote sulfur adsorption and oxidation, and nitrogen species regulate the local
electronic structure and stabilize dispersed metal centers.

)\

Water film

(1) Adsorption (2) H,S dissociation and O, activation

~ A=Cu/NBC-600-1 (3) HS-oxidation  (4) Reaction adsorption

‘C .‘b HZS ‘02 . N .O* - S .‘ HZO : Cu -CUS .Cuso4

Figure 8. The desulfurization mechanism of H2S on the Cu-MOF-based adsorbent. Reproduced with permission
from ref. [30]. Copyright 2024 Elsevier.

Overall, the initial active sites of MOF-based adsorbents are determined by the accessibility of the metal
centers, functional groups of heteroatoms, and pore structure, as well as the coordination environment and spatial
distribution. The unsaturated metal sites constitute the main adsorption centers, while the linker or carbon source-
derived heteroatom functional groups regulate the local polarity and chemical environment. At the same time, the
hierarchical pore structure determines the accessibility and utilization efficiency of these sites. This initial
configuration lays the structural and chemical foundation for the subsequent H»S adsorption and the evolution of
active sites during the sulfurization transformation and regeneration process.

4.2. Surface Activation

After molecular adsorption, H,S enters an activated state on the surface. The S-H bond becomes polarized
through charge transfer between H,S and unsaturated metal centers (CUS) [130]. DFT studies show that electron
redistribution during adsorption increases the electrophilic character of hydrogen and the nucleophilic character
of sulfur. This process reduces the energy barrier for proton abstraction and converts H,S into surface hydrosulfide
(HS*) species, which are important reactive intermediates in many MOF-based systems [130]. Transition metals
with suitable Lewis acidity and accessible redox states provide a good balance between H»S adsorption and S—-H
bond activation. For example, Fe** Lewis acidic sites in MIL-100(Fe) serve as active centers for HoS adsorption,

16 of 33



Qietal. Mater. Environ. 2026, 1(1), 4

dissociation, and oxidation. During this process, Fe*" is reduced to Fe** and subsequently re-oxidized, completing
an Fe*'/Fe3" redox cycle [116]. In UiO-66(Zr/Cu), H,S adsorption significantly reduces Cu(Il) to Cu(I), while
emergent S 2p peaks at 161.8 eV (S?7), 163.0-165.3 eV (SY), and 168.3-169.5 eV (SO4>") confirm multiple sulfur
intermediates mediated by the Cu'/Cu?" redox couple [96]. Neighboring p3-OH groups facilitate proton transfer
and stabilize hydrogen-bonding networks via a proton-extraction mechanism that assists H»S activation, as
suggested by ATR-FTIR of UiO-66(Zr/Cu) where the disappearance of the -OH shoulder peak upon H,S exposure
indicates possible protonation of -OH to -OH," with hydrogen supplied by adsorbed H>S [96]. In an oxidative
environment, the rational design of active sites aims to achieve the selective catalytic oxidation of hydrogen sulfide
to elemental sulfur. Activated HS* can react with adsorbed oxygen or lattice oxygen species; however, this path
diverges: the optimized catalytic sites promote the coupling of surface sulfur intermediates to form elemental
sulfur, while poorly designed sites lead to excessive oxidation and the formation of sulfates. Surface activation
refers to the transition from initial adsorption to the reconstruction of dynamic active sites. After H,S interacts
with the active center, changes in charge redistribution, sulfur-hydrogen bond polarization, and metal coordination
may alter the local chemical environment. Therefore, the active sites formed after H,S activation may differ from
the original adsorption sites in terms of electronic structure and configuration.

4.3. Adsorption-Induced Active Site Change

The activation of H,S may significantly alter the electronic and coordination environments of the catalytic
center, rather than merely maintaining the initial adsorption sites unchanged. After molecular adsorption and
polarization of the sulfur-hydrogen bond, the sulfur-containing intermediates may change the local coordination
structure and electronic state of the metal center. These changes caused by adsorption will affect the conversion
efficiency of sulfur and the reversibility of the subsequent regeneration process, highlighting the state-dependent
characteristics of the active sites in MOF adsorbents [60].

A key feature of this evolutionary process is the change in the electronic state of the metal during the H,S
activation process. It should be stressed that reversibility is not a general attribute of this step. In several of the
systems discussed below, the evidence is limited to endpoint (pre- and post-exposure) comparison rather than time-
resolved tracking of the same site, and in strongly sulfidizing systems the change is effectively irreversible. The
coordinatively unsaturated metal center can participate in redox reactions, resulting in a redistribution of electron
density and the formation of a new catalytic configuration. For copper-based MOFs, exposure to H»S triggers Cu-
S coordination and changes in the oxidation state of Cu [60]. Similar redox flexibility was also observed in the
copper-based porous coordination network, where the adsorption of H,S promoted the interconversion between
Cu*' and Cu?*, and was accompanied by the formation of sulfur-containing intermediates [118]. Iron-based MOFs
exhibit similar behaviors, where the coexistence of Fe?'/Fe*" sites enables reversible electron transfer during the
activation and oxidation of H,S (Table 4) [116,136]. These studies indicate that the catalytic performance is closely
related to the interconversion between different metal oxidation states, rather than solely depending on a single
optimal oxidation state.

Table 4. Comparison of active sites and H2S removal mechanisms in representative MOF-based materials.

Material Active Site Initial H.ZS Sulfur Species  Active Site Evolution Ref.
Interaction
CuBTC Cu*' CUS CuS CuS/S04* Cu*" - Cu* [60]
coordination
MIL-100(Fe)  Fe*" CUS H,S activation  S%SO4* Fe*'/Fe* cycling [116]
. Adsorption- 0 > 3404 .
UiO-66(Fe/Zr) Fe-Zr node di L SYS04 Fe’"/Fe*" redox cycling [110]
issociation
- " o . -
Cu/NBC Cu panopartwles AQsorptlon CuS/SY/SO2 Metal carbgn interface [30]
N sites oxidation reconstruction

In addition to electronic reconstruction, the exposure of sulfur can directly alter the coordination environment
of the metal center. In CuBTC, the adsorption of H,S will cause partial dissociation of the Cu-carboxyl bond and
the formation of Cu-S interactions, while also resulting in a decrease in crystallinity and a reduction in surface
accessibility [60]. Moderate structural adaptation may generate more reactive sulfur-associated configurations,
whereas excessive sulfur coordination can occupy accessible metal centers and result in irreversible deactivation.

Operando and ex sifu characterization studies further reveal that variations in metal valence states and
coordination structures often occur before significant capacity loss, suggesting that deactivation originates from
cumulative structural evolution rather than instantaneous active site poisoning [60,118].
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4.4. Roles and Possible Evolution of Nitrogen Functionalities

Nitrogen functionalities act as active electronic regulators for metal-centered H»S activation, rather than only
structural components. During H>S adsorption, electron transfer between metal sites and H,S can extend to the
surrounding nitrogen-doped carbon matrix. The lone-pair electrons of pyridinic N alter the local charge distribution
and influence H»S adsorption [137].

NaCl-templated N-doped porous carbon (NC-10-800) showed high H>S removal performance. The high
pyridinic N content and carbon defects provided Lewis base sites for H>S adsorption and dissociation, resulting in
a sulfur formation rate of 784 gs kge,r ' h™! with >100 h [138]. In Co@N-doped carbon, DFT calculations show
that N-doped graphene regulated electron density around Co nanoparticles and promoted H,S adsorption [132].

Nitrogen-enriched defective carbon domains can change the adsorption energies of HS*, S*, and oxygen-
containing sulfur species through electronic effects. This regulation controls the residence time of sulfur
intermediates on the catalyst surface [138]. Appropriate charge redistribution facilitates the migration and
subsequent conversion of these intermediates. However, excessive sulfur binding may block nearby active sites
and reduce regeneration efficiency [138]. Therefore, nitrogen functionalities not only stabilize metal species but
also regulate sulfur species during the whole reaction process.

Nitrogen, metal species, and carbon defects form an interconnected electronic network that changes with the
chemical environment created during H,S adsorption and sulfur conversion.

4.5. Sulfur Conversion and Active Site Deactivation

H,S activation first produces highly mobile HS* and S* intermediates that remain close to metal centers.
These sulfur species can be further oxidized or coupled to form elemental sulfur, polysulfides, sulfites, or sulfates
depending on oxygen availability and the redox properties of the catalyst [60]. This dynamic competition between
sulfur conversion and accumulation governs whether catalytic activity can be restored.

During sulfur deposition, sulfur-containing species gradually occupy the coordination sites of metal centers and
block active sites. In CuBTC, H,S interaction breaks Cu-carboxylate bonds, causing a 65% drop in surface area and
49% loss in pore volume after adsorption. Sulfate species are especially difficult to remove. For example, in
Fe,03/TiO; catalysts, elemental sulfur and sulfate deposition are identified as the main reasons for deactivation [139].
Ce-Mn oxide nanocomposites mitigate this issue by leveraging strong Ce-Mn interaction and abundant surface-active
oxygen species. These features promote sulfur formation and inhibit sulfate accumulation during reaction [140].
Therefore, catalyst lifetime is not only related to the total amount of sulfur deposited but also depends on the
change of sulfur species during repeated operation.

The distribution of sulfur inside the material is also important. In hierarchical porous MOF-199 regulated by
PVP, H,S adsorption is chemical and induces structural collapse. However, the hierarchical pore structure enables
H>S to access maximal active sites before pore blockage occurs. As a result, MOF-199-P, achieved an optimal
breakthrough capacity 34% higher than the bare framework [102]. This result shows that interconnected pore
structures can facilitate H,S diffusion and delay diffusion-related deactivation. MOF-199@1%ACEF further reveals
the staged nature of sulfur accumulation. H»S first adsorbs on the external surface and then diffuses into
micro/mesopores. Inside the pores, H,S dissociates into HS through a surface water film. The generated sulfur
species are then oxidized into elemental sulfur or react with Cu®* to form CusS [141].

Overall, the removal process of hydrogen sulfide involves the gradual transformation of active sulfur
intermediates into elemental sulfur, metal sulfides, and sulfates, accompanied by continuous changes in the local
environment of the active sites. The accumulation of these sulfur species will clog the coordination sites and
channels, alter the coordination mode of the metals, and gradually reduce the accessibility and reactivity of the
sites. Thus, the conversion of sulfur and the deactivation of the active sites are a closely coupled process, which
ultimately determines the long-term performance of the MOF adsorbents in cyclic operation.

4.6. Environmental Effects

The removal of industrial-grade hydrogen sulfide is rarely carried out under idealized single-component
conditions. Actual gas streams, such as biogas, natural gas, and coke oven gas, not only contain H>S but also
contain large amounts of competing gases (such as CO,, CHy, CO) as well as a high content of water vapor [142].
In biogas and landfill gas, CH4 and CO, are the two dominant constituents, typically accounting for 50-80 vol%
and 20-50 vol%, respectively, whereas H,S is present only at trace levels, commonly 100-1500 ppmv in
agricultural biogas and reaching up to 12,000 ppmv in landfill gas [143]. These environmental factors have a
profound impact on the dynamic evolution of active sites, often determining whether the adsorption capacity,
catalytic performance, and structural integrity of the material can be maintained under actual operating conditions.
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Water molecules are strong Lewis bases and can compete with many unsaturated metal sites in metal-organic
frameworks for coordination. These unsaturated metal sites are the main active centers for H»S binding. For
structures sensitive to water, such as HKUST-1 (Cu-BTC) [144], exposure to a humid environment can lead to
progressive structural degradation: water molecules replace the organic linkers through the hydrolysis of metal-
ligand bonds, causing the crystal structure to collapse and irreversibly losing the unsaturated Cu®* sites. In contrast,
water-stable MOFs such as UiO-66(Zr) possess a highly stable metal node connection structure (ZrsO4(OH)4
clusters, containing strong Zr-O bonds), enabling them to maintain the pore structure and accessible active sites
even under high humidity conditions [145]. However, water stability alone does not guarantee the best hydrogen
sulfide removal performance. In UiO-66, water molecules may still occupy the open Zr sites and compete with
H,S for adsorption, thereby reducing the effective sulfur capacity.

More importantly, from the perspective of dynamic active-site engineering, humidity may have a dual effect.
On the one hand, excessive moisture can lead to irreversible structural degradation (as shown in HKUST-1), after
regeneration at 200 °C, the H,S/CO, selectivity of HKUST-1 fell from 5.28 to 0.27; on the other hand, the thin
water film formed on the pore surface can facilitate the decomposition of H,S into HS™ and H' [141], thereby
promoting surface activation and triggering subsequent catalytic oxidation reactions. This duality highlights the
need to distinguish between the framework collapse caused by water and the reaction pathways assisted by water
when designing renewable adsorbents.

The influence of competitive gases (CO,, CH4, CO) should also be considered. During the capture of H,S,
CO; is a relatively competitive gas because both of these molecules are acidic and can interact with basic sites or
open metal centers. In metal-organic framework materials modified with amino functional groups (such as UiO-
66-NH> [57], MIL-125(Ti)-NH,; [43,59]), CO; can react with amino groups to form carbamates or bicarbonates,
directly competing with H,S for the same adsorption sites. This not only reduces the adsorption amount of H,S
but also changes the local electronic environment, possibly inhibiting the dissociation of H,S. In contrast, the
unmodified UiO-66 exhibits poor H,S/CO; selectivity, with an H,S uptake of only 0.057 mmol/g, because it lacks
active sites with strong selectivity; while UiO-66 with defect engineering that exposes Zr sites can preferentially
adsorb H»S rather than CO,, because there is a stronger interaction between sulfur and Zr. Since methane (CHa) is
non-polar and chemically inert, it usually has less competitive interaction with H>S at open metal sites [64]. In
certain industrial gas streams, extremely low concentrations of carbon monoxide (CO) can combine on metal
centers with redox activity (such as Cu’, Fe?'/Fe"), thereby interfering with the redox cycling process necessary
for the catalytic oxidation of hydrogen sulfide [146].

To address the challenges posed by the composition of real gases, future dynamic active-site engineering
should consider the following points: (i) enhance the covalency of metal-ligand bonds (such as Zr-O) to improve
the resistance to hydrolysis; (ii) introduce hydrophobic functional groups or hierarchical pore networks, which can
both exclude a large amount of water and allow H,S to diffuse; (iii) design sites based on the hard-soft acid-base
principle with high selectivity for H,S/CO»; and (iv) utilize MOF-derived materials in which the carbon support
may protect the active sites from water erosion while maintaining their chemical reactivity.

In summary, the evolution path of hydrogen sulfide on MOF materials is highly dependent on the operating
environment, especially the gas atmosphere, humidity, and the properties of the active sites (Figure 9). Under
relatively dry and inert conditions, hydrogen sulfide is more likely to undergo molecular adsorption or coordinate
with accessible metal centers, resulting in limited sulfur conversion. When oxygen is present, the redox-active
metal sites and metal-heteroatom interfaces can promote the oxidation of sulfur intermediates to elemental sulfur.
Increased humidity may further alter the adsorption environment through the introduction of water-mediated
hydrogen bond interactions and competitive occupation of active sites; in some systems, surface water is conducive
to the dissociation of hydrogen sulfide and subsequent sulfur conversion. When exposed to strong sulfurophilic
metal sites, prolonged contact with hydrogen sulfide may instead promote the coordination of the metal with sulfur
and the formation of metal sulfides, which often leads to irreversible blocking of the sites and more difficult
regeneration. Therefore, the main sulfur-containing products can range from molecularly adsorbed H,S/HS™ to
elemental sulfur, and then to oxidized sulfur species such as sulfites or sulfates under stronger oxidation conditions.
These condition-dependent conversion paths indicate that the removal of hydrogen sulfide should not only consider
its adsorption capacity but also take into account the relationship between the operating environment, humidity,
the properties of active sites, and the distribution of sulfur oxidation states.
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Pathway Map of H.S Conversion over MOF-Based Materials
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Figure 9. Conceptual diagram illustrating the pathway map for H2S reaction networks. The depicted conversion
pathways and sulfur products, together with the regime boundaries (including relative humidity) and the
reversible/irreversible assignments, are indicative and system-dependent rather than universal.

5. Regeneration and Active Site Recovery

From the perspective of dynamic active-site engineering, regeneration is not merely the removal of adsorbed
sulfur species. It also implies the reverse or partial reconstruction of the coordination, electronic structure, and
interface configuration of the active sites after sulfur exposure. Therefore, when evaluating the effectiveness of a
regeneration strategy, it should not only be based on the recovery of H,S capacity, but also consider its ability to
restore the accessibility, chemical state, and structural integrity of the active sites.

5.1. Thermal Regeneration

Thermal regeneration is one of the most commonly used methods to recover the adsorption performance of
MOF-based H»S adsorbents because it is simple to operate and can be easily applied in fixed-bed desulfurization
systems. During this process, high temperatures promote the decomposition, desorption, or oxidation of sulfur-
containing deposits. Recent studies show that thermal treatment can also cause significant changes in catalytic
interfaces [147].

The efficiency of thermal regeneration mainly depends on the type of sulfur species formed during
adsorption. Weakly bound elemental sulfur can usually migrate or volatilize under moderate heating, which helps
reopen blocked pore channels [60]. However, stable metal sulfides require oxidation or decomposition before
active metal centers can be recovered [128]. Sulfate species generally exhibit even higher thermal stability and
often persist after conventional heating. This leads to incomplete regeneration and gradual loss of adsorption
during repeated cycles [128]. Therefore, regeneration efficiency is controlled not only by regeneration temperature
but also by the sulfur speciation during adsorption.

The supporting framework also undergoes structural evolution during regeneration. In pristine MOFs,
repeated heating may weaken coordination bonds between metal nodes and organic linkers. Among eight
representative MOFs, only UiO-66(Zr), MOF-801(Zr), and MOF-74-Mg exhibited reversibility, albeit with limited
capacity (<3.81 mg/g), whereas MOF-199-Cu, ZIF-8-Zn, MOF-74-Ni, MIL-101(Cr), and MOF-74-Zn suffered
framework collapse upon H,S exposure [53]. For the four CUS-bearing frameworks, this collapse is attributable
to the strong interaction between open metal sites and H»S; ZIF-8-Zn, by contrast, degraded despite its nominally
saturated tetrahedral Zn sites, indicating that H»S can attack the framework through linker displacement even when
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no open coordination site is available. By comparison, MOF-derived carbons and hybrid composites generally
exhibit greater resistance to thermal cycling. Sep/Cu-BDC nanocomposite regenerated at 190 °C under N, flow
for 4 h maintained excellent recyclability over three consecutive cycles [148]. The cycling performance of
representative MOF H»S materials upon multiple regeneration cycles is summarized in Table 5. Cycle number,
regeneration conditions, and capacity retention are the quantities most consistently reported and provide a direct
basis for comparing active site stability under repeated exposure and regeneration. Because most of these
measurements were made on powder samples under simplified gas streams, the retention values primarily reflect
intrinsic site stability rather than process performance. Scalable synthesis, shaping and mechanical robustness,
pressure-drop control, heat management, and process economics are rarely addressed in the same studies, and
reporting them alongside the cyclic metrics would allow these materials to be assessed for process feasibility as well.

Table 5. Cyclic H2S removal and regeneration performance of representative adsorbents.

Sample Ci/Co Regeneration Regeneration Regeneration Cycle Relative Ref
P (%) Method Conditions Duration (h) (s) Capacity (%) :
3DOM-SC-43-,, ~ Thermal 650 °C; air 2 5 29 [149]
NH;3 regeneration
Cu-BTC 1 Thermal 160°C; air 2 1 18 [54]
regeneration
Fe-Cu-BTC 1 Thermal 160 °C; air 2 6 18 [54]
regeneration
Ui0-66-NH, jop ~ Lhermal 200 °C / 2 42 [57]
regeneration
MIL-101-Cr joo  Ihermal 200 °C; N> 12 3 15 [53]
regeneration
MOF-199-Cu 100  Lpermal. 200 °C; N, 12 3 14 [53]
regeneration
MOF-74-Ni joo ~ Ihermal 200 °C; N, 12 3 37 [53]
regeneration
MOF-74-Zn joo  [Ihermal 200 °C; N, 12 3 21 [53]
regeneration
MOF-199 joo  [Ihermal 70 °C 48 3 58 [129]
regeneration
Chemical 0.065 mol/L
AgCuMOF 20 O / 5 14 [150]
Chemical Soaking in
Cu-based MOF 100 regeneration  DMF solvent ! 95 [118]
Chemical Methanol +
Dry CuBDC B0 enention  UV:N, 28 1 19 [60]
. Chemical Methanol +
Moist CuBDC 80 regeneration UV: N 28 1 30 [60]
Chemical Methanol +
Dry CuBTC 80 regeneration UV: N 28 1 38 [60]
. Chemical Methanol +
Moist CuBTC 80 R v, 28 | 237 [60]
Chemical Methanol +
ZnBTC-ZnO >80 regeneration UV: Ny/O, 76 1 46 [128]
Cu(BDC),5(BDC Chemical Methanol +
-NHb>)o 5 10 regeneration UV; N»/O, 8 4 8 [35]

Note: Relative capacity is calculated as the regenerated HzS capacity relative to the fresh-material capacity under the corresponding
conditions. Values above 100% indicate that the regenerated material exhibited a higher capacity than the fresh material.

From the perspective of energy consumption, thermal regeneration typically requires a temperature range of
160 to 650 °C (Table 5), while removing sulfates requires even higher temperatures. Although metal-organic
framework materials suitable for thermal regeneration can withstand moderate heating, the energy input required
for continuous high-temperature operation is relatively large, especially in large-scale fixed-bed systems. For
example, for a 1 kg bed with a purge at GHSV 500 h™!, heating the adsorbent itself from 25 to 200 °C consumes
only ~0.05 kWh (c, = 1.0 kJ kg™! K!), whereas heating the purge gas over the 12 h hold typical of Table 5
consumes ~0.76 kWh, roughly fifteen times more. The energy penalty of thermal regeneration in these systems
therefore resides in the duration of the isothermal purge rather than in the peak temperature. It reframes the
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optimization target: shortening the hold time is worth more than lowering the set-point. Moreover, the regeneration
atmosphere further influences active site recovery. Oxidative atmospheres facilitate conversion of metal sulfides
into catalytically active oxides while accelerating oxidation of elemental sulfur into volatile sulfur oxides [150].
However, excessive oxidation may over-oxidize active metals or generate thermally stable sulfate species that are
difficult to remove in subsequent cycles [129]. Inert atmospheres minimize oxidation-induced structural
degradation but are generally less effective for decomposing strongly bound sulfur compounds [60]. Therefore,
the thermal regeneration performance should take into account the three factors: temperature (energy
consumption), atmosphere and catalyst, rather than just the heat energy itself.

5.2. Chemical Regeneration

Chemical regeneration includes solvent washing (e.g., methanol, DMF), redox-mediated extraction, and
photo-assisted treatments. It provides another method to recover the activity of sulfur-saturated MOF-based
adsorbents under mild conditions. These reactions can also modify catalytic interfaces and restore the electronic
and coordination environments needed for efficient H,S activation [60].

Solvent- and photo-assisted chemical regeneration has been most extensively demonstrated in copper-based
MOFs. Methanol washing combined with low-power UV-C irradiation enables the successive removal of
physically adsorbed H>S and the generation of new binding sites [60]. For spent CuBTC, this treatment reduces
sulfur content from 3.91 at% to 1.49 at%, repositions Cu 2p peaks close to those of the fresh MOF, and recovers
the surface area from 110.9 to 410.8 m?/g, even higher than the fresh value of 317.0 m*/g [60]. Consequently, the
regenerated CuBTC delivers an exceptional adsorption capacity of 95.6 mg/g in the second cycle, 2.37-fold that
of the fresh material, which is linked to the reactivation of Cu sites and improved porosity [60]. Similarly, Zn-
MOF/ZnO nanocomposites regenerated by the successive effect of methanol and UV irradiation exhibit decreased
sulfur content and decreased Zn ionic character, leading to increased adsorption capacity in the second cycle [128].
In mixed-ligand Cu(BDC),.s(BDC-NH;)o5, methanol/UV treatment partially regenerates spent adsorbent, where
spectroscopic analysis predicts Cu(OH)-type sites after UV irradiation accompanied by increased surface area,
which are responsible for the enhanced adsorption capacity of the regenerated sample [35].

The regeneration chemistry also governs sulfur speciation and metal-site recovery. In bivalent Cu-MOFs
such as PCN-6-M, adsorbed H,S is mineralized to sulfide, sulfur, and sulfates mediated by the Cu*/Cu?" redox
cycle in the presence of adsorbed water and molecular oxygen; the material can be partially recovered after soaking
in DMF solvent, confirming that solvent environment actively modulates metal valence states and interfacial
electron distribution [118]. This demonstrates that chemical regeneration functions do not only remove sulfur
species but also regulate metal oxidation states and coordination environments.

Chemical regeneration has been proven to achieve significant results in partially restoring the sulfur-loaded
MOFs, and even in some cases outperforming the capacity of fresh materials [60]. However, this process requires
treatment times of 8—76 h [128], considerably longer than those of most thermal protocols, which generally require
2—12 h, although a 48 h treatment has also been reported (Table 5), and generates liquid waste that must be disposed
of or recycled. Moreover, the solvent is difficult to fully penetrate into the micropores, limiting the regeneration
efficiency of the high-density sulfide framework. In CuBDC, methanol/UV treatment recovers only 32% of the fresh
capacity because most Cu sites remain bound to sulfide and cannot be regenerated [60]. Cu(BDC),s(BDC-NH>)o 5
likewise undergoes only partial regeneration, as H,S breaks Cu-carboxylate bonds to form covellite CuS nanoparticles
and sulfates that are difficult to completely remove [35]. Therefore, although the chemical regeneration conditions
are mild, which does not necessarily imply a lower overall burden: its scalability is constrained by the solvent
consumption, treatment time, and incomplete removal of sulfides. Crucially, no study reports solvent consumption
per cycle (L per kg of adsorbent), the sulfur content of the spent liquor, or the energy required for solvent recovery
by distillation, so its advantage over thermal regeneration cannot presently be quantified.

In summary, whether it is thermal regeneration or chemical regeneration, under the cumulative effect of
multiple adsorption-desorption-regeneration cycles, gradual structural degradation may occur, particularly in
water-sensitive or strongly sulfidizing MOFs. Neither combines low energy demand, short duration, high-capacity
retention, and an acceptable waste stream. Each cycle causes the MOF framework to repeatedly endure thermal
stress, chemical erosion (such as hydrolysis, sulfur poisoning), and mechanical strain caused by changes in pore
volume. For MOF materials sensitive to water (such as HKUST-1), even with only trace amounts of water during
the cycling process, the hydrolysis of metal-ligand bonds will accelerate, leading to irreversible loss of the lattice
structure and a decrease in the accessibility of active sites. Similarly, in MOFs where active sites undergo dynamic
reconfiguration during H,S desorption (such as bond breakage and reformation initiated by sulfur), after repeated
cycles, they may transform into a thermodynamically stable but catalytic activity-lacking bulk phase (such as metal
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sulfides or sulfates). This cyclic degradation is usually more severe than single-stage deactivation because it means
that the dynamic active site resources of the material are completely exhausted. Without a robust structural design,
it will not be possible to achieve long-term industrial application.

6. Characterization Strategies for Resolving Active Site Evolution

Understanding MOF-based H»S adsorbents requires monitoring the changes of active sites during adsorption,
sulfur conversion, and regeneration. Traditional ex sizu analysis only compares fresh and used materials, which cannot
capture short-lived intermediates or changes at interfaces. This knowledge gap has driven the broader use of
complementary ex situ and in sifu characterization techniques, including vibrational spectroscopy (Raman, DRIFTS),
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), while operando X-ray absorption spectroscopy
(XAS) remains underutilized in H,S-MOF systems. DFT calculations provide atomic-level information about H»S
adsorption structures, Cu-S bond formation, and the thermodynamic stability of different sulfur species (S?7, S°,
SO4?). These calculations help connect spectral results with changes in electronic structures.

Ex situ spectroscopy provides useful information on sulfur species and metal valence changes before and after
reaction. In CuBTC, methanol/UV regeneration moves Cu 2p peaks closer to the fresh CuBTC sample and recovers
the low-angle XRD intensity. These results indicate partial recovery of the Cu electronic environment and framework
structure. However, they do not directly prove complete reversible reconstruction of the material [60]. Similar
Cu'/Cu?" redox cycling mediating H,S mineralization has been observed in bivalent Cu-MOFs (PCN-6-M), where
adsorbed H,S is converted to sulfide, sulfur, and sulfate species [118]. These ex situ XPS/XRD sequences, although
not strictly operando, allow comparison of interfacial states before H,S exposure, after exposure, and after
regeneration, but do not directly resolve their temporal evolution.

In situ monitoring offers more direct temporal resolution. In Cu-MOF-derived Cu/NBC-600-1, in situ
DRIFTS recorded under 25 °C, 70% relative humidity, and 20% O, reveals that vibrational peaks attributable to
sulfate species increase continuously over time, supporting the progressive formation of oxidized sulfur species at
the catalyst surface [30]. In HKUST-1, diffuse reflectance DRUV-Vis-NIR spectroscopy during H,S exposure (20
mbar) captures a real-time shift of the ligand-to-metal charge transfer (LMCT) band to ~470 nm and a blue-shift of
the d-d band to ~687 nm with decreased intensity, indicating that the coordination sphere of copper is strongly
perturbed upon H,S interaction [61]. Together with the FTIR, Raman, and powder X-ray diffraction (PXRD)
results, these optical changes indicate progressive perturbation of the Cu coordination environment and the
eventual formation of covellite CuS at higher H,S pressures [61].

XAS can extend this capability to coordination geometry. The sensitivity of XAS to short-range atomic order
makes it particularly suitable for MOF-derived materials where long-range crystallinity is partially lost [60].
However, the CuBTC and Cu(BDC),s(BDC-NH»)o5s regeneration results discussed above were obtained from
XPS, XRD, and surface-area measurements rather than XAS and therefore should not be presented as XAS
evidence. Within the literature reviewed here, genuinely operando XAS studies of H,S removal by MOF-based
materials remain scarce. XAS is therefore better positioned as a promising but underutilized method. Future studies
should correlate X-ray absorption near-edge structure (XANES) edge and white-line changes and extended X-ray
absorption fine structure (EXAFS)-derived coordination numbers and M-S bond distances with simultaneous H>S
breakthrough, conversion, or product-formation data under working conditions.

Density functional theory has also become a powerful tool for elucidating the atomistic mechanism of H>S
adsorption, sulfur accumulation, and regeneration. For example, Zhang et al. [107] studied the valence state
evolution of sulfur on UiO-66 through the DFT method and identified a stepwise path: H,S — HS* — S* — S;.
During this process, H»S is selectively oxidized to multiple sulfurs. Chen et al. [113] used DFT calculations to
reveal the energy barriers corresponding to the sulfur removal during thermal regeneration and oxidative
regeneration processes. They pointed out that the metal centers in MOFs have different binding strengths for sulfur
species, with Fe-CUS > Cu-CUS > Zn-CUS. This fundamentally determines the differences in the stability of the
generated metal sulfide phases. For Cu-MOFs, experimental studies have shown that the CuS formed upon
exposure to HaS can be (partially) reversed by annealing at relatively low temperatures (approximately 180 °C
under N protection) [107]. Therefore, these calculation methods can provide an in-depth understanding of the
reversibility and irreversibility of the transformation of active sites at the atomic level.

MOFs and their derived materials possess a vast chemical space, making it difficult to conduct comprehensive
experimental screening. Machine learning (ML) offers a data-driven alternative for rapidly predicting H»S
adsorption performance and guiding material design. Tree-based ensemble methods, such as Random Forest (RF)
and Extreme Gradient Boosting (XGB), and Light Gradient Boosting Machine (LGBM) are commonly used
algorithms for MOF adsorption studies that are particularly effective in feature importance analysis [151]. They
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can identify which structures or chemical descriptors (such as pore volume, metal electronegativity, nitrogen
content) have the strongest correlation with gas adsorption capacity. For example, a recent study utilized a dataset
containing 676 entries to develop five ML models to correlate the characteristics of adsorbents, adsorption
conditions, and adsorbate characteristics with the influencing factors that affect the sulfur adsorption capacity of
MOF samples [152], but it was constructed for the liquid-phase adsorptive desulfurization of thiophenic
compounds (benzothiophene, dibenzothiophene, and 4,6-dimethyldibenzothiophene) from model fuel, not for gas-
phase H»S. Of the five algorithms compared, the multilayer perceptron performed best (test MSE 0.0032), whereas
the random forest model was the weakest (test MSE 0.0045), which the authors attributed to overfitting. Two of
these findings are nevertheless instructive for H,S. First, the dominant descriptors were process variables, with
SHAP values of 0.51 and 0.37 for initial sulfur concentration and contact time, respectively, whereas the authors
reported that adsorbent structure accounted for approximately 36% of the overall contribution. These values are
reported according to the metrics used in the original study and should not be interpreted as directly normalized
quantities on the same scale. Second, the optimized material (Zr-MOF, 5.96 nm pores) reflects the steric demands
of polycyclic thiophenes and is not transferable to H,S. Current models largely encode operating conditions rather
than material design rules, and contain no descriptor for the state-dependent active site properties, such as redox
accessibility, coordination flexibility, sulfur-binding energetics; these properties govern H»S capture and
regeneration. A H,S-specific dataset including such dynamic descriptors is therefore a prerequisite, not an optional
refinement. Studies that do address H»S directly remain scarce, but they demonstrate the feasibility of this route.
He et al. [153] utilized an RF model to efficiently identify and design MOF materials with excellent H,S/CH4
separation performance from a vast MOF database.

In summary, no single technique captures how active sites change during H»S removal, so the methods are
ranked by how directly they observe it. Comparing fresh and spent samples (ex sizu XPS/XRD) shows which states
a site can reach, but not whether it returns the same way. Repeating this after each regeneration shows whether a
state reappears, supporting apparent reversibility. /n situ DRIFTS and DRUV-Vis-NIR, with XAS under the
reacting gas, follow intermediates as they form. Operando measurement, recorded simultaneously with
breakthrough or conversion, gives the strongest evidence, because it links a structural change to performance under
working conditions; this is the basis on which reversibility is assigned. Static DFT and ab initio molecular
dynamics (AIMD) test whether a pathway is feasible; they do not observe it. When appropriately integrated, these
approaches can establish a more defensible correlation between spectral signatures, coordination changes, sulfur
speciation, and adsorption-regeneration performance, thereby strengthening the mechanistic foundation for
dynamic active site engineering.

7. Future Perspectives

Significant progress has been made in developing MOF-based H,S adsorbents. However, current research
still mainly depends on experimental optimization rather than mechanism-guided design [1]. This review shows
that removal performance is controlled not only by the properties of individual active sites but also by their state-
dependent changes during adsorption, sulfur conversion, and regeneration [60]. Future research should move from
constructing highly active materials toward understanding and controlling dynamic catalytic interfaces operating
under realistic reaction environments.

One important challenge is to develop quantitative descriptors that connect active site changes with
adsorption performance. Current studies commonly evaluate catalyst activity based on equilibrium adsorption
capacity or breakthrough time. However, changes in metal valence, coordination environment, sulfur species, and
interfacial electron distribution during operation are rarely considered [60]. As demonstrated throughout this
review, active sites can change under reaction conditions, and these transient states frequently determine catalytic
behavior more strongly than the initial catalyst structure. Future studies should focus on operationalizing dynamic
descriptors (Table 6), including metal redox behavior, coordination flexibility, sulfur-binding energetics, sulfur
speciation and interfacial charge transfer. These descriptors can connect atomic-scale changes with overall
adsorption performance [44]. They can also provide a common method to compare different MOF-based
adsorbents and support mechanism-based material design.

Artificial intelligence (Al) offers new opportunities for faster catalyst development [154]. Traditional MOF
design mainly relies on repeated synthesis and experimental testing. This process becomes less efficient as the
composition and structure of MOFs become more complex [154]. Data-driven methods can improve this process
by combining computational results, experimental databases, and machine-learning algorithms. Future AI models
should incorporate descriptors directly related to dynamic active site evolution, including metal redox accessibility,
sulfur-binding energetics, coordination flexibility, and interfacial electron redistribution [155]. Combining DFT
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calculations with graph neural networks, Bayesian optimization, and autonomous experimentation could enable
inverse design of MOF architectures possessing desired dynamic reconstruction characteristics [154]. In addition,
adding operando characterization data into machine-learning models can help predict how catalysts change during
adsorption-regeneration cycles instead of only using initial structural information [44]. Such closed-loop platforms
combining computation, artificial intelligence, and automated synthesis are expected to transform catalyst
development from trial-and-error optimization to predictive materials engineering.

Table 6. Operationalization of dynamic active-site descriptors for MOF-based H2S adsorbents.

Descriptors Operational Definition How to Obtain
Redox accessibility Fraction of meFal centres returning to the pristine oxidation state XPS/XAS

after regeneration
Coordination flexibility Reversible change in metal coordination number/bond length EXAFS/AIMD
Sulfur-binding energetics  E.gs of HS, HS, S at the site DFT
Sulfur speciation Fraction of captured sulfur as S*>/S%S04>" XPS
Interfacial charge transfer Change in metal-centre binding energy or Bader charge XPS/XAS/DFT

Another important issue is the evaluation of adsorbents under real operating conditions [1]. Most reported
studies employ dilute H,S streams with inert gases under constant temperature and humidity. These experiments
provide useful information but do not fully represent practical gas purification processes. Industrial gas streams,
including biogas, natural gas, coke oven gas, synthesis gas, and landfill gas, typically contain CO,, H,O, O, NH3,
volatile organic compounds, siloxanes, and other sulfur-containing compounds. These components can compete
for adsorption sites or alter sulfur transformation pathways [155]. In addition, changes in temperature, pressure,
and operation mode further affect catalyst behavior. Under these conditions, active site evolution becomes more
complex because adsorption, oxidation, reduction, and regeneration occur simultaneously at heterogeneous
interfaces. Future studies should focus on long-term cyclic tests using multicomponent gas mixtures. Important
factors include competitive adsorption, sulfur speciation, catalyst durability, and dynamic structural reconstruction
in realistic conditions [44]. Connecting laboratory studies with industrial conditions is necessary to confirm the
proposed mechanisms and identify practical limitations.

To transform the laboratory’s success into industrially viable technology, future research must address the
significant economic and scalability gap between MOFs and commercial benchmark products. Reported research-
grade catalogue prices for selected MOFs (8802200 US dollars per kilogram) are higher than the corresponding
prices reported for activated carbon (93 US dollars per kilogram) and solid amine adsorbers (484 US dollars per
kilogram) [156,157]. These values are not production costs and should not be generalized across materials or
production scales. Although the following assessment was conducted for gas-storage MOFs rather than H-S
removal, a process-based techno-economic analysis of four representative MOFs at a 2.5 Mkg per year scale
projects only 35-71 US dollars per kilogram for baseline solvothermal synthesis and 13-36 US dollars per
kilogram for liquid-assisted-grinding or aqueous routes, with below 10 US dollars per kilogram identified as
attainable [158]. Large-scale production nevertheless remains constrained by the challenges of continuous high-
yield synthesis and binder-assisted molding technologies [156,157]. Future research should not compete with low-
cost conventional commercial adsorbents, but should strategically target high-value application areas, such as
biogas purification and electronic gas purification, where the higher selectivity of MOFs may justify their higher
costs. At the same time, developing carbon materials derived from MOFs (estimated at 10-30 US dollars per
kilogram; this figure remains a rough estimate pending dedicated techno-economic assessment) is a practical path
to bridge the performance and cost gap. Overcoming these two obstacles through innovative low-cost synthesis
and precise market positioning will be the key to realizing the potential of MOF-based hydrogen sulfide removal
technology in industry.

Future research should combine real-time characterization with density functional theory, molecular
dynamics, kinetic simulations, and machine-learning-assisted data analysis. These methods can help establish
relationships linking atomic-scale evolution, intermediate formation, sulfur transport, and macroscopic adsorption
performance [155]. Such integrated strategies can support catalyst design by considering the whole evolution
process of active sites instead of only comparing the material before and after reaction.

Future MOF-based H,S-removal materials should increasingly be viewed as dynamic porous systems in
which adsorption sites and reactive interfaces can evolve under operating conditions. The ability to control
structural reconstruction, interfacial electron transfer, sulfur migration, and regeneration behavior will determine
whether high initial activity can be maintained during long-term operation. Achieving this objective requires
cooperation among materials chemistry, catalysis, spectroscopy, computational science, artificial intelligence, and
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process engineering. By integrating these complementary disciplines, dynamic active site engineering is expected
to evolve from a mechanistic concept into a practical design strategy for highly regenerable adsorbents operating
under realistic gas purification conditions. These developments can improve H,S removal technologies and
provide new ideas for designing adaptive porous catalysts for sustainable environmental and energy applications.

Ultimately, in order to advance the MOF-based H»S adsorbents from the proof-of-concept stage to practical
application, a standardized cyclic evaluation protocol is urgently needed in this field. We propose a benchmark of
at least 5 consecutive adsorption-regeneration cycles with regeneration conditions reported explicitly. This
threshold is set at the level already achieved by the best-documented studies here rather than imposed arbitrarily
(only 3 of 17 entries in Table 5 report > 5 cycles; longer tests are preferable where feasible). A common baseline
of this kind would make retention data comparable across studies and support more reliable assessment of long-
term behavior.

8. Conclusions

MOF-based adsorbents have created new opportunities for H>S removal by controlling pore structures, metal
coordination environments, and interfacial functionalities. However, most previous studies have focused on initial
adsorption capacity and breakthrough performance. The changes of active sites during sulfur adsorption and
regeneration are still not fully understood. This review shows that H,S removal is not a simple adsorption process.
It involves several continuous steps, including molecular adsorption, surface activation, sulfur transformation,
interface reconstruction, and active site recovery.

The development of pristine MOFs to functionalized, derived, and hybrid materials shows the importance of
synergistic regulation of metal sites, functional groups, pore structures, and interfaces. Future material designs should
prioritize not only increasing adsorption sites but also enhancing active site adaptability and regeneration stability.

During H,S removal, metal species, nitrogen functionalities, and sulfur intermediates undergo state-
dependent electronic and structural changes, which can influence adsorption efficiency and regeneration behavior.
Therefore, active sites in MOF-based adsorbents should be regarded as dynamic entities rather than fixed
adsorption centers. Regeneration strategies, including thermal and chemical approaches, should be integrated into
material design by considering sulfur migration, metal-sulfur interaction, and interfacial reconstruction.

Future studies should focus on establishing relationships between dynamic structural changes and overall
performance. The combination of operando characterization, multiscale simulations, and Al-guided materials design
may help develop MOF structures with better adsorption and regeneration performance. At the same time, practical
applications require further testing under real gas mixtures, long-term operation, and scalable preparation conditions.

Overall, dynamic active site engineering provides a new way to understand and design regenerable MOF-based
H,S adsorbents. Controlling molecular interaction and regulating interface changes can help future materials move
beyond high initial adsorption capacity toward stable, energy-saving, and practical sulfur purification technologies.
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