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Abstract

Sulfur compounds are extremely toxic and highly corrosive (e.g. mercaptans and hydrogen sulfide)
and are commonly found in natural gas streams and can be damaging even if only minute amounts
are present in natural gas streams because it can affect the quality of fuels and cause failure of
downstream equipment. Many metal oxides have been used as adsorbent/catalyst for the removal of
sulfur compounds from natural gas; however, they vary greatly in how well they can remove sulfur
compounds, and the underlying mechanisms of these processes are still not fully understood.
Therefore, the purpose of this study was to examine the adsorption/removal performance of many
metal oxides on halloysite support at the same conditions to identify the relationship between the
electronic properties (specifically bandgap energy) and breakthrough time (a measure of
removal/adsorption efficiency). The experimental results indicate large differences in the adsorption
performance of the studied oxides and some commercial metal oxides had lower than expected
adsorption performance. Conversely, all the studied oxides with the lowest bandgap energies
showed higher sulfur compound (e.g. ethyl mercaptan) uptake and longer breakthrough times
indicating that the electronic properties of the oxides are important in determining the strength of
interaction between the sulfur compounds and the metal oxide. The experimental results from this
study will provide understanding of why certain metal oxides may not perform as good as others
during natural gas desulfurization and assist in developing a systematic method for selecting
adsorbents/catalysts that will improve the overall natural gas desulfurization process. Furthermore,
incorporating palladium oxides into the base catalyst formulation achieved a maximum
breakthrough time of 630 minutes at 25°C 200 psi, and 36 mL/min. These findings provide critical
insights for developing catalysts that integrate metal oxides to enhance adsorption efficiency while
reducing hazardous byproducts during sulfur compounds (e.g. mercaptans and hydrogen sulfide)
removal from natural gas.

Keywords: metal oxides; transition-metals; bandgap; breakthrough time; mercaptan; adsorption

1. Introduction

Sulfur compounds (e.g. ethanethiol, CH;CH,SH) are colorless gas with a characteristic odor
resembling rotten or cooked cabbage. They are common volatile organic compound found in natural
gas, petroleum gas, and water gas [1]. Ethyl mercaptan has an exceptionally low odor detection
threshold, around 0.002 ppm, but is highly toxic at relatively high concentrations. It can poison
catalysts used in methanol and ammonia synthesis. For instance, just 4 mg of sulfur per gram of Fe-
Cu-K catalyst can reduce the catalyst's activity in the Fischer-Tropsch process by approximately 50%.
Consequently, it is crucial to completely remove sulfur compounds (e.g. mercaptans) from supply

gas [2].
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Beyond economic implications, sulfur compounds also pose environmental risks. In the
troposphere and stratosphere, they undergo a series of oxidation steps that ultimately form sulfur
dioxide (SO.) and, subsequently, sulfuric acid (H.SO,). Once formed, sulfuric acid contributes to
sulfate aerosols, which are well known to modify atmospheric radiative balance by scattering
incoming solar radiation and enhancing cloud formation. These aerosols are therefore linked to
regional climate forcing and acid deposition [3,4]. This effect arises after oxidation, not during the
oxidation reaction itself but because of the sulfate aerosol particles produced. [5]. Over recent
decades, substantial efforts have focused on the effective removal of sulfur compounds (e.g.
mercaptans and hydrogen sulfide) from gas streams due to its significant impact in industrial
catalysis and atmospheric chemistry [6-10].

Various methods have been employed to remove mercaptans from gas streams, including
adsorption [11], photocatalytic oxidation [12], catalytic incineration [13], thermal decomposition
(CHsCH,SH — Hydrocarbons + H,S) [14], and biological degradation [15,16]. Each of these methods
has unique advantages and limitations, with varying degrees of cost-effectiveness. Among these,
catalytic oxidation is regarded as a highly effective approach for the complete removal of mercaptans
from natural gas due to its high desulfurization efficiency, mild operating conditions, and low cost.
This method also produces minimal byproducts, making it a cost-effective and environmentally
favorable option [17,18].

Activated carbons are widely recognized for their outstanding capacity to remove certain acidic
gases due to their porosity, large internal surface area, and surface chemistry. The use of activated
carbon to eliminate mercaptans is well documented in literature [19-22]. Previous studies discovered
that at room temperature, mercaptans adsorbed on activated carbon and quickly oxidize to diethyl
disulfide, which stays highly adsorbed on the carbon surface [23,24]. Pore size, pore volume and
surface area all have a significant impact on activated carbon adsorption capacity. Chemical and
thermal treatments, as well as impregnation methods, can be applied to modify the functional groups
of the carbon surface [25]. Furthermore, alkali metals (e.g., K, Na), alkaline earth metals (e.g., Mg,
Ca), transition metal oxides (e.g., CuO, ZnO, NiO), and rare earth metal oxides (e.g., CeO,, La,Os)
have been demonstrated to be outstanding active components [26].

The sulfur compounds (e.g. ethyl mercaptan) first anchor onto the alkaline sites of the catalyst
surface and then migrate by surface diffusion toward the nearby redox-active centers, where it
undergoes oxidative transformation into the corresponding products [27]. Choosing an appropriate
catalyst is essential for efficient removal of mercaptan. Most studies utilize two types of catalysts for
treating mercaptans (e.g. CH;CH,SH): supported and unsupported catalysts. Supported catalysts are
further classified based on the type of support material used. Oxide supports can be either non-
metallic, such as activated carbon [28], or metallic, such as Al;O; and TiO; [29]. Unsupported catalysts
typically involve layered double hydroxides (LDHs) and mixed metal oxides (MMOs) [30]. Heating
LDHs to a specific temperature result in MMO catalysts, which are favored for their high dispersion,
large specific surface area, and synergistic interactions with different metal oxides [31,32]. The
application of solid alkaline-based material catalysts has proven successful for the catalytic oxidation
of sulfur-based VOCs over a variety of operational ranges [33]. Catalyst performance is significantly
affected by metal composition since the selection of metal components influences how individual
oxides will interact with LDH precursors and among themselves [33]. For example, transition metals
like Ni and Fe have demonstrated the ability to enhance electron transport for the oxidation of sulfur-
based species; this may improve both activation and adsorption of the target molecule [34]. As such,
NiCuFe-LDH was synthesized through a coprecipitation route with subsequent thermal treatment at
temperature ranges that have been reported to favor oxide formation while maintaining redox
function [31-34].

In addition, a number of metal-oxide catalysts were prepared using an impregnation method
and tested for sulfur compounds (e.g. mercaptans, hydrogen sulfur) removal. This research
investigates how various metal oxides affect breakthrough behavior (measure of adsorption/removal
efficiency) and specifically seeks to obtain longer breakthrough times using the same operational
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parameters. Structure-performance relationships were established between the catalysts and their
characterization using FTIR, EDS and BET surface analysis. The data provided practical knowledge
about the treatment of sulfur compounds like mercaptans and a basis for choosing and designing
metal-oxide catalysts that have improved adsorption properties.

1.1. The Transition Metal Oxides

Transition metal oxides (TMOs) are being employed as catalysts due to their high levels of
structural durability and high degree of chemical versatility that allows them to operate well within
difficult reaction conditions. The growing use of TMOs is also a result of their ability to function well
in electrochemical systems and electronic materials. More importantly, however, TMOs are becoming
increasingly popular in the field of gas phase catalysis, where both structural durability and
resistance to deactivation are essential. Recent experimental and mechanistic studies of reactions
occurring between ethyl-mercaptan and transition metal oxide surfaces have provided considerable
insight into how these reactions occur at the gas/solid interfaces of TMOs and the role that both the
electronic structure of the surface and metal-sulfur interactions play [35].

Catalytic activity of TMOs can be influenced by changes in both composition and surface
chemistry, which will in turn influence the amount of acidity/basicity/redox activity available on the
surface [36]. The availability of acidity/basicity/redox activity on the surface will determine how
sulfur containing species will initially adsorb onto the surface, be activated, and then transformed on
the surface. Lewis’s acid-base interactions assist in the initial adsorption of sulfur containing species
onto the surface, whereas redox active sites facilitate the electron transfer during subsequent reaction
steps [37]. TMO support also provides contributions to the overall catalytic performance of TMO
based catalysts by stabilizing intermediate products formed during the reaction and facilitating an
exchange of oxygen with the environment which ultimately influences the overall reaction pathway
and long-term stability of the catalyst. Therefore, careful management of surface chemistry is critical
to achieving optimal TMO based catalysts for heterogeneous sulfur removal applications. Advances
in surface science have enabled detailed investigations of TMO surface structures, compositions, and
electrical properties. These insights are highly relevant to the present work because the same surface
characteristics, particularly defect density, metal-support interactions, and nanoscale electronic
effects governs how CH3;CH,SH anchors, migrates, and ultimately oxidized on the catalysts [38].

TMOs are used as photocatalysts and electrocatalysts and are active in various chemical
reactions, such as oxidation, selective oxidation, reduction, dehydrogenation, the water-gas shift
reaction (WGS), and CO, hydrogenation. For example, FeO/Pt and CuO/Ag catalysts show high
reactivity for aerobic oxidation of benzyl alcohol, with the metal-oxide interface acting as the active
site. Mixed-valent manganese oxides exhibit redox versatility and can form structures like layered,
spinel, perovskite, and bixbyite, with oxidation states ranging from 2+ to 4+ [39]. Studies have also
developed MnO,@FeOOH catalysts for formaldehyde removal in indoor air, where reactive oxygen
species (ROS) generated on the catalyst surface facilitate oxidation. Superoxide anions are
instrumental in this oxidation process, as shown by ROS quenching experiments in both aqueous and
gaseous phases [40].

Applying an ultrathin MnO, coating on FeOOH reduces electron transfer resistance and
increases surface oxygen vacancies, which aids in ROS production [41]. Lithium-promoted
mesoporous manganese oxides, used for mild oxidation of allyl ethers, also exhibit enhanced surface
activity due to lithium'’s influence on radical pathways [42]. Other examples include Al;Os-supported
vanadia (VOx) and MoQOs-Fe,O;3 catalysts, which are effective in oxidative dehydrogenation (ODH)
of alkanes such as ethane and propane to octane [43-46]. CeO,-x/Co0O;-x/Co interfaces have shown
promising WGS activity, with CeO,-x modulating Co oxidation states, reducing Co poisoning, and
enhancing H; production [47]. A Ni-NiOx-Y,O; catalyst has also been shown to outperform pure Ni
catalysts in WGS reactions, delivering high reactivity at moderate temperatures.

In electrochemical applications, molybdenum-based oxides are preferred for their versatile
crystal structures and adjustable Mo oxidation states. Defect Engineering is an effective method for
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increasing catalytic performance. Defects are formed through the introduction of oxygen vacancies,
which decrease the barrier to electron flow and increase the movement of ions through the lattice of
the oxide. A good example of this defect engineered catalyst is mesoporous MoOx that was
synthesized using an inverse micelle route, which has shown an increase in the activity and selectivity
in electrophilic aromatic substitution involving benzyl alcohol to methyl-diphenylmethane [48].
Oxygen vacancies have a major role in maintaining and creating active sites when rapid charge
redistribution occurs and repeated reaction cycles occur allowing for sustained catalytic activity [49].

1.2. Selection of TMOs for the Catalyst Preparation

Based on their properties and characteristics, researchers have focused on band-gap size,
chemical reactivity and cost as key factors linked to effective desulfurization [50]. This study
compared the reactivity of ethyl mercaptan on various metal oxides, including ZnO, Cu,O, MnO, and
NiO supported on halloysite, and established the following reactivity order: Al,Os; < NiO < ZnO <
Cu0 < MnO. Although alumina exhibited the roughest surface, it showed the lowest reactivity
toward sulfur, indicating that surface defect sites alone could not account for the observed trend. In
heterogeneous catalysis, the band gap: the energy difference between the valence band (filled states)
and the conduction band (empty states), governs the ease with which electron transfer occurs
between the adsorbate and the catalyst surface. Materials with narrower band gaps generally
facilitate stronger S-M interactions because electrons can more readily participate in bond formation
or redox steps. Thus, differences in metal-oxide band gaps provide a more consistent explanation for
the observed reactivity sequence than surface morphology alone.

The activity of these metal oxides is further influenced by factors such as porosity, limited
surface area, low resistance to sintering at elevated temperatures, and attrition. Metal oxides with
narrower band gaps, such as PdO (BG 0.8 eV), CuO (BG 2.1 eV), ZnO (BG 3.3 V), and CeO2 (BG 3.2
eV), demonstrate higher reactivity toward mercaptans, as illustrated in Figure 1. Narrower band gaps
result in less stable valence bands, leading to stronger bonding interactions between the oxide and
HS or S species due to the increased reactivity of a less stable oxide valence band [51].

In comparison, the metallic Cu bands provide better energy alignment with the frontier orbitals
of sulfur than alumina bands [52]. Cu particles supported on alumina experience electronic
perturbations; however, these perturbations are insufficient to fully bridge the energy differences
observed when compared to metallic copper.
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Figure 1. The Bandgap of the selected metal oxides [53-55].

The influence of adsorption energy on the partially occupied orbitals in HS and S (denoted as
ECB) and the top of the valence band energy of the metal oxide (EVB) was analyzed using
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perturbation theory [56,57]. This relationship is expressed by the proportionality QxEVB-ECB.
Insights into the interactions between adsorbates and metal surfaces have led to key descriptors for
binding and catalysis, significantly impacting the design of metal catalysts. The experimental results
indicate that oxides with lower band-gap energies exhibit enhanced reactivity toward sulfur-
containing molecules, suggesting that electronic structure plays a controlling role in adsorption
behavior.

2. Results and Discussion

The observed trends were placed into context with the previously conducted research on metal-
oxide desulfurization and it closely align with the metal-retention challenges identified in our
samples prepared by filtration methods, which have been found to result in the same type of metal
retention issues [58,59] as those reported here. Filtration methods have also been shown to result in
the loss of active metals and non-uniform deposition on the support, which is expected to limit the
amount of adsorption sites available and accelerate degradation of performance over time when
exposed to sulfur compounds [60]. Therefore, the significance of the data collected in this study was
due to the demonstration that metal retention during the sample preparation process significantly
impacts both adsorption efficiency (i.e., break-through behavior) and operational stability. These
findings indicate a need to develop new sample preparation techniques that do not include filtration
induced losses, which will be investigated in further detail in future work.

2.1. The Analysis of Breakthrough Time

2.1.1. Single Metal on the Halloysite Support

The breakthrough behavior of ethyl mercaptan over halloysite-supported single-metal oxides
catalyst are shown in Figure 2, demonstrating the differences in adsorption performance (measure of
removal efficiency) among the various catalysts tested.

The zinc oxide reached breakthrough after 210 minutes of testing, demonstrating a useful
interaction with sulfur compounds. The breakthrough observed with zinc oxide is consistent with
the electronic characteristics of ZnO; the relatively low band gap of ZnO provides an opportunity for
charge transfer between the adsorbed sulfur species and the surface oxygen sites on the ZnO, thus
providing a means of sustaining chemisorption and extending the time required for saturation to
occur.

Copper oxide showed a similar but better response than zinc oxide, reaching breakthrough time
after 215 minutes of testing. Copper oxide is characterized by its ability to rapidly redistribute
electrons on the surface due to the relatively small band gap of CuO; these characteristics favor the
polarizing of the Cu-S bond and facilitate the activation of thiol groups on the copper surface and
sustain adsorption; this resulted in a slight increase in breakthrough time relative to ZnO [39].

Of the single-metal oxides tested, manganese oxide showed the greatest response to sulfur
compounds, with a breakthrough delayed to 240 minutes. Although MnO does not possess the
smallest band gap among the metal oxides tested, it is believed that the redox active Mn?*/Mn?3*
chemistry of MnO contributes to the continued interaction with sulfur-containing molecules. The
redox flexibility exhibited by MnO limits the early site saturation and results in a higher overall
uptake. Additionally, the increased ionic radius of Mn?* relative to Zn?* and Cu?* creates a greater
degree of adaptability in the coordination of sulfur containing molecules on the halloysite surface,
which would also serve to enhance the stability of sulfur adsorption [61].

Unlike the other metal oxides, nickel oxide behaved differently, with a rapid breakthrough time
at approximately 32 minutes of testing. The rapid breakthrough observed with nickel oxide
demonstrates an early saturation of the Ni?* sites on the support (halloysite) with sulfur compounds
and as such, suggests that there was limited effective interaction between the nickel sites and ethyl
mercaptan under the test conditions used. NiO has a comparatively wider bandgap and less
advantageous band-edge positions, restricting surface electron mobility and limiting the strength of
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Ni-S interactions. These electronic constraints reduce the availability of reactive surface sites and
hinder sulfur chemisorption, leading to early breakthroughs. Similar behavior has been reported for
sulfur compounds, where wide-band-gap oxides exhibited weak electron exchange and poor
adsorption strength [62]. Reduced chemisorption has also been observed with non-sulfur molecules
such as CO and NO on insulating oxides, further confirming that limited electronic flexibility
suppresses surface reactivity [63].

Single Metal on Halloysite Support Catalyst

60

50 —— Copper Catalyst

—— Manganese Catalyst

40 Zinc Catalyst

Nickel Catalyst

Breakthrough
30

20

Sulfur Compounds Concentration (ppm)

-50 0] 50 100 150 200 250 300 350

-10 Breakthrough Time (minutes)

Figure 2. Single metal on halloysite support catalyst performance.

2.1.2. Multiple Metals on the Halloysite Support

The single-metal results in Figure 2 show that although ZnO, CuO, and MnO individually
demonstrated moderate to strong sulfur (e.g. mercaptans, H2S) adsorption, no single metal provided
an optimal balance of bandgap energy, redox flexibility, and sulfur-binding strength compared to
previous work [17]. Each oxide exhibited specific strengths such as MnO’s long breakthrough time
or CuQO’s strong charge-transfer capability but also clear limitations, including NiO’s poor
performance and the restricted adsorption capacity of the other single-metal systems. These findings
indicated that sulfur compounds adsorption is controlled by multiple simultaneous electronic and
structural factors that no single oxide can fully satisfy. This motivated the transition to multi-metal
formulations, where combining complementary metals could enhance oxygen-vacancy density,
broaden redox behavior, and strengthen sulfur-metal interactions, ultimately enabling superior
breakthrough performance beyond what single-metal catalysts could achieve.

Figure 3 compares the breakthrough performance of sulfur compounds across the base catalyst
system (Zn-Cu-Mn-Ni on halloysite) and its modified formulations containing (one at a time) Mg,
Ag, Co, Ce, Pd, and Ce as a replacement for Ni. The base catalyst provides 290 minutes of removal of
sulfur compounds at 10 ppm before the breakthrough time, when tested under conditions of 200 psi
and a gas flow rate of 36 mL/min at 25°C. The observed performance of the catalyst was due to the
additive effects of all four included metal oxides as opposed to one metal oxide being dominant. The
combination of band gap energy differences, and redox activity, results in surface oxygen vacancy
formation, and charge transfer through the surface that allows sulfur to be retained on the surface for
a greater amount of time. Therefore, the increased break-through time (BT) of the base catalyst
demonstrates that it has more surface interactions than other single-metal catalysts and is less likely
to undergo sulfur poisoning during catalytic operations.

The addition of magnesium to the base catalyst resulted in a decrease to approximately 180
minutes of BT, or a loss in performance of 50%. Although MgO can stabilize nickel and enhance
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oxygen mobility in some catalyst systems [64,65], its addition in this context diluted the concentration
of redox-active transition-metal sites necessary for strong sulfur bonding. Consequently, Mg acted
more as a structural promoter than a functional sulfur-binding species, lowering the overall electron-
transfer capacity and shortening the adsorption lifespan.

Silver-modified catalyst exhibited only a slight improvement relative to the base system, with
breakthrough occurring at 310 min. Despite its electronic similarity to Cu, Ag rapidly forms
multilayer Ag,S films at room temperature, passivating the surface and blocking further sulfur
chemisorption [66,67]. The limited enhancement is therefore attributed to fast silver sulfide
formation, which reduces the number of accessible metal sites and restricts sulfur uptake. This
deactivation mechanism aligns with established behavior of Ag in sulfur environments [68].

The cobalt-modified catalyst also demonstrated reduced performance, showing breakthrough at
160 min. While Co;O, normally promotes thiol oxidation due to its mixed Co?"/Co*" redox centers
and spinel structure, EDS analysis (Figure 5) revealed that most cobalt was lost during filtration likely
due to acetic-acid-induced multilayer formation that prevented uniform deposition. As a result, the
intended redox enhancement was not realized, and the catalyst instead exhibited diminished sulfur
adsorption relative to the baseline formulation.

Cerium was shown to be an effective promoter of sulfur adsorption, with a break-through time
of about 420 minutes compared to 300 minutes for the base catalyst. The increased adsorption is
attributed to the redox properties of ceria and the ability of reversible Ce%/Ceo site changes and
oxygen vacancy formation to form stronger interactions with surface bound sulfur. Although the
increase in adsorption capacity due to the addition of ceria was significant, it was less than would
have been expected based on prior studies of redox active materials [69,70]. Prior studies showed a
higher affinity of transition metals to bind sulfur than was observed with ceria. The difference may
be due to interactions between ceria and the silica portion of the halloysite support. These interactions
can result in the formation of amorphous cerium silicates, which are known to decrease the number
of surface ceria sites (Ce®*) available for sulfur adsorption as well as the amount of oxygen vacancies
present in the surface [71,72].

Addition of palladium resulted in the largest increase in adsorption capacity of any additive
tested. Palladium increased the breakthrough time to just under 630 minutes or almost double the
base catalyst. The large increase in adsorption capacity due to palladium is consistent with the narrow
band gap of PdO and the ability of palladium to form strong bonds with sulfur. During adsorption,
the Pd-O bond breaks and a Pd-S bond forms. The energy required for the breaking of the Pd-O bond
is reflected in a shift in the Pd core level binding energy. The incorporation of palladium into a metal
oxide matrix has been previously demonstrated to produce cooperative effects between the
palladium and other metal oxides in the matrix. In particular, the electronic states of the surrounding
metal oxides (ZnO, CuO, NiO, and MnO) allow for charge redistribution at the palladium/sulfur
interface. Cooperative effects such as these have been shown to enhance sulfur activation greater than
what palladium oxide alone could accomplish [73,74]. Therefore, the combination of strong S-Pd
bonds and cooperative effects within the composite matrix results in long term adsorption, resulting
in the largest increase in adsorption capacity of any additive tested.

Lastly, replacing nickel in the base composition with ceria increased the break-through time to
approximately 570 minutes, producing a very large increase in adsorption capacity. NiO can occupy
interstitial vacancies and limit the formation of active oxygen-deficient sites, so its removal increases
the availability of CeO, redox centers and the density of surface defects. The enhanced breakthrough
performance suggests that CeO, is a more effective sulfur-adsorbing component than NiO under
these conditions, and that nickel may have hindered vacancy formation within the base catalyst
structure.

Overall, the multi-metal comparison clearly demonstrates that sulfur compound
adsorption/removal performance is governed by a combination of bandgap size, redox flexibility,
oxygen vacancy concentration, and metal-sulfur binding strength. Pd and Ce produced the most
substantial improvements, while Mg, Ag, and Co provided little or negative contributions. These
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results highlight the importance of electronic structure and surface defect engineering in designing
high-efficiency sulfur adsorption catalysts.

Multiple Metals on Halloysite Support Catalyst
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Figure 3. Multiple metals adsorption performance.

FTIR Analysis and Catalytic Implications of Multi-Metal Catalyst

Figure 4 presents the FTIR spectra of the base catalyst (Zn-Cu-Mn-Ni) and the modified
formulations incorporating Pd, Mg, Co, Ce, Ag, and Ce (without Ni). All spectra exhibit the
characteristic vibrational features of halloysite-supported metal oxides, with distinct variations
reflecting the electronic structure and surface chemistry introduced by each incorporated metal
species. These differences directly influence sulfur adsorption by modifying surface hydroxyl
density, Lewis’s acidity, oxygen-vacancy concentration, and metal-sulfur binding strength.

Across all catalysts, broad absorption in the 3600-3000 cm™ region corresponds to O-H stretching
of surface hydroxyl groups and interlayer water. Differences in intensity among samples indicate
varying degrees of surface hydration and hydroxyl density, which are known to influence thiol
adsorption through hydrogen bonding and proton transfer pathways. The weak features around
1630-1650 cm™ are assigned to H-O-H bending, confirming physiosorbed water common to
aluminosilicate supports. The 1000-1100 cm™ region contains the strong Si-O-Si and Si-O-Al
stretching modes of halloysite, while additional shoulders at 900-950 cm™ indicate metal-oxygen
interactions due to metal-O-Al or metal-O-Si linkages. Peaks observed between 650-800 cm™
correspond to Al-O-Si bending and lattice vibrations of incorporated metal oxides.

The base formulation exhibits hydroxyl bands of consistent intensity and a moderate, uniform
shift in the Si-O-Si vibration, indicating that the metal oxides are evenly dispersed on the halloysite
surface without any single species dominating the surface chemistry. The subtle peak near 2360-2400
cm™ suggests weak surface carbonate species, which can interact with thiols. The presence of multiple
transition-metal-oxygen vibrations in the 550-750 cm™ range reflects redox-active metal sites that
support sulfur chemisorption and oxidative transformations.

Pd incorporation causes a noticeable reduction in the O-H band intensity and a stronger, sharper
feature near 950-1000 cm™, indicative of increased metal-oxygen bonding and higher surface electron
density. Palladium-oxygen vibrational influences in the 650-700 cm™ region signal successful PdO
incorporation, enhancing Lewis’s acidity and enabling strong Pd-S chemisorption. These structural
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features are consistent with the FTIR evidence of fewer hydroxyls but more electron-rich Pd sites,
explaining this catalyst’s superior sulfur breakthrough time (630 min).

The Mg-containing catalyst shows a broadened O-H region and increased transmittance around
3700-3500 cm™, indicating stronger Mg-OH formation. The enhanced hydroxyl character increases
basicity but reduces the density of redox-active transition-metal sites. The relatively unchanged Si-
O-Si region and weak metal-O bands suggest that Mg dilutes active sites, aligning with its poorer
breakthrough performance (180 min)

Co-modified samples show new or intensified bands around 660-690 cm™, corresponding to Co-
O vibrations characteristic of CosO, spinel structures. However, the overall spectrum exhibits lower
shifts in the Si-O-5i region, consistent with low Co loading. Limited incorporation reduces oxygen-
vacancy generation and redox activity, explaining its reduced breakthrough time (160 min). Minimal
changes in hydroxyl regions further support weak Co-support interaction.

Ce incorporation produces clear broadening and shifts near 1050-1100 cm™, reflecting Ce-O-Si
interactions and partial cerium-silicate formation. A subtle shoulder around 800-850 cm™!
corresponds to Ce-O vibrational modes. The enhanced O-H intensity suggests increased surface
polarizability and oxygen-vacancy formation associated with Ce%/Cee redox cycling.

The spectral characteristics of this study correlate with the increased retention of sulfur (e.g.
C2H5SH) of the catalyst containing Ce, which achieved breakthrough after approximately 420
minutes; this can be attributed to the formation of Ce-O-S bonds on its surface. On the other hand,
the Ag-modified sample had very little decrease in intensity of the O-H band and very minor changes
in the 900-1100 cm™ area; this suggests poor interaction between Ag-species and halloysite support.
Also, since there are no notable Ag-O bands present, it can be inferred that the Ag-species were not
well-dispersed as Ag,O domains instead of being well-anchored to the surface. This data when
compared with well-documented tendencies of silver forming Ag,S rapidly [66-68], agrees with
minimal performance improvements observed with this catalyst, which reached breakthrough after
approximately 310 minutes due to rapid sulfide passivation. More pronounced spectral changes were
observed when Ni was removed from the formula and replaced by Ce. The addition of Ce caused
more obvious changes in both the hydroxyl region and the Si-O-Al framework vibration, indicating
Ce has a greater impact on the surface chemistry and metal-support interaction of this catalyst
system. The O-H band becomes more intense and slightly shifted, indicating increased hydrogen-
bonding and oxygen-vacancy density. Ce-O features at 760-850 cm™ become more pronounced than
in the Ce*base sample, reflecting higher Ce incorporation.
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Figure 4. FTIR Spectrum of the Multi-metal Catalyst.
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EDS Analysis and Catalytic Implications of Multi-Metal Halloysite Catalyst

The EDS data (Figure 5) demonstrates the presence of each of the four metals used as part of the
catalyst preparation process and shows the relative proportion of these metals present on the
halloysite surface post-synthesis, thus confirming retention of each of the metals through the entire
preparation process. The EDS spectrum obtained from the base catalyst shows the typical signals for
the metals present (Mn, Ni, Cu, and Zn), as well as the Al-Si signals resulting from the halloysite
support. Signals from each of the four metals can be seen clearly in the EDS data acquired from the
halloysite surface, indicating the metals have been incorporated into the halloysite support because
of the synthesis method. The intensity of the metal signal suggests there are no significant variations
in the amount of any of the metals, suggesting they are uniformly distributed on the surface of the
halloysite support. Thus, simultaneous involvement of multiple metal sites in sulfur adsorption will
likely occur; this should eliminate dominance of adsorption by any one metal. This does not imply
the absence of synergy; rather, the catalyst performance reflects the combined effect of multiple
metals whose interactions create a collective, moderate breakthrough response, instead of one metal
dominating the surface chemistry.

When magnesium was added to this system, the EDS plot changes noticeably. The typical
halloysite peaks remain, but Mg itself barely appears. This is not surprising given how soluble
magnesium precursors are and how weakly Mg binds to the aluminosilicate surface. During
filtration, much of the Mg is simply washed away, leaving the catalyst surface practically unchanged
from the base. The poorer adsorption performance of this sample is consistent with what the EDS is
showing, there was very little Mg present to influence catalytic behavior.

Silver tells a similar story, but for different chemical reasons. The base catalyst with Ag shows
only small Ag peaks in the EDS spectrum. Silver ions readily form stable aqueous complexes such as
[Ag(AcO),] - or Ag-acetate species, and without tight control of pH and ionic strength, much of the
Ag remains in solution rather than anchoring to the halloysite surface [75]. Halloysite surfaces exhibit
predominantly positive charges under mildly acidic conditions, offering limited electrostatic
attraction for Ag* complexes and promoting their loss during filtration [76]. Even the Ag that remains
is known to sulfate or sulfurize rapidly upon exposure to thiols, forming passivating Ag,S layers [77].
Thus, the weak EDS signal and the limited improvement in breakthrough time are consistent: a
significant fraction of Ag was removed during filtration, and the fraction retained becomes
chemically deactivated by sulfur species.

Cobalt behaves even more drastically. In the base-with-Co spectrum, the Co peaks are nearly
undetectable, indicating that most of the cobalt precursor was washed away during filtration. Cobalt
acetate remains strongly solvated in aqueous media and undergoes limited hydrolysis or ligand
exchange, preventing the formation of surface-bound Co-OH or Co-O-Si linkages on halloysite [78].
In addition, Co?" interacts weakly with aluminosilicate surfaces because its hydration shell is
comparatively stable and resists dehydration at the interface, reducing its ability to bind to the clay
surface [79]. As a result, the final catalyst contains almost no cobalt, and its adsorption behavior
resembles that of the base material but slightly weaker, since the overall distribution of active metal
sites becomes less uniform.

Cerium, however, is retained very differently, in the base with Ce sample, the Ce peaks stand
out clearly. Cerium has a natural tendency to bind strongly to oxygen-rich surfaces, and Ce
precursors do not wash out easily. The strong EDS signal suggests a meaningful presence of Ce on
the surface, and this aligns with the longer breakthrough observed experimentally. The Ce%/Cee
redox pair and the oxygen vacancies associated with ceria are well-known to interact beneficially
with sulfur compounds, which helps explain the improved sulfur adsorption.

Palladium is also strongly retained, the base with Pd spectrum contains sharp, clean Pd peaks,
which indicate that Pd remains attached to the surface after filtration. Palladium precursors
hydrolyze and anchor well to aluminosilicates, and Pd itself shows strong affinity for sulfur-
containing molecules. It is not surprising that this catalyst shows the longest breakthrough time

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0752.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 January 2026 d0i:10.20944/preprints202601.0752.v1

11 of 21

among all samples; the EDS confirms that Pd is present in enough quantity to influence surface
chemistry significantly.

The final sample, Base (without Ni) + Ce, shows what happens when Ni is removed from the
initial composition. The Ce peaks become stronger compared to the previous Ce-containing sample.
With Ni absence, Ce has more available surface sites to occupy, and the EDS reflects this shift clearly.
The sulfur adsorption tests demonstrated that this formulation was competitive with the Pd
containing catalyst. The reason for this competitive nature is believed to be due to an increased
number of cerium species on the surface. It appears that the cerium species occupy positions that
would have been occupied by nickel species, thereby increasing the surface area of oxygen vacancy-
related positions; allowing for an increase in the amount of ethyl mercaptan that can interact and be
taken up by the catalyst. Overall, the data generated from the EDS studies demonstrate that it is not
only important to select metals to be used as catalysts but also to retain them throughout the synthesis
and filtration processes. Metals such as Pd and Ce appear to be well retained onto the halloysite while
other metals tend to be lost. These differences in retention appear to influence the adsorption
behaviors exhibited by the catalysts.

Others, such as Mg, Ag, and Co, are only present in small amounts after filtration, so their
influence on sulfur removal is limited. The EDS patterns therefore match well with the adsorption
trends and provide a direct explanation for the differences in catalytic behavior across the modified
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Figure 5. EDS Spectrum of the Multi-metal Catalyst.

2.2. The Analysis of Surface Morphology of the Prepared Catalyst

The findings show that doping causes notable structural alterations as shown in Table 2. All
additional metals had an increase in the base (Zn, Cu, Mn, Ni) catalyst's surface area (36.253 m?/g),
with the addition of magnesium exhibiting the largest surface area (50.9865 m?/g). To a much lesser
degree, other metals such as Ag, Co, Ce, and Ce-Ni also increase surface area. Out of all the modified
catalyst, the Pd-doped catalyst exhibits the least amount of surface area growth (43.2712 m?/g). The
relatively large pore volume of the Mg-containing sample (0.2544 cm?/g), followed by the Ag- and
Co-modified catalysts, indicates that these metals contribute most strongly to the overall porosity
development of the material. Out of all the doped samples, the Pd-modified catalyst had the smallest
pore volume (0.2225 cm?/g). Doping causes the pores to shrink; the base catalyst has the biggest pores
size (238.8216 A). The lowest pore size is caused by Ce doping (188.7434 A), which is followed by Ce-
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Ni (190.4318 A) and Co (192.4566 A). In contrast to other doped samples, the Pd-modified catalyst
maintains a larger pore size (205.6373 A). Overall, the findings imply that doping alters the base
catalyst's textural characteristics. Ce result is the smallest pore size, indicating a more compact
structure, whereas Mg doping is the most successful at increasing surface area and pore volume.

(i micromeritics R ROR0M.

Figure 6. Micromeritics ASAP 2020.

Table 1. Surface area, Pore volume and Pore size of the modified catalyst prepared.

Pore Volume

Catalyst Surface Area (m?/g) (cm¥/g) Pore Size (A)

Base 36.253 0.2165 238.8216
Base + Mg 50.9865 0.2544 194.1288
Base + Ag 48.3956 0.2420 199.9837
Base + Co 48.6031 0.2339 192.4566
Base + Ce 47.5022 0.2241 188.7434
Base + Pd 43.2712 0.2225 205.6373
Base + Ce -Ni 48.5709 0.2312 190.4318

2.3. Performance Summary

After establishing how individual metal oxides influence the performance of the base catalyst in
sulfur compounds removal from natural gas, the next step is to determine which metals most
effectively enhance breakthrough behavior under the defined operating conditions of flow rate,
pressure, and temperature. Each modified catalyst was tested in duplicate, and the measurements
showed minimal variation, indicating high reproducibility and low standard deviation in the data.

Table 2 shows that the base catalyst having Zn, Cu, Mn and Ni as active metals supported on
alumina-silicates has good (albeit limited) sulfur removal capabilities; the breakthrough occurred at
290 minutes and had a sulfur capacity of approximately 3967 mg S g™'. However, adding Palladium
to the base formulation leads to a marked change in performance; the breakthrough time increased
to 630 minutes, and the sulfur capacity increased to approximately 8618 mg S g-! which suggests that
the longer breakthrough time was due to an actual increase in sulfur sorption rather than a change
in reaction kinetics. A similar but smaller trend occurs when Nickel is removed and Cerium is added,;
in this case the breakthrough time was extended to 570 minutes, and the sulfur capacity is 7798 mg S
gl.  On the other hand, catalysts which have been modified with either Magnesium or Cobalt
produce both shorter breakthrough times and lower sulfur capacities than the base catalyst which
suggests that these modifications decrease the number of available adsorption sites rather than
increasing them. Overall, the high correlation between the breakthrough time and the sulfur capacity
for all samples indicates that the performance of the catalysts in this system is primarily driven by
how much sulfur the catalyst surface can retain before becoming saturated.
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Table 2. The Performance Summary of all the Experimental runs.

Breakth I Iph i
Testing Conditions reakthroug Improvemen Sulphur Capacity

Metal Oxide h t (@)
Flowrate(mL/min) Pressure (psi) Temp (°C)  (mins) (%) mg S/g
Base Case 36 200 25 290 0% 3967.2
Base Case + Mg 36 200 25 180 -38% 2462.2
Base Case + Ag 36 200 25 310 7% 4240.8
Base Case + Co 36 200 25 160 -45% 2188.8
Base Case + Ce 36 200 25 420 45% 5745.6
Base Case + Pd 36 200 25 630 117% 8618.4
Base Case - Ni +Ce 36 200 25 570 62% 7797.6
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Figure 7. Performance Summary.

The rate of sulfur adsorption on modified metal oxide catalyst surfaces is significantly faster
than on pure oxides. In metal/oxide systems, the supported metal provides numerous electronic
states that facilitate efficient bonding interactions with sulfur-containing molecules. Sulfur attaches
to the metal oxide through two primary mechanisms: (1) charge transfer from the metal to vacant
sulfur orbitals (o-back-donation) and (2) electron transfer from sulfur orbitals into the unoccupied
4sp states of the substrate (0- and mt-donation). These strong electron-donor and electron-acceptor
interactions are reflected in the catalyst’s activity, as measured by breakthrough time (measure of
removal/adsorption efficiency. When the oxide (support) has a large band gap (AlO;), the sulfur-
containing molecules interact primarily with the metal species deposited on the support, rather than
with the support itself, because the wide band gap limits the support’s ability to participate in
electron transfer during adsorption [80].

3. Materials and Methods

3.1. Materials

The chemicals used in the experiments include zinc acetate dihydrate (97%), nickel (II) acetate
tetrahydrate (99%), copper (II) nitrate trihydrate (99%), manganese acetate tetrahydrate (98%),
palladium acetate, silver acetate, magnesium acetate tetrahydrate, cerium (III) acetate and cobalt (II)
acetate. Additional reagents include sodium hydroxide, acetic acid (99.7%), and 200-proof ethanol.
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Catalyst Preparation

All chemicals were of reagent-grade quality and used without further purification. The catalyst
preparation steps are as follows: to achieve a particle size of 0.4 mm, halloysite pure was crushed and
sieved using a 40-mesh screen and 3g was weigh. Then, 120 ml of 99.5% ethanol was added to the
halloysite pure (solution 2) and subject to ultrasonication. Subsequently, the following compounds
one at a time or combine base on the catalyst under preparation: manganese acetate tetrahydrate
(Mn(CH3COOQO),-4H>0), zinc acetate dihydrate (Zn(CH;COO),-2H,0), nickel(Il) acetate tetrahydrate
(Ni(CHsCOO)-4H20), copper(Il) nitrate trihydrate (Cu(NO3).:3H,0O), and zinc acetate dihydrate
(Zn(CH3CO0),-2H,0) were dissolved in 240 ml of 99.5% ethanol to create Solution 1. The metal
composition in this solution could be adjusted based on their mass percentage ratio (w/w). The metal
solution and the halloysite solution were mixed, to adjust the pH of the resulting mixture to 8 with
1M NaOH solution and then subject to further ultrasonication, as shown in Figure 7.

g It CUNAHD g gt
l Halloycite !
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120l ethanol Ubrasonication ﬂ-
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Utrasoniation

e «
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[ = 57 4 l

Figure 7. Catalyst preparation process.

The precursor CuO-ZnO-NiO-MgO-MnO/Halloysite pure was then prepared by refluxing the
mixture for three hours at 85°C. The remaining ethanol was removed through filtration using filter
paper as indicated in Figure 7. The retained product was allowed to air dry for 8-12 hours. When the
solid sample was ultimately extracted, it was calcined for 2.5 hours at 300 °C in a furnace and then
cooled to undergo performance testing in ethyl-mercaptan adsorption. The metals selection was
based on their properties (example bandgap, reactivity) and cost. The metals with smaller/ moderate
bandgap and cost effective were selected and later modified with other metals.
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3.2. Methods

The catalytic activity test was carried out in a stainless-steel tube packed bed reactor with
dimensions of 310 mm in length and an inner diameter of 6.35 mm as shown in Figure 8. In each
experimental run, 0.5 g of catalyst was loaded in the reactor with the help of glass wool to keep it in
place. After loading, the reactor bed was pressured at 60 psi with a nitrogen gas flow rate of 36
mL/min. Once the operational pressure was attained, the system was leak tested using Snoop TM
and then left for 30 minutes to see if there were any minor leaks that Snoop TM did not detect by
measuring the pressure drop on the pressure gauge. This enabled for leak testing of all connections,
from the gas tank to the downstream mass flow controller. Once the system was found to be leak-
free, to start the ethyl mercaptan removal process, the feed was changed from N: to a gas mixture
with 200 ppm ethyl mercaptan in methane. The gas combination was introduced axially into the
packed bed reactor at 25°C, 200psi and 36 mL/min. Once the flow was stabilized at the proper
pressure, the GC-MS procedure began immediately. Breakthrough data was collected once
breakthrough (10ppm) attained. The sulfur capacity of each experiment at breakthrough (q), used to
evaluate and compare the results across experimental runs, was calculated using the following

formula.
— (9t
q=(2J, €—Cpdt)+f (1)
6
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Figure 8. The Experimental (Catalyst Testing) Set-up.

Ci is the initial concentration of CHsCH2SH, Cs is the concentration of the outlet gas, including
CHsCH:SH, CHsCH2SSCH3CHz, CH3CH2SCH3CHo, in ppm, Q denotes the volumetric flow rate of the
model gas, measured in mL/min, t corresponds to the breakthrough time, measured in minutes, M
indicates the mass of the loaded catalyst and f is a correction factor that accounts for deviations from
ideal plug-flow behaviour, including gas compressibility, pressure effects, and sulphur speciation in
the outlet stream, in this study, was taken as unity under steady-state conditions

4. Conclusions
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1. Metals with smaller bandgaps exhibited superior sulfur adsorption due to enhanced electron
transfer and stronger surface sulfur interactions. Narrow bandgap oxides provided more active
sites and faster charge mobility, leading to longer breakthrough times and better adsorption
performance. In contrast, wider bandgap oxides limited charge exchange, resulting in weaker
adsorption and reduced desulfurization efficiency.

2. The Mg-modified catalyst is good for high dispersion and adsorption-dependent reactions since
it has the largest surface area and pore volume. The smallest pores are seen in Ce-modified
catalysts (Ce and Ce-Ni), which may increase catalytic stability and selectivity. With its moderate
surface area and lowest pore volume, the Pd-modified catalyst exhibits a denser structure that
may be advantageous for oxidation or hydrogenation processes. All things considered, added
metals greatly improve texture and increase catalyst efficiency according to reaction needs.

3. The breakthrough study demonstrates the influence of metal oxides and band gaps on the
adsorption capabilities of the base catalyst. Composed primarily of aluminum silicate, zinc,
copper, manganese, and nickel. The base catalyst achieved a breakthrough time of 290 minutes,
reducing sulfur compounds concentration to a minimum of 10 ppm.

4.  The results indicate that optimal catalytic performance is attained when the base catalyst was
modified with palladium oxide, extending the breakthrough time from 290 to 630 minutes and
an improvement of nearly 117%. Addition of palladium oxide to the base catalyst showed the
highest performance improvement, followed by the substitution of nickel oxide by cerium oxide.
The superior performance of the modified catalyst is likely due to its chemical composition and
metal band gap, which significantly enhances its catalytic activity in sulfur compounds
adsorption (removal from natural gas stream) capacity.
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Future Work: In reference to the FTIR and EDS, most of the metals were lost through filtration and hence other
alternative preparation method will be considered to retain all the metals in our future work. Most of the metals
expected performance were not achieved and we suspect that the added acetic acid formed layers with the
metals and depreciates its performance. Future work will consider comparison of “with and without” acetic

acid. This can be concluded with their performance and scanning electron microscopic (SEM) images.
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