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AlLO3, TiO,, and SiO; with or without SO, pretreatment. Results showed that the
Pd/CeO; displays an attractive toluene conversion of 90% at 220 °C, outperforming
other supported Pd catalysts, especially the Pd/TiO, catalyst (with a Tog of 253 °C).
However, after SO, pretreatment, the toluene oxidation performance of Pd/TiO,
ranked first, and its Tgp was 38 °C lower than that of Pd/CeO,. Characterization
results indicated that the Pd® active species on the CeO; surface is highly prone to
reacts with SO, to form stable Ce;(SO4); deposition. Additionally, the decrease in
activated oxygen capacity inhibits its redox performance. These factors collectively
result in poor sulfur resistance of Pd/CeQO,. While the outstanding sulfur resistance
of Pd/TiO, was closely linked to the ready decomposition of sulfates on its surface.
This work elucidates the critical role of the support in dictating catalytic
performance and anti-poisoning capability, thereby offering new perspectives for
the design of high-performance Pd-based catalysts for VOC remediation.
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1. Introduction

Volatile organic compounds (VOCs) are defined as organic carbon-based chemicals that typically feature
low boiling points (below 260 °C), enabling them to readily volatilize under standard conditions [1]. VOCs in air
pollutants can react with nitrogen oxides (NO,), sulfur oxides (SOy), ammonia, etc., to cause secondary aerosols,
ozone, and photochemical smogs [2—4]. This reactivity poses significant threats to both ecosystems and public
health. Among them, toluene finds extensive application in paints, adhesives, rubber, leather processing, making
it a compound of high concern [5-7]. Given its toxicity and volatility, toluene has been included in the Pollutant
Release and Transfer Register (PRTR) by many countries [8], and is often used as a model pollutant in VOCs
eliminating research.

A range of methods, including adsorption, condensation, plasma degradation, membrane separation, biological
oxidation, catalytic oxidation, and photocatalytic oxidation, have been explored for VOC elimination [3,9]. Among
these, catalytic oxidation is widely regarded as one of the most viable routes for toluene abatement due to its high
treatment efficiency, low energy requirements, ease of operation, and limited byproduct formation [10,11].
Consequently, the development of catalysts that exhibit high activity, robust stability, low cost, and green attributes
remains a central research priority.
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It is well known that precious metal catalysts are widely used for catalytic oxidation of VOCs due to their
superior catalytic activity, good water-resistance and stability [12]. Palladium (Pd)-based catalysts with the
remarkable capability in activating carbon-hydrogen (C-H) bonds can better adsorb and activate reactants, which
makes them the preferred choice for practical applications [6,13—15]. Furthermore, considerable research has
focused on the strong metal-support interaction (SMSI) in supported noble metal catalysts. This phenomenon
markedly promotes catalytic oxidation through the construction of metal-oxide interfaces and the modification of
charge transfer pathways [16]. The SMSI effect and the resulting catalytic performance were additionally
correlated with the low metal-oxygen bond energy at the metal-support interface [17]. Wu et al. [10] synthesized
serial Pd/TiO; catalysts with tailored surface structures—including Pd speciation, Ti**/oxygen defect density, and
Pd-TiO; interactions—yvia various synthetic routes. A key finding was that the toluene oxidation conversion was
remarkably improved at the interfaces formed between Pd nanoparticles and the mesoporous TiO, framework.
This phenomenon has also been observed for Pd supported on reducible metal oxides, particularly in the case of
Pd/CeO,, due to facile charge transfer at the metal-support interface [18]. These findings underscore that the
interfacial interaction between metals and oxide supports is critical for toluene oxidation, offering valuable
guidance for future catalyst design.

However, under special condition such as steel refining, coal burning, power plants, and vehicle, SO, is often
an inevitable component in exhaust gas [16,19,20]. The highly electronegative SO, can interact with the d-orbitals
of precious metals causing the electrons of the precious metals moving toward SO, thus hindering the adsorption
and activation of pollutants [12]. SO, can also weaken the interaction between the precious metal and the carrier,
leading to the aggregation of precious metal particles, thereby reducing the catalyst activity. Furthermore, the
rearrangement of the crystal structure can be induced due to the interaction between SO, and precious metals. It is
reported that the adsorption of SO, results in the recrystallization of Pt (111) into Pt (100) driven through surface
diffusion, thereby reducing the surface free energy [16]. Additionally, SO, will react with the support and form
sulfates during the catalytic oxidation reactions, which cover the surface active sites and damage the catalyst
structure, resulting in poisoning and deactivation of catalysts [19,21]. However, the analysis of the sulfur poisoning
mechanism and sulfur-resistant catalyst design is not comprehensive due to the limited types of catalysts.

Different combinations of supports and precious metals exhibit varying effects. Besides, the sulfur poisoning
process involves the formation, migration and stability of sulfur is widely considered to be influenced by the
properties of supports [12]. For instance, Payan et al. [22] reported that the support played a critical role in acetone
decomposition, influencing the process both microscopically—by altering the oxidation state of silver—and
macroscopically—by governing the dominant oxidation mechanism. Under these effects, Ag@CeO, operated
primarily via ozone-assisted photocatalytic oxidation, whereas Ag@Al>,O3 and Ag@ZSM-5 followed a catalytic
ozonation pathway [23]. Escandon et al. [24] compared the effects of four different Pd catalysts (with Al,O3, SiO»,
Zr0O, and TiO, as carriers) on the SO, poisoning during the methane oxidation process. The Pd/SiO, catalyst
rapidly lost its activity because the highly acidic SiO; could not be sulfated, causing the sulfur species to quickly
occupy the Pd sites on the catalyst surface and thus generating PdSO4 with low catalytic activity of PdSOs.
However, the other carriers (AlxOs3, ZrO; and TiO,) could receive the sulfur species produced at the Pd sites,
thereby alleviating the poisoning of the precious metal sites. Due to the stronger acidity, the sulfates formed on
TiO; and ZrO, are less thermally stable than those formed on Al,Os. Besides, some carriers with large oxygen
storage capacity or active oxygen species including CeO,, MnO,, Co30s, etc., are more likely to combine with
SO, to form sulfuric acid salts with higher thermal stability [12,16,21]. Interestingly, for catalysts with Al,Os,
Ti0,, ZrO, and CeO; as carriers, the addition of SO, has a promoting effect on the conversion of certain gaseous
pollutants, while the catalysts with un-sulfided SiO; carriers do not show a similar promotional effect [12,25]. The
promoting effect of SO, stems from the changes in the performance of the catalyst, which in turn influences the
degradation mechanism of pollutants. Clarifying the mechanism of sulfur poisoning can lay the foundation for the
design and regeneration of sulfur-resistant catalysts. To date, limited attention has been paid to the sulfur resistance
of supported Pd catalysts during the catalytic oxidation of toluene.

Herein, a panel of supported Pd catalysts (with CeO,, TiO,, Al,Os, and SiO; as the support) was fabricated
and systematically evaluated for toluene oxidation, with a focus on both catalytic activity and sulfur resistance.
Subsequently, a combination of characterization tools—XRD, H,-TPR, NH;-TPD, FT-IR, TG, and XPS—was
utilized to unravel the support-dependent sulfur resistance mechanisms.
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2. Experimental Section
2.1. Catalysts Preparation
2.1.1. Preparation of Pd-Based Catalysts with Different Carriers

Four supported Pd catalysts, namely Pd/TiO,, Pd/SiO,, Pd/Al,O3, and Pd/CeO,, were prepared for this study.
Commercial anatase TiO; (99.8%, Aladdin), SiO, (99.8%, Aladdin), y-ALO; (99.99%, Aladdin) and
Ce(NO3)3-6H20 (99.99%, Aladdin) were thermally decomposed at 500 °C for 4 h with a ramp rate of 5 °C-min™!
to obtain TiO,, SiOa, y-Al,O3 and CeO; supports.

Incipient wetness impregnation was employed to prepare supported catalysts targeting a nominal Pd loading
of 0.5 wt%. For each sample, 1.9155 g of the support was first dispersed into an aqueous solution, then slowly
added 3 mL of Pd(NO;) solution (0.03 mol-L "), and stirred with a magnetic stirrer at room temperature for 3 h.
Subsequently, they were placed in a water bath at 80 °C for evaporation and then dried in a 110 °C oven for 4 h.
Finally, four supported Pd catalysts were obtained by calcining for 6 h in the muffle oven at 400 °C with a heating
rate of 5 °C-min™'.

2.1.2. Pretreatment of Sulfur Poisoning Catalysts

All synthesized catalysts were pretreated in a fixed-bed quartz tubular reactor with 1000 ppm SO»/N; at 300 °C
for 2 h. Prior to this, 0.6 g of Pd-based catalyst was heated from room temperature to 300 °C at a heating rate of 5 °C-min™"
in an air atmosphere. The flow rate of air and 1.0 vol% SO»/N, were respectively set at 180 mL-min~' and 20 mL-min".
The final obtained samples were denoted as Pd/TiO,-S, Pd/SiO,-S, Pd/Al,0s-S, and Pd/CeO,-S.

2.2. Catalysts Characterization

Inductively coupled plasma atomic emission spectrometer (ICP-AES) produced by Thermo Fisher Scientific
(Waltham, MA, USA) was used to determine the Pd elemental content of the calcined catalysts.

The X-ray diffraction (XRD) analysis was performed on a Philips X ’Pert Pro Diffractometer (Malvern
Panalytical, Almelo, The Netherlands) using Cu Ka radiation (A = 0.15408 nm). Diffraction patterns were recorded
in the 20 range of 10-80° at a scanning rate of 10°-min! with a step size of 0.02°.

An ASAP 2020 specific surface area analyzer (Micromeritics, Norcross, GA, USA) was employed to evaluate
the specific surface areas (Sger) of the catalysts based on N adsorption isotherms obtaining at =196 °C. Before
analysis, each sample was subjected to vacuum pretreatment at 300 °C for 4 h.

Thermogravimetric analysis (TGA) measurements was conducted on a Netzsch STA 449C analyzer
(Netzsch, Selb, Germany), with the sample heated from 25 to 1000 °C at 10 °C-min' under a nitrogen atmosphere
(40 mL-min™").

Raman measurements were performed on a LabRAM Aramis laser Raman spectrometer (Horiba Company,
Kyoto, Japan) with a 532 nm Ar" laser excitation source, and spectra were acquired from 200 to 2000 cm™!.

X-ray photoelectron spectra (XPS) analysis was carried out on a PHI 5000 VersaProbe X-ray photoelectron
spectrometer (PHI Corporation, Kanagawa, Japan) equipped with an Al Ka X-ray source (1486.68 eV, 15 kW) at
an ultrahigh vacuum of 8 x 107'° Pa. The obtained spectra were processed using Avantage software, with binding
energies (BE) referenced to the adventitious C 1s signal at 284.8 eV to account for charging effects.

Fourier transform infrared (FTIR) spectra were obtained using a Nicolet IS-50 FT-IR (Thermo scientific,
Waltham, MA, USA) in attenuated total reflection (ATR) configuration with a diamond prism. The spectra were
acquired in a frequency region of 4000-500 cm™' with a resolution of 4 cm™'. All spectra were recorded over the
range of 4000-500 cm™' at a resolution of 4 cm™'.

The temperature-programmed desorption of ammonia (NH3-TPD) was performed using a Nicolet IS10 FT-
IR spectrometer (Thermo Scientific, Waltham, MA, USA) to evaluate the acid property of catalysts. Each sample
(100 mg) was first pretreated in Ar (100 mL/min) at 300 °C for 1 h and cooled to room temperature. Adsorption was
carried out by exposing the sample to 500 ppm NH3/Ar (100 mL/min) for 1 h, followed by Ar purging (100 mL/min)
to remove physisorbed NHj. The desorption profile was then obtained by heating from 30 to 600 °C at 10 °C/min
under Ar flow (100 mL/min).

Temperature-programmed reduction by hydrogen (H,-TPR) was employed to assess catalyst reducibility.
Each sample (20 mg) was first pretreated in the N, stream (40 mL/min) at 200 °C for 1 h, followed by cooling to
room temperature. Upon achieving a stable baseline under 7.03 vol% Ha/Ar, the reduction profile was acquired by
heating the sample to 850 °C at a constant rate of 10 °C/min.
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2.3. Catalyst Activity Measurement

Toluene oxidation activities for as-prepared catalyst were evaluated in a continuous-flow fixed-bed
microreactor. For each test, 100 mg of catalyst (20-40 mesh) was placed in a quartz tube and heated to 100 °C
under a pure air flow (20% vol. O2/N,, total flow rate = 50 mL-min""). Subsequently, 1000 ppm toluene was
introduced into the gas stream, and the reaction was conducted at a weight hourly space velocity (WHSV) of
30,000 mL-g -h™!. At each temperature step, the system was maintained for 30 min to achieve steady state, after
which the products were analyzed by gas chromatography (GC-7920) equipped with flame ionization detector
(FID) and thermal conductivity detector (TCD). Each reported value is the average of three replicate
measurements. For water vapor tolerance tests, 5 vol% H>O was introduced into the feed using a water saturator.

The conversion of toluene (Xioene, %0) Was calculated using the following equation:

C
Xtoluene (%) = (1 - C—x> X 100% (1)
0

where Cy and C, are the toluene concentration (ppm) in the inlet and outlet flow, respectively.
The carbon dioxide yield (Yo, , %) and the selectivity of carbon dioxide production (S¢o,, %) were calculated

using the following equation:

CCO
Yeo, (%) = T ZCO x 100% )
Y
Sco, (%) = 1— 3)
toluene

where Cco, is the CO; concentration (ppm) in the outlet flow.

Within the temperature range where the conversion rate of the catalyst for toluene was less than 20%, the activation
energy (Ea) of the catalyst was calculated using the Arrhenius formula. The calculation formula is as follows:

Ink=1Ina— 2% )
nk=1In RT
where k denotes the reaction rate (mol-s !); Ea represents the apparent activation energy (kJ-mol™); and 4 is the
pre-exponential factor.

3. Results and Discussion
3.1. Catalytic Performance for Toluene Combustion

As shown in Figure la, the toluene combustion activity of four Pd catalysts with different supports was
evaluated before and after SO, pretreatment. The results revealed a strong dependence of catalytic performance
on the carrier material. Noticeably, despite similar nominal Pd loadings (0.45~0.49 wt%, Table S1), the catalysts
displayed markedly different oxidation activities, likely arising from the varying degrees of synergistic interaction
between Pd and each support. As for fresh catalysts, the activity was in the following order: Pd/CeO, > Pd/Al,O;
> Pd/SiO,> Pd/TiO,. As listed in Table 1, Pd/CeO, catalyst reached a Tqo value of 220 °C for toluene conversion,
superior to that of the MOF-based catalyst (6% CeO>@MIL-101(Fe)), which exhibited a Toy of 239 °C [26]. In
additon, the CO; selectivity at Too remained above 98% for all catalysts, confirming complete oxidation of toluene
to CO, without significant byproduct formation.

Figure 1b exhibits the Arrhenius plots for the oxidation of toluene over fresh catalysts. It can be clearly observed
that the Ea of each catalyst follows the following rules: Pd/CeO, (38.44 kJ-mol™") < Pd/AL,Os (48.45 kJ-mol ") <
Pd/Si0; (50.89 kJ-mol™") < Pd/TiO; (55.71 kJ-mol ™). This is in agreement with the sequence of reactivity. For
instance, the Pd/CeO, sample has the lowest Ea value, indicating that it has the lowest potential barrier in the
catalytic oxidation of toluene and therefore exhibits superior low-temperature activity.

After SO»-pretreated, the catalysts showed differing levels of activity suppression, whereas Pd/TiO; remained
the most active (Figure 1a). As shown in Table 1, the Pd/CeO»-S catalyst exhibited the most pronounced decline
in activity, with its Tgo value increasing sharply from 220 °C to 294 °C. This was followed by the Pd/Al,O3-S and
Pd/Si0,-S catalysts, whose Ty values rose by 27 °C and 36 °C, respectively. It is worth noting that the Pd/Al,Os-
S catalyst in the present study achieved a Toy of 260 °C for toluene oxidation, considerably outperforming the
sulfur-poisoned catalysts reported in previous studies. Specifically, Wang et al. [27] reported a Ty of 370 °C for
a MnO,/y-Al,O;3-S catalyst during toluene combustion, while Jiang et al. [21] observed a Tq of 400 °C for a
C0304/7-AlLO3-S catalyst containing a spinel structure. Additionally, the Ea value of Pd/CeO,-S increased
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remarkedly (from 38.44 to 51.23 kJ/mol), whereas that of Pd/TiO»-S increased only slightly (from 55.71 to 58.31
kJ/mol), indicating that TiO, exhibits higher sulfur tolerance. Thus, the different sulfur resistance of catalysts may
be attributed to the inherent characteristics of the carriers.
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Figure 1. (a) Conversion of toluene over fresh and SOz pretreated samples; (b) Arrhenius plots for the oxidation
of toluene over fresh samples.

Table 1. Kinetic parameters of fresh and sulfur-poisoned catalysts for toluene oxidation.

Sample Tso (°C) Too (°C) AT (°C)  COz selectivity at Too (%) Ea (kJ-mol™)
Pd/CeO, 180.3+£2.0 219.4+20 - 99.2 0.3 38.44
Pd/Ce0,-S  2703+2.0 293.9+2.0 74.5£3.0 98.4+0.5 51.23
Pd/TiO, 221.4+20 253.0+2.0 - 98.7 + 0.4 55.71
Pd/TiO2-S 2265+20 2564+2.0 34+2.0 98.2 + 0.4 58.31
Pd/ALO; 200.0+2.0 232.5+2.0 - 98.9+0.3 48.45
PJ/ALOs-S  2334+20 258.0+2.0 25.5+3.0 98.1+0.6 54.49
Pd/SiO; 2149+20 239.1+2.0 - 98.5+0.5 50.89
Pd/Si0,-S 248.4+20 275.7+2.0 36.6 3.0 98.0 + 0.6 59.19

Note: AToo = Too (poisoned sample) — Too (fresh sample). Negative values indicate decreased Too (activation); positive values
indicate increased Too (deactivation).

3.2. Structural Characterization of Catalysts

To elucidate the impact of SO, pretreatment, the structural properties of the catalysts were thoroughly
examined. The XRD patterns of both fresh and spent catalysts are presented in Figure 2. CeO, (JCPDS PDF# 34-
0394), anatase TiO, (JCPDS PDF# 21-1272), and y-ALL,Os (JCPDS PDF# 2-1420) can be found in Pd/CeO,,
Pd/Ti0,, Pd/AlL, O3, respectively [28-30]. A broad diffraction peak observed at approximately 20 = 22.6° is indexed
to the (101) plane of SiO, (JCPDS PDF# 82-1557) [31]. The absence of discernible Pd diffraction peaks in all
catalysts suggested the presence of highly dispersed Pd species. No significant changes were observed in the XRD
spectra of the sulfur poisoning catalysts, indicating that the SO, pretreatment did not cause any damage to the
crystal structure of the samples. From this, it can be concluded that crystal pattern is not the decisive factor
influencing the sulfur resistance of each catalyst. Meanwhile, no signal of sulfates were observed, which might be
due to the insufficient amount of sulfate species formed or the particle size being too small to detect [16].

N, adsorption-desorption tests were further conducted to explore the structural variation after SO,
pretreatment. Table 2 and Figure S1 presented the textural properties of Pd/CeQO,, Pd/Al,Os, Pd/Si0,, and Pd/TiO,,
including BET surface area (70.0, 67.0, 137.4, and 141.1 m?-g!) and average pore diameter (12.9, 18.1, 18.4, and
24.3 nm). Combining with the activity patterns, it was found that although the specific surface area of Pd/Al,O;
and Pd/SiO, catalysts was almost twice that of Pd/CeO, and Pd/TiO», their catalytic performance for toluene was
still inferior to Pd/CeO, and slightly better than that of Pd/TiO,. Therefore, increasing the specific surface area of
the carrier can help promote the catalytic performance for toluene oxidation, but it is not a determining factor. As
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shown in Figure S1, typical IV-type isothermal lines were observed on Pd/CeO,, Pd/AL,O3, Pd/SiO,, Pd/TiO,, and
each of them had a hysteresis loop of H3. This indicates that all catalysts had mesoporous structures originating
from the piling of the particles [32].
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Figure 2. XRD patterns of different samples of fresh and SOz pretreated samples: (a) Pd/CeOz; (b) Pd/TiOz; (¢)
Pd/AL20s3; (d) Pd/SiOx.

Table 2. BET results of fresh and SO: pretreated samples.

Sample Surface Area (m?-g™") Pore Volume (cm3-g™) Average Diameter (nm)

Pd/CeO, 70.0 0.23 12.9
Pd/Ce0,-S 48.7 0.19 15.8

Pd/TiO, 67.0 0.30 18.1
Pd/TiO,-S 62.4 0.28 17.7

Pd/AlLO; 137.4 0.73 21.6
Pd/ALL O3-S 134.3 0.63 18.4

Pd/Si0, 141.1 0.85 24.3
Pd/Si0,-S 138.4 0.68 19.9

The specific surface area for sulfur-impacted catalysts all showed a decreasing trend. Among them, the Sggr
of Pd/Ce0,-S decreased from 70.0 to 48.7 m?-g~!, with the most significant drop. This might be due to the
formation of sulfates that clogged some of micropores [33]. The samples of Pd/Al,O3 and Pd/SiO, with rather
large specific surface areas exhibited no significant change after SO, pretreatment, mainly because the amount of
sulfate produced during the sulfidation process was relatively small. This is consistent with the findings of Bazin
et al. [32], who demonstrated that the formation rate and extent of sulfate was directly linked to the specific surface
area of the sample. It is worth noting that, even though the Pd/TiO, sample had a specific surface area comparable
to that of Pd/CeO,, it did not change significantly after sulfidation. This indicated chemistry of support dominates
more than surface area. Therefore, it can be inferred that the specific surface area was not the primary factor
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governing the catalytic performance for toluene oxidation; instead, the chemical properties of the support (such as
its acidity/basicity, redox properties, and sulfation affinity) played a dominant role.

3.3. Surface Sulfate Species of the Catalysts

FT-IR was performed to determine the surface functional groups variation and the formation of sulfate
species on the deactivated catalysts. As shown in Figure 3, all the samples exhibited peaks corresponding to the
stretching/deformation vibration of surface hydroxyl groups (O-H) at 3700-3200 and 1650-1620 cm™! [34].
Furthermore, in the Pd/CeQO, sample, there were still stretching vibration peaks of Ce-O bonds at 1040 and
565 cm™! [35]; in the Pd/AL,O; sample, the peaks near 810 and 545 cm™! belonged to the vibration of Al-O
bonds [31]; in the Pd/SiO, sample, the inverted peaks at 1070 and 800 cm™' characteristic of the symmetric stretching
vibration of surface Si-O bonds and the antisymmetric Si-O-Si stretching vibration of SiO,, respectively [36]. After
pretreatment with SO, the type and intensities of the peaks for both sulfided support and sulfided Pd-based
samples exhibited minimal changes (Figure S2), indicating that SO, primarily interacts with the support rather
than directly bonding with the Pd sites. Notably, no peaks related to sulfates were observed in the Pd/SiO, sample,
while weak sulfate peaks were detected in Pd/A1,O3 and Pd/TiO, samples. It is worth noting that a broad peak of
double-chained sulfate anion (S=O symmetric stretching vibration) appeared significantly around 1120 cm™' in
the Pd/CeO, sample, as well as a corresponding shoulder peak of S-O asymmetric stretching vibration appeared at
1040 cm™! [37]. Specifically, according to literature reports [27,38-40], the broad band formed at 1120 cm™! after
SO, poisoning, along with the decrease in the -OH stretching vibration at 3420 cm™!, can be ascribed to the removal
of surface water during SO, poisoning and the formation of an ionic sulfate structure. Therefore, it is proposed
that SO, is adsorbed on the catalyst surface in the form of SO4*". Besides, the ranking of the amount of sulfate
species generated by the four catalysts during the sulfation process is: Pd/CeO, > Pd/Al,O3; > Pd/TiO, > Pd/Si0O..
From this, it can be seen that when CeQO; is used as the carrier, the catalyst is very prone to adsorb SO, and produce
sulfates, resulting in the occupation of the catalyst’s active sites and subsequent deactivation. This is in agreement
with the results of catalytic activity and the specific surface area variation.
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Figure 3. FT-IR patterns of fresh and SOz pretreated samples: (a) Pd/CeOz; (b) Pd/TiOz; (¢) Pd/AL2Os; (d) Pd/SiOx.

The amount of the sulfate formed on Pd/CeO»-S, Pd/Ti0,-S, Pd/AL,Os-S, and Pd/SiO,-S catalysts was further
estimated from TG characterization and shown in Figure 4. It is well known that the weight loss observed in the
50-200 °C temperature range is due to the desorption of water and hydroxyl groups on the catalyst surface [16].
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Hence, the weight loss observed at temperatures above 200 °C is likely to be related to the decomposition of
sulfates. For PdSOy, it can directly decompose to form the metal Pd at around 550 °C in an inert atmosphere such
as He or N,, while in an oxygen atmosphere, the decomposition of PASO4 does not occurred until 800 °C [41]. The
thermogravimetric test in this experiment was conducted under N, atmosphere. Evidently, the Pd/CeQO,-S catalyst
exhibited a sharp weight loss about 5% within the narrow temperature range of 600—750 °C, which was attributed
to the decomposition of cerium sulfate (Cex(SO4)3). The weight loss about 2% occurred at 650 °C for Pd/A1,Os3-S
sample is attributed to the thermal decomposition of aluminium sulfate (Al>(SO4)3), which is consistent with the
reports in the literature [42]. In addition, the Pd/SiO,-S sample has an additional weight loss of approximately
0.4% compared to the Pd/SiO, sample within the temperature range of 550-700 °C. Since the carrier SiO; is
difficult to react with SO, to form sulfates, this was attributed to the decomposition of PdSOj. Particularly, the
Pd/TiO,-S sample still exhibited a slow weight loss trend at a temperature of 200 °C, which might be related to
the decomposition of titanium sulfate (TiSO4). Studies have shown that TiSO4 begins to decompose into titanium
oxysulfate (Ti0SO4) at 150 °C, and from 300 to 500 °C, TiOSO, decomposes to form anatase TiO, [40]. Compared
with the other three catalysts, the weight loss phenomenon of the Pd/TiO,-S sample was less obvious. And the
weight loss of the Pd/TiO,-S sample in the 300-700 °C range originated from the decomposition of TiSO4 and
PdSOs. Therefore, the Pd/CeO,-S sample readily reacted with SO, to form a large amount of stable Cex(SO4)3
deposition, which may be the key factor contributing to the decline in its anti-sulfur performance; While the
Pd/TiO, sample exhibited excellent sulfur resistance mainly due to the formation of a small amount of easily
decomposable TiSO4 and PdSO, on its surface. Additionally, the quantitative relationship between sulfate loading
(TG mass loss, mmol-g™) and deactivation magnitude (ATqo, °C) have been analyzed, and the results are listed in
Table S2. Notably, Pd/CeO, shows the greatest activity loss, whereas Pd/TiO, shows the least, suggesting that
Pd/TiO» has high sulfur tolerance.
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Figure 4. TG results of fresh and SOz pretreated samples: (a) Pd/CeOz; (b) Pd/TiOz; (¢) Pd/Al2O3; (d) Pd/SiOs.

3.4. Chemical States of the Catalysts

To elucidate the changes in surface species and chemical states, the samples were characterized by XPS. The
Pd 3d XPS spectra of samples are shown in Figure 5. The peaks at binding energies of 334.8-335.5 eV and 340.4—
341 eV were attributed to the Pd® 3ds/; and 3ds, respectively, while peaks at binding energies of 336.5-337.2 eV
and 341.8-342.4 eV were assigned to Pd>" 3ds, and 3ds, [43]. For the fresh samples, except for Pd/TiO, which
only contained the Pd?* species, the other three catalysts have both oxidized and metallic forms of Pd. According
to Table S3, the form of Pd’ in Pd/CeO, sample accounted for 28.2% of the total Pd species, which was
significantly higher than that in Pd/A1,O; (12.9%) and Pd/SiO, (11.8%). The Pd’/Pd. ratios of the four samples
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were consistent with their order of reactivity, which might be the reason why the Pd/CeO, sample exhibited
excellent low-temperature catalytic activity. Because, numerous previous studies have reported that the metallic
Pd is more favorable than Pd** for electron enrichment and enhanced electron-hole separation efficiency on the
catalyst surface [44], and is usually regarded as an active site on the catalyst surface. After SO, pretreatment, the
proportion of Pd’ species in the samples all decreased. Among them, the Pd/CeO»-S sample showed the largest
decrease of 8.4%, indicating that the amount of Pd active component reacting with SO, to form PdSO4 was the
largest. This is consistent with the FT-IR and TG data. It is precisely because of the significant loss of the Pd°
active component that the low-temperature activity of the Pd/CeO,-S catalyst has dropped significantly [42].
Meanwhile, due to the influence of the formation of PdSOj4, the binding energy of Pd 3d in four samples shifted
towards higher binding energy [19].
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Figure 5. XPS spectra of Pd 3d for fresh and SO> pretreated samples: (a) Pd/CeO2; (b) Pd/TiOz; (¢) Pd/Al203; (d)
Pd/SiOs.

XPS analysis of the O 1s region was conducted on catalysts with the results shown in Figure 6. For the
Pd/Ce0O,, Pd/TiO,, and Pd/AL,O3 samples, three separate peaks, located at 529.6-530.0 eV, 530.9-531.8 eV, and
532.6-533.2 eV, were correspond to surface lattice oxygen (Oia), surface adsorbed oxygen (Oags), and adsorbed
hydroxyl or water molecule oxygen (O.on) [4]. However, the Pd/SiO, sample exhibited the O 1s binding energy
of Si0; [37], which might be due to the weak interaction between Pd and SiO,, resulting in the absence of a strong
chemical bond. As reported previously, surface adsorbed oxygen species is beneficial for the progress of redox
reactions [5]. Table S3 showed that the Pd/CeO, sample contained a large amount of adsorbed oxygen species
(11.5%), indicating its excellent redox capability, which is conducive to enhancing its toluene oxidation activity.
After SO, pretreatment, the O,gs content in Pd/CeO»-S, Pd/TiO,-S, and Pd/Al,Os3-S samples increased due to the
formation of sulfates [45]. As is well known, CeO; has strong oxygen storage and release properties, which leads to
the fact that even in the absence of oxygen, CeO, will undergo intense interaction with SO, to form sulfates [26].
Therefore, the Pd/CeO»-S sample produced the largest amount of sulfate, resulting in the most significant increase
in the proportion of O,gs and the poorest anti-sulfur performance.
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Figure 6. O 1s XPS spectra of fresh and SO2 pretreated samples: (a) Pd/CeOz; (b) Pd/TiO2;(¢) Pd/AL2Os; (d)
Pd/SiOa.

The S 2p XPS spectra of samples treated with SO, were shown in Figure S3. The characteristic peak with a
binding energy of 169.1 eV was assigned to S®* species, suggesting the formation of sulfate species [13]. Among
them, the Pd/CeO,-S sample exhibited the strongest peak intensity of the sulfate species, followed by the Pd/Al,O3-
S, Pd/TiO»-S and Pd/SiO,-S samples. This is slightly inconsistent with the TG data. This might be due to the
presence of a small amount of carrier sulfate (TiSO4) in the Pd/TiO,-S sample, while the Pd/SiO,-S sample only
has PdSOj4 species on its surface. Therefore, the weakest sulfate signal peak appeared on the surface of the Pd/SiO,-
S sample. Furthermore, it was found that the peak representing sulfate in the Pd/TiO,-S sample shifted towards
lower binding energy compared to the other three samples, indicating that the interaction between the surface
sulfate and the catalyst was weaker, and it was more prone to decomposition.

3.5. Acidic Properties of Prepared Catalysts

The surface acidity of catalysts was investigated by NH3-TPD with results shown in Figure 7. The NH3;-TPD
curves of each sample were deconvoluted into three peaks (denoted as o, B and y), centered at 50-200 °C, 200-350 °C
and 350450 °C, representing the weak, medium-strong, and strong acid sites, respectively [14]. Based on the
quantitative analysis of NH3-TPD (Table S4), the order of total acidity of four fresh samples is: Pd/AlL O3 (401 pmol-g ™)
> Pd/SiO, (278 pmol-g') > Pd/CeO; (189 pmol-g ') > Pd/TiO; (72 umol-g™!). Byun et al. also found that the
surface of the Pd/Al,O; catalyst has abundant acidic sites [46]. However, the acid quantity pattern shown by NH3-
TPD was not significantly correlated with its catalytic activity. Therefore, the surface acidic sites are not the key
factor influencing the catalytic oxidation performance of toluene. After SO, treatment, the acidity of all samples
increased due to the formation of sulfates. The total NH; desorption amounts of the Pd/CeQO»-S and Pd/Al,Os5-S
samples increased by 547 and 598 umol-g! respectively, which were significantly higher than 72 pmol-g™! of
Pd/Ti0»-S and 28 pmol-g™! of Pd/TiO,-S. It indicated that both the Pd/CeO, and Pd/Al,O; samples have strong
carrier adsorption capacity for sulfur, thus generating the most sulfate on the surface; while the Pd/TiO, sample
has less sulfate deposition because the sulfate formed on the carrier surface is not stable, and the total desorption
amount of NHj3 increased less. SiO> does not react with SO,. The enhancement of surface acidity in Pd/SiO,-S
may all be attributed to the contribution of the noble metal sulfate (PdSOs), resulting in the lowest increase in
acidity. This is consistent with the previous S 2p XPS results. Likewise, the variations in acidity observed by NH3-
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TPD exhibited no strong correlation with the sulfur stability of the catalysts, suggesting that the surface acidic sites
are not the key factor affecting the catalyst’s anti-sulfur performance.
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Figure 7. NH3-TPD curves of different samples of fresh and SO pretreated samples: (a) Pd/CeOz2; (b) Pd/TiOz;
(¢) Pd/AL2Os3; (d) Pd/SiOx.

3.6. Redox Property of the Prepared Catalysts

H,-TPR profiling was employed to compare the redox properties of the samples before and after SO,
pretreatment, and the results were displayed in Figure 8. The TPR curves of Pd/CeQ; at low temperatures appeared
reduction peaks corresponding to the surface PdO species and the surface capping oxygen [47]. In the TPR curve
of Pd/AL,Os, the signal appearing near 60 °C can be assigned to the reduction of surface Pd-O species. In contrast,
negative peaks were observed at around 70 °C for Pd/TiO; and Pd/SiO, samples, which was due to the formation
of B-PdH, when H; hydrogenated PdO at room temperature [48]. In a reducing atmosphere, PdSO, will gradually
decompose into different Pd,S phases. Among them, PdS species were formed within the temperature range of
300-400 °C, while Pds4S species were formed at 500-700 °C [20].

As seen in the figure, the TPR curves of each sample after SO, treatment all showed differences, with the
most significant variations occurring in Pd/CeQO»-S and Pd/Al,0s-S. The disappearance of the low-temperature
reduction peak of Pd/CeO,-S indicated a significant decline in its redox performance [16]. Additionally, a
reduction peak attributed to PdSO4 and Ce»(SOs); species appeared at 495 °C, suggesting that a large amount of
Cex(SO4)3 was deposited on the surface of Pd/CeO»-S sample [45]. Compared with the Pd/Al,O3 sample, the
temperature of the low-temperature reduction peak of the Pd/Al,Os-S sample increased, which might be due to the
sulfur poisoning of some surface PdO species, resulting in the formation of PdSO4. Additionally, reduction peaks
belonging to sulfates (PdSO4 and Aly(SO4);) appeared within the range of 400-500 °C [12]. The reduction peak
observed in the Pd/SiO,-S sample at 610 °C is attributed to the decomposition of PdSO4. While the Pd/TiO,-S
sample exhibited a weak reduction peak near 315 °C and 545 °C, which might respectively correspond to the
reduction of trace TiSO4 and PdSOy4. In summary, the redox properties of the catalyst are regarded as an important
factor determining its sulfur resistance.

To elucidate the key factor governing catalyst deactivation, quantitative relationships between ATe and three
properties—sulfate loading, sulfate peak area, and total acid increment—were established using linear regression
(Figure S4a—c). Sulfate loading (R> = 0.8861) and sulfate peak area (R?> = 0.7429) showed strong positive
correlations with ATeo, whereas total acid increment exhibited a weak correlation (R? = 0.2570). The consistent
trend across all catalysts is visually confirmed in Figure S4d. Overall, these results indicated that sulfate
accumulation was the dominant cause of deactivation in Pd-based catalysts, with increased surface acidity being
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a secondary effect accompanying sulfate formation. A schematic overview of the structure—property—performance
interplay for the Pd/CeO, and Pd/TiO; catalysts under SO, exposure was provided in Scheme 1.
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Figure 8. Ho-TPR curves of fresh and SOz pretreated samples: (a) Pd/CeOz; (b) Pd/TiOz; (¢) Pd/AL2Os; (d) Pd/SiOx.
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Scheme 1. The structure—property—performance correlations for Pd/CeO2-S and Pd/TiOz-S catalysts toward the
toluene oxidation.

4. Conclusions

In this study, four Pd-based catalysts (Pd/CeO,, Pd/Al,O3, Pd/TiO,, and Pd/SiO,) containing comparable
nominal Pd loadings were synthesized using the incipient wetness impregnation. These catalysts exhibited
markedly different performance in toluene combustion and sulfur resistance, with the oxidation activity ranking
as Pd/CeO, > Pd/Al1,05 > Pd/SiO;> Pd/TiO,. Based on a series of characterizations, the higher content of Pd° and
reactive oxygen species enable the Pd/CeO, sample to have more active sites and redox capabilities, which
determines its optimal catalytic activity for toluene oxidation. However, their sulfur-tolerant performance does not
follow the same trend as catalytic activity; instead, it seemed to correlate strongly with whether the support underwent
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sulfation. For the Pd/CeO catalyst, due to the strong adsorption ability of CeO, for SO,, a large amount of stable
sulfate deposits on the catalyst surface, blocking the internal pores and causing significant changes in its structural
properties, ultimately leading to the poor sulfur resistance. On the contrary, the sulfate salts formed by the reaction
of Pd/TiO, with SO, are unstable and prone to decomposition, which reduces the deposition of sulfate salts on the
surface, thereby protecting the activity of the catalyst and presenting an excellent anti-sulfur performance.
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