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In this study, platinum nanoparticles (0.5 wt%, <4 nm) were deposited on microporous ZSM-5 zeolites with
different SiO2/Al;03 molar ratios and on mesoporous SBA-15 silica to investigate the influence of support
properties on indoor VOC oxidation under mild conditions. TEM, CO chemisorption and XPS confirmed uniform
particle size, high metal dispersion and predominantly metallic Pt on all catalysts, ensuring a direct comparison
of support-dependent effects. Catalytic activity was evaluated for the oxidation of CO, ethylene and toluene at an
indoor-relevant concentration of 100 ppm in air. CO oxidation started at room temperature and was mainly
governed by exposed Pt sites, whereas support characteristics may contribute to the observed differences in low-
temperature activity. For ethylene and toluene oxidation, Pt/ZSM-5 catalysts showed improved performance
compared with Pt/SBA-15, suggesting that the physicochemical properties of the zeolitic support, including
acidity and pore architecture, influence reactant adsorption and accessibility to catalytic sites. These findings
provide useful guidelines for the design of efficient low-loading Pt-based catalysts for indoor air purification

technologies.

1. Introduction

Volatile Organic Compounds (VOCs) constitute a broad and diverse
class of atmospheric pollutants, defined by high vapour pressure,
chemical heterogeneity and widespread presence in human environ-
ments [1]. They are emitted from numerous indoor and outdoor sources,
including industrial activities, transportation, construction materials,
consumer products and routine human behaviours [2]. Although VOCs
are widespread in both outdoor and indoor environments, their impact
on indoor air quality is particularly critical, as it is estimated that in-
dividuals in the United States spend around 90% of their time in
enclosed spaces [3]. Such exposure has been associated with a range of
adverse health outcomes. These range from short-term symptoms —
such as eye irritation, headaches and respiratory discomfort — to
long-term effects including allergies, asthma and, for specific com-
pounds and exposure levels, carcinogenic risks [4]. A recent systematic
review by Halios et al. (2022) [4], covering 92 European studies pub-
lished between 2000 and 2022, identified more than 65 frequently
occurring indoor VOCs, including aromatic hydrocarbons, alkanes, al-
dehydes, terpenes and chlorinated species. This chemical diversity
highlights the complexity of indoor VOC mixtures and the challenges
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associated with monitoring and mitigation. Regulatory guidelines issued
by international organisations — such as WHO, the European Union and
the U.S. EPA — differ substantially in scope and stringency, reflecting
the heterogeneous nature and sources of these pollutants [1,5,6].
Current control strategies for VOCs generally rely on either capture
or destruction approaches. Adsorption-based methods — such as those
employing activated carbon or other porous sorbents — can temporarily
remove VOCs but they suffer from limitations, including rapid satura-
tion and challenges related to regeneration or disposal [1,7]. Catalytic
oxidation, by contrast, offers a more permanent solution by converting
VOCs into carbon dioxide and water under relatively mild conditions [8,
9]. Low-temperature operation is particularly advantageous for indoor
applications, as it enables effective VOC oxidation under realistic
operating conditions and reduces energy consumption. It can also
minimize support and catalyst degradation, and improve safety in
confined environments. Catalysts used for VOC oxidation typically fall
into two categories: noble metal and transition-metal oxides. Noble
metals, such as platinum (Pt) and palladium (Pd), exhibit high activity
and CO; selectivity even at low temperatures; however, their high cost
and susceptibility to deactivation by certain species, e.g., chlorinated
compounds, limit their practical implementation [7,10].
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Transition-metal oxides, including Mn-, Co- and Cu-based materials, are
more economical and generally more resistant to poisoning, but they
typically require higher operating temperatures and present lower
acidity [11,12]. Therefore, designing catalysts that deliver high per-
formance while minimizing noble metal loading remains a key objective
for indoor VOC abatement.

Extensive studies on Pt-based catalysts have demonstrated that the
metal particle size and oxidation state play a crucial role in determining
catalytic activity and selectivity. For example, Chen et al. [13] reported
that Pt/ZSM-5 catalysts with a particle size around 1.9 nm exhibited
optimal toluene oxidation performance, due to the balance between
high dispersion and sufficient exposure of metallic Pt sites. Nevertheless,
Pt nanoparticles are susceptible to aggregation even at moderate tem-
peratures, which reduces the accessible active surface area and conse-
quently  decreases catalytic efficiency. Anchoring Pt on
high-surface-area supports such as y-Al20s, ZSM-5, SBA-15 or MCM-41
can help mitigate nanoparticle sintering and enhance stability [10,14].

In the present work, ZSM-5 was selected as the support for nano-
particle deposition due to its high surface area (300-450 m2/g), well-
defined 10-membered ring channel system (5.3 x 5.6 A and 5.1 x
5.5 A), excellent thermal stability, shape selectivity and tailored acidity
[10,15]. These characteristics make ZSM-5 one of the most extensively
studied and industrially relevant zeolites, including for VOC oxidation
applications [16]. In addition, zeolites are particularly attractive mate-
rials because their Brgnsted acid sites can assist hydrocarbon activation
by polarizing C-H and C=C bonds [10,17].

In contrast, SBA-15, a mesoporous silica, was employed as a low-
acidity support due to its acidity being mainly limited to surface sila-
nol groups and its elevated surface area (600-1000 m? g~!). SBA-15
exhibits a well-ordered hexagonal arrangement of cylindrical meso-
pores with diameters ranging from 5 to 30 nm, considerably larger than
the targeted platinum nanoparticles [18,19]. According to Rosenholm
et al. (2006) [20], SBA-15 displays dual surface acidity arising from two
types of silanol groups: a minor fraction of strongly acidic Q° silanols
(~15-20%, pKa ~ 2) and a predominant fraction of weakly acidic Q?
silanols (~80%, pKa ~ 8-9).

Despite extensive research efforts, the combined influence of support
acidity, pore architecture and Pt dispersion on VOC oxidation —
particularly under mild, indoor-relevant conditions — remains insuffi-
ciently understood. To address this gap, we investigated low Pt-loading
catalysts (0.5 wt%) supported on ZSM-5 with different SiOy/Aly03
molar ratios (50, 80 and 117) and on mesoporous SBA-15. Controlled
impregnation and stirring-assisted deposition techniques were
employed to obtain well-dispersed Pt nanoparticles. The catalytic ac-
tivity was systematically investigated using carbon monoxide (CO)
oxidation as a probe reaction for assessing the intrinsic oxidation ability
of metallic Pt sites, while ethylene and toluene were selected as repre-
sentative volatile organic compounds (VOCs). Ethylene is a small, un-
saturated hydrocarbon belonging to the alkene family [11]. It also
functions as a natural plant hormone, that regulates fruit ripening even
at trace (ppm) concentrations. Its accumulation can therefore contribute
to food spoilage during storage. Furthermore, ethylene is an important
industrial feedstock for producing polyethylene, ethylene glycol and
numerous chemical intermediates [17]. However, its accumulation in
confined environments can accelerate degradation processes and
contribute to photochemical smog formation [21,22]. Toluene, an aro-
matic VOC, was selected due to its widespread industrial relevance and
environmental impact [23]. It is extensively used as a solvent in
chemical manufacturing, printing, and fuel-related sectors. It is also
emitted during various anthropogenic processes, including fuel and coke
production [24]. Moreover, toluene is commonly found in consumer
products such as paints, adhesives and rubber, contributing to its
elevated levels in indoor air [25]. Due to its toxicity and persistence, the
catalytic oxidation of toluene is considered a key pathway for VOC
abatement in air purification systems [26].

Despite extensive research on Pt-based catalysts for VOC oxidation,
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the combined influence of support acidity and pore architecture under
mild, indoor-relevant conditions remains insufficiently understood. To
address this gap, Pt catalysts with a low metal loading (0.5 wt%) were
prepared on ZSM-5 zeolites with different SiO5/Al;0O3 ratios and on
mesoporous SBA-15. Particular attention was devoted to obtaining
comparable Pt nanoparticle characteristics among the catalysts. This
approach minimizes differences associated with the metallic phase and
enables a more direct assessment of support effects. CO, ethylene and
toluene oxidation were investigated at trace concentrations (100 ppm),
closer to real indoor conditions but less commonly explored than the
higher concentrations typically adopted in kinetic studies [11,17].
Catalytic testing was combined with detailed characterization of Pt
dispersion and oxidation state, surface acidity, pore architecture and
adsorption properties. This approach allowed to clarify how these sup-
port features govern VOC adsorption, accessibility to Pt sites, and
oxidation performance. The resulting structure-property relationships
provide a basis for the rational design of high-performance, low-Pt
catalysts for VOC abatement.

2. Materials and methods
2.1. Catalyst synthesis

Three types of NH4-ZSM-5 zeolites (Alfa Aesar), with SiO3/Al,03
molar ratios of 50, 80, and 117, were selected as catalyst supports. Prior
to use, the materials were calcined at 550 °C in air for 4 h to convert
them into the protonated form. This treatment increases the overall
acidity of the zeolites and enhances their thermal stability during sub-
sequent heat treatments [27]. SBA-15 (Sigma-Aldrich) was employed as
the mesoporous reference support and was calcined at 350 °C in air for
4 h to remove residual pore-blocking species, thereby maximizing the
accessible specific surface area [18].

Platinum nanoparticles were synthesized via the polyol reduction
method, following established literature protocols [13,28,29]. The re-
agents used in the synthesis included chloroplatinic acid (H2PtCle-6H-0,
8 wt%, Sigma-Aldrich), ethanol (Sigma-Aldrich), ethylene glycol (EG,
Sigma-Aldrich), polyvinylpyrrolidone (PVP, Mw=40,000,
Sigma-Aldrich), hydrochloric acid (HCl, 37%, Sigma-Aldrich) and so-
dium hydroxide (NaOH, Sigma-Aldrich).

Specifically, a NaOH solution in ethylene glycol (0.22 g in 20 mL)
was slowly added to an EG solution of HzPtCle:6H-0 (20 mL) under
continuous stirring [30,31]. After 1 h of stirring at room temperature, a
clear yellow suspension was obtained. The mixture was subsequently
heated to 90 °C for 2 h under a nitrogen atmosphere, resulting in the
formation of a stable dark colloidal solution containing Pt nanoparticles.
After cooling to room temperature, an HCl solution (0.3 M) was added in
a stoichiometric amount relative to the NaOH used. This ensured the
quantitative formation of NaCl and minimized residual species that
might inhibit the catalytic performance [32]. Finally, 40 mg of PVP was
introduced into the suspension, which was vortex-mixed for one minute
to ensure complete polymer dispersion.

Two deposition methods were employed to achieve 0.5 wt% of
platinum loading on the supports, i.e. stirring and solvent-evaporation
impregnation. A relatively low platinum loading was selected to
remain within the range typically used in industrial applications [33]. In
both procedures, a 25% excess of the Pt nanoparticle suspension was
used to compensate for possible platinum losses during washing and
separation, ensuring that the final metal loading approached the target
value of 0.5 wt%.

In the stirring-deposition method, the Pt nanoparticle suspension
was mixed with 50 mL of ethanol containing the appropriate amount of
support, followed by continuous stirring at room temperature for 24 h
[13]. For the impregnation method, the Pt nanoparticle suspension was
dispersed in 10 mL of ethanol together with the zeolite powder. The
mixture was stirred at room temperature for 2 h and then heated
gradually to 150 °C under constant stirring until complete solvent
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evaporation. The resulting dense dark paste was then dried in an oven at
80 °C overnight. This technique was applied exclusively to ZSM-5 with a
Si09/Al,03 ratio of 80 to enable a direct comparison between the two
deposition strategies. The sample was designated as Pt/ZSM-5 (80) imp.

All the catalysts underwent purification to remove residual com-
pounds formed during the nanoparticle synthesis. The solid samples
were first dried in air overnight at 60 °C and then dispersed in ethanol.
The suspension was vortex-mixed and centrifuged at 5000 rpm for
30 min at room temperature. The supernatant was carefully removed,
and the washing cycle was repeated until a neutral pH (~7) was
reached. The purified catalysts were then dried at 60 °C to eliminate
residual ethanol and moisture.

Finally, two thermal treatments were applied. First, the catalysts
were calcined at 350 °C for 12 h (heating rate: 5 °C/min) to remove
contaminants and residual organic species. The active metallic platinum
phase was then generated by reduction under a mixture of 5% vol Hz in
N2 (40 mL/min) at 300 °C for 2 h [13].

2.2. Catalyst characterization

Nitrogen adsorption-desorption measurements were performed at
—196 °C using a Micromeritics Tristar II 3020 analyzer to determine the
textural properties of the materials, including specific surface area, pore-
size distribution and pore structure (i.e., microporous vs. mesoporous
character). Prior to analysis, the samples were degassed at 200 °C for 2 h
under nitrogen flow to remove adsorbed moisture and surface impu-
rities. The specific surface area was calculated according to the
Brunauer-Emmett-Teller (BET) model. The total pore volume (Vp) and
average pore diameter (Dp) were obtained from the desorption branch of
the isotherm using the Barrett-Joyner-Halenda (BJH) method. Micro-
pore volume was further evaluated by applying the t-plot method.

Powder X-ray diffraction (XRD) patterns were acquired using a
Philips X'Pert PW3040 diffractometer equipped with Cu Ka radiation (A
= 1.5419 A). For ZSM-5-based catalysts, measurements were collected
in the 20 range of 5-40°, with a step size of 0.026 ° and a counting time
of 56.9 s per step. In contrast, for SBA-15-based catalysts, the 20 range
was set to 0.7-8°, with a step size of 0.013 ° and an acquisition time of
118.3 s per step. Phase identification was performed by comparison with
the reference patterns from the International Centre for Diffraction Data
(ICDD) Powder Diffraction Files (PDF) database.

Platinum loading was quantified by inductively coupled plasma mass
spectrometry (ICP-MS) using a Thermo Scientific iCAP RQ ICP-MS sys-
tem. Prior to analysis, the catalysts were digested at 200 °C for 40 min in
a mixture of nitric acid, hydrochloric acid and hydrogen peroxide. The
resulting solutions were subsequently diluted to reach the concentration
required for accurate metal determination.

Fourier Transform Infrared (FTIR) spectroscopy measurements were
carried out using a Bruker Invenio S spectrometer equipped with a
liquid-nitrogen-cooled MCT detector. Spectra were collected in trans-
mittance mode in the 4000-400 cm ! range with a resolution of 2 cm L.
Each spectrum was obtained by averaging 64 scans; background spectra
were acquired with 128 scans under identical conditions. The samples
were prepared as self-supporting pellets (10-15 mg cm™2) and mounted
in a quartz IR cell fitted with optical windows. An initial spectrum was
recorded at room temperature, after which the samples were degassed
under high vacuum (10’4 mbar) and thermally treated at 350 °C for 2 h,
before cooling to room temperature. For in situ FTIR experiments, ds-
acetonitrile was used as a probe molecule, following a commonly
employed procedure [34,35]. The small size of this molecule facilitates
access to acidic sites within the microporous ZSM-5 framework. Its C=N
stretching vibration is also highly sensitive to acid type and strength.
Following thermal pretreatment and cooling, the probe molecule was
introduced into the cell until a pressure of 20 mbar was reached and
maintained for 1 h. Degassing was then performed progressively, first
under controlled pressure and then over time. This procedure was
continued until the lowest achievable vacuum was reached to evaluate
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adsorption strength and site distribution.

Carbon monoxide adsorption experiments were performed using the
same Bruker Invenio S spectrometer, equipped with a transmission
quartz cell adapted for low-temperature measurements. All spectra were
acquired under the same instrumental conditions described above. Self-
supporting pellets (15-25 mg cm~2) were used for all samples. Prior to
CO adsorption, the materials were activated in situ by heating under
vacuum (10~* mbar) up to 350 °C (5 °C min~1) and kept at this tem-
perature for 2 h. The samples were then cooled to room temperature
under vacuum and subsequently brought to 77 K using liquid nitrogen.
CO was introduced stepwise at 77 K, up to calibrated doses and a
maximum equilibrium pressure of 20 mbar. Spectra were recorded after
each dosing step to follow the evolution of the adsorbed species. After
adsorption, the system was progressively evacuated, and spectra were
collected during desorption to assess the strength of CO-surface
interactions.

Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) experiments were conducted using a Harrick Praying Mantis
diffuse reflectance IR cell connected to the same Bruker Invenio S
spectrometer. The acquisition parameters were identical to those used in
transmission FTIR (4000-400 cm? range, 2 cm! resolution). Each
spectrum was acquired by averaging 32 scans, while the background
was recorded with 256 scans using thermally pretreated KBr (200 °C for
2 h under N3 flow). DRIFTS experiments were carried out under flowing
conditions, using the same gas composition, total flow rate and tem-
perature program used in the catalytic tests.

X-ray photoelectron spectroscopy (XPS) was employed to investigate
the chemical state of Pt-based catalysts, with particular focus on the
oxidation state of platinum and its interactions with the support. Spectra
were recorded using a PHI 5000 Versa Probe II system under the
following conditions: bandpass energy of 187.85 eV, take-off angle of
45°, and an X-ray spot size of 100 um in diameter. The binding energy
scale was calibrated using the C 1 s peak at 284.8 eV, as reference.

The morphology, size and spatial distribution of Pt nanoparticles
supported on ZSM-5 and silica were examined by transmission electron
microscopy (TEM), using a Thermo Scientific Talos F200X microscope
equipped with a LaBs electron source and operated at an accelerating
voltage of 200 kV. For selected samples, a reduced voltage of 80 kV,
instead of the standard 200 kV used for the other images, was applied to
minimize beam-induced amorphization of the zeolite. Particle size dis-
tributions were determined by processing the TEM images using ImageJ
software.

Quantitative elemental analysis was performed using Energy
Dispersive X-ray Spectroscopy (EDX) to evaluate the elemental compo-
sition and Pt distribution within the samples. Since EDX is a local
characterization technique, spectra were collected from at least three
different regions of each sample, to check that the results were homo-
geneous and representative. EDX measurements were carried out with
an Oxford X-ACT detector mounted on a Zeiss Merlin field emission
scanning electron microscope (FESEM) equipped with a Gemini-II
column.

NH; Temperature-Programmed Desorption (NH3-TPD) experiments
were conducted using an Altamira AMI 300Lite TPDRO system with a
thermal conductivity detector (TCD). The measurements were used to
evaluate the concentration and strength distribution of the acid sites,
which are relevant to VOC oxidation. Approximately 70 mg of catalyst
(zeolite or silica-based) was loaded into a quartz U-shaped reactor be-
tween two layers of quartz wool and positioned within a tubular furnace.
The reactor was pretreated under a He flow (25 mL min 1) at 550 °C for
1 h. After cooling to 100 °C, the catalyst surface was saturated with
ammonia by introducing a 10% NHs/He mixture (40 mL min~1) for
30 min. Physisorbed ammonia was then removed by purging the reactor
with pure He (25 mL min~!) for 1 h at 100 °C. Desorption was performed
by heating the sample to 600 °C at a rate of 10 °C min~! under He flow
(35 mL rnin’l), followed by a 10 min dwell at the final temperature.

CO chemisorption experiments were conducted on the Pt-based
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catalysts using the same apparatus employed for the NH3-TPD mea-
surements. This technique is widely used for the characterization of
supported metal catalysts, as it provides essential information on the
accessible metallic surface. Approximately 70 mg of catalyst was loaded
into the reactor. Prior to analysis, the samples were pretreated under an
argon flow (30 mL min’l) at 50 °C for 5 min to remove residual air. A
subsequent reduction step was performed under 5 vol% Hz/Ar. The
samples were heated at 10 °C min~! up to 300 °C and maintained at this
temperature for 2 h to promote the reduction of PtOy species to metallic
Pt°. The system was then purged with pure helium (30 mL min~?) for
20 min at 300 °C to remove residual hydrogen. CO chemisorption was
carried out at 30 °C under continuous He flow (25 mL min™!). Helium
was selected as the carrier gas because its thermal conductivity differs
markedly from that of CO. Aliquots of 524 pL of a 10 vol% CO/He
mixture were injected every 4 min into the He stream. The outlet con-
centration was monitored by a thermal conductivity detector (TCD). A
total of ten CO pulses were injected for each analysis, and the TCD signal
was recorded at an acquisition rate of 0.3 point/s. After completing the
adsorption cycle, the system was purged with helium (30 mL min™! for
1 min) and the TCD response was calibrated using five injections of the
CO/He mixture.

2.3. Catalytic activity tests

The catalytic oxidation tests were carried out in a fixed-bed quartz
reactor with a U-shaped configuration (4 mm inner diameter), housed
inside a furnace equipped with PID temperature control. A K-type
thermocouple, positioned in direct contact with the catalyst bed, was
used to monitor the reaction temperature. The outlet gas composition
was continuously analyzed by a non-dispersive infrared (NDIR) gas
analyzer (ABB Uras 14).

Prior to reaction, 50 mg of catalyst powder was reduced under a flow
of 40 mL min~! of diluted hydrogen (5 vol% Hz in N2). The temperature
was increased at 5 °C min~* up to 300 °C and maintained for 2 h. This
reduction step aimed to convert PtOy species into metallic platinum (Pt%)
and remove physisorbed contaminants. After reduction, the reactor was
cooled to room temperature under a continuous flow of pure nitrogen.

Catalytic tests were conducted by feeding a gas mixture representa-
tive of indoor air pollution at a total flow rate of 50 mL min~*. The inlet
stream contained 100 ppm of a selected pollutant (CO, ethylene or
toluene), 21 vol% O: and nitrogen as balance gas. The experiments were
terminated upon reaching complete conversion (100%) of the target
pollutant. Different heating protocols were adopted depending on the
reactivity of the target pollutant. For CO, due to its low-temperature
oxidation behaviour, a continuous temperature ramp of 1 °C min~!
was applied until complete conversion (100%) was reached. For
ethylene, an isothermal stepwise approach was used. The temperature
was increased in 5 °C increments with a ramp rate of 2 °C min~! between
steps. For toluene, the temperature was raised in 15 °C increments with a

Tablel
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ramp rate of 5 °C min~'. Under these experimental conditions, the gas
hourly space velocity (GHSV) was 60,000 mL g{alt h~'. Kinetic analysis
was used to evaluate the catalytic behaviour of the samples. Reaction
rates were normalized to the Pt content determined by ICP and
expressed as mol-h‘1~(g of P~ L.

All experiments were performed under oxygen excess (21 vol%), so
the oxygen concentration was considered constant.

3. Results and discussion
3.1. Catalyst textural and structural properties

Tables 1 and 2 summarize the main textural properties of the Pt-
based catalysts derived from Nj physisorption measurements, while
the corresponding adsorption-desorption isotherms are reported in
Figures S1 and S2 ( Supporting Information). When comparing the pure
supports with their Pt-loaded materials, no significant loss of surface
area was observed. A slightly larger, yet still limited, decrease in specific
surface area was observed for the sample prepared by impregnation.
This suggests that no substantial pore-blocking phenomena occurred
and that the internal surfaces of the supports remained largely acces-
sible. The results in Table 1 confirm the predominantly microporous
character of ZSM-5, in agreement with previous reports [36-38]. As
shown in Table 2, SBA-15 also retained its mesoporous structure after
stirring-deposition of platinum nanoparticles, maintaining an average
pore diameter between 5.5 and 7 nm [39]. Table 1 additionally reports
the quantified Pt loading. Three samples exhibited Pt contents in line
with the theoretical maximum, indicating that stirring deposition can
achieve a deposition yield close to 100%. Conversely, the impregnated
sample displayed the lowest Pt loading.

Table 1 also reports the Si/Al atomic ratios of the ZSM-5-supported
catalysts, calculated from the Si and Al atomic percentages obtained
by EDX. For ZSM-5 (50), ZSM-5 (80) and ZSM-5 (117), the measured Si/
Al ratios are in agreement with the expected compositions. This confirms
that the zeolite frameworks were preserved during catalyst preparation.

Table 2
Textural properties of Pt/SBA-15 and bulk silica determined by nitrogen phys-
isorption and ICP-MS measurements.

b

Sample St Vpores Dpores” Pt content’
(m*g™h) (em®g™) (nm) (Wt%)

SBA-15 627 0.75 6.73 -

Pt/SBA-15 612 0.72 6.74 0.68

@ Surface area obtained via BET method.

b Total pore volume evaluated from the nitrogen adsorbed amount at P/
Po= 0.994.

¢ Average pore diameter calculated by BJH (Barrett-Joyner-Halenda) method.

4 pt loading obtained through ICP-MS.

Textural properties of Pt/supports and bulk zeolites determined by nitrogen physisorption and ICP-MS measurements.

b

b

Sample SBET Vmicropores Smicropores Vpores Pt content’ Atomic ratio (Si/AD°
(m*g™") (em®g ™) (em®g™ (em®g™h) (Wt%)

ZSM-5 SiO,/Al;,03= 50 364 0.108 199 0.26 - -

Pt/ZSM-5 SiO5/Al;03= 50 358 0.109 199 0.26 0.67 27

ZSM-5 SiO,/Al,03= 80 423 0.113 246 0.25 - -

Pt/ZSM-5 SiO,/Al,03= 80 406 0.113 232 0.26 0.66 40

Pt/ZSM-5 imp SiO,/Al,03= 80 383 0.116 236 0.24 0.52

ZSM-5 SiO,/Al;03= 117 332 0.117 219 0.20 - -

Pt/ZSM-5 SiO»/Al,03= 117 325 0.111 208 0.20 0.53 56

@ Surface area obtained by Brunauer-Emmett-Teller (BET) method.
b Volume and surface area of micropores evaluated via t-plot method.

¢ Total pore volume evaluated from the adsorbed nitrogen amount at P/Po= 0.994.

4 Pt loading obtained through ICP-MS.
¢ Estimated from EDX analysis.
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Fig. laand Fig. 1b show the powder X-ray diffraction (XRD) patterns
of the Pt-supported catalysts, together with those of the corresponding
bare supports. All zeolite-based samples display comparable XRD pro-
files, in agreement with the simulated patterns reported for ZSM-5 [40].
The XRD profiles of zeolites exhibit the characteristic low-angle re-
flections at 8.14 and 9.04° (20) as well as the intense set of peaks in the
23-25° region (e.g. 23.25°, 24.14° and 24.51°), all attributable to the
ordered MFI framework [41,42]. The XRD patterns of the parent zeolites
exhibit no relevant changes with varying SiO,/Al;O3 ratio, indicating
that the overall diffractive features are predominantly governed by the
intrinsic framework structure rather than by compositional differences.
The sharp and well-defined reflections further confirm the high crys-
tallinity of the supports.

For the Pt/ZSM-5 catalysts (SiO2/Al303=50, 80 and 117), no peaks
associated with metallic platinum are detected at 26= 39.8° and 46.2°,
corresponding to the (111) and (200) planes, respectively [43]. This
observation is consistent with the low platinum content (0.5%wt) and
its efficient dispersion, as supported by CO chemisorption measure-
ments. The absence of an extended ordered platinum lattice prevents the
detection of platinum diffraction signals [44]. No impurity-related re-
flections are observed, demonstrating that the structural integrity of the
zeolite framework is preserved during the deposition procedure.

Fig. 1b shows the low-angle XRD patterns (20 range: 0.7-8°) of the
SBA-15-based samples. Both profiles exhibit an intense reflection at 26
~1°, which can be assigned to the (100) plane of the well-ordered two-
dimensional hexagonal mesostructure of SBA-15. The weaker reflections
corresponding to the (110) and (200) planes are also visible, confirming
the preservation of the ordered mesoporous structure after Pt deposition
[45,46].

3.2. Catalyst morphology

3.2.1. Transmission electron microscopy (TEM)

Fig. 2 presents TEM images of Pt nanoparticles (NPs) before and after
their deposition onto zeolite and silica supports. The images were ac-
quired at different accelerating voltages to optimise resolution while
minimizing beam-induced damage [47]. The polyol reduction method
produces small, uniform and nearly spherical Pt NPs, generally below
4 nm, although slightly larger than the 1.9 nm average size reported in
the literature under similar synthesis conditions [13]. Particle size dis-
tribution analysis (Fig. 2b) yielded an average diameter of approxi-
mately 3.2 nm. After deposition by the stirring method, the NP size
distribution remained essentially unchanged, with a homogeneous
dispersion across the support surface. For ZSM-5, a microporous
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material, Pt nanoparticles were predominantly located on the external
surface. In contrast, impregnation (Fig. 2e) promoted particle coales-
cence into larger clusters, resulting in a significant decrease in the
accessible Pt surface area.

Fig. 2c was acquired at a reduced accelerating voltage (80 kV,
compared with the 200 kV used for the other images) to limit beam-
induced amorphization of the zeolite. Under these conditions, the
ZSM-5 support retained its highly ordered microporous structure, dis-
playing well-defined channels and lattice fringes consistent with pre-
served crystallinity [48,49]. Finally, Fig. 2h provides a close-up of a
single Pt nanoparticle. Lattice fringes with an interplanar spacing of
0.23 nm are observed, corresponding to the (111) crystal plane of
metallic platinum [50,51].

As confirmed by N3 physisorption measurements, SBA-15 exhibits a
well-developed mesoporous structure with an average pore diameter of
approximately 6 nm. This value is larger than the size of the nano-
particles (< 4 nm) obtained via the polyol reduction method. Fig. 3
presents three representative STEM images of the Pt/SBA-15 sample. In
Fig. 3a, a significant fraction of Pt NPs is distributed over the external
silica surface. However, closer inspection of Figs. 3b and 3c reveals that
a portion of the nanoparticles is located along the mesoporous channels
of SBA-15. Given their size relative to the pore diameter, these particles
may therefore be located inside the channels, which are known to
exhibit curvatures [52,53]. This partial insertion of Pt NPs into the
curved mesopores may increase contact with silanol (Si-OH) groups,
which act as very weak acid sites [54]. These groups are present not only
on the external surfaces of the silica grains but also along the pore walls
and at intracrystalline defect sites [35].

3.2.2. CO chemisorption

CO chemisorption measurements were carried out to evaluate the
metal dispersion, i.e. the fraction of Pt atoms exposed on the catalyst
surface relative to the total number of metal atoms in the sample. A
stoichiometric factor of 1:1 was applied, assuming that one Pt atom
coordinates with one CO molecule [55]. This assumption was validated
by CO adsorption at room temperature followed by FT-IR spectroscopy,
which revealed a single adsorption band characteristic of linearly
adsorbed CO species (see Fig. S3, Supporting Information).

The results of CO chemisorption measurements are summarized in
Table 3. High Pt dispersions were obtained for most ZSM-5-supported
samples (higher than 57%) and for SBA-15 (72%). In contrast, the
sample prepared by impregnation exhibited a markedly lower disper-
sion (23%), consistent with the formation of the large clusters observed
in TEM images. The relatively high dispersion values compared to the
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Fig. 1. X-ray diffraction (XRD) profiles of pure ZSM-5 and Pt/ZSM-5 catalysts in the 20 range of 5-40 ° (a), of pure SBA-15 and Pt/SBA-15 catalysts in the 20 range of

0.7-8° (b).
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Fig. 2. TEM images of Pt NPs in solution prior to deposition (a), particle size distribution of Pt NPs (b), TEM images of Pt/ZSM-5 (50) (c), Pt/ZSM-5 (80) (d), Pt/ZSM-
5 (80) imp (e), Pt/ZSM-5 (117) (f), Pt/SBA-15 (g) and close-up view of a Pt NP showing lattice fringes (h).

average particle sizes observed by TEM (~3 nm) suggest a discrepancy
between the two characterization methods. This difference may arise
from the distinct information provided by each technique. CO chemi-
sorption selectively probes exposed Pt surface atoms, whereas TEM

provides a statistical evaluation of the particles that can be directly
visualized. The possible presence of smaller Pt species or sub-nanometric
clusters, which are difficult to detect by conventional TEM, cannot be
excluded [56]. As shown in Fig. 2b, a fraction of nanoparticles falls in
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Fig. 3. STEM images of Pt/SBA-15.

Table 3
CO chemisorption results for Pt-based catalysts and TEM evaluated particle
sizes.

Sample CO chemisorption Transmission electron
microscopy (TEM)
Pt Pt Pt particles size
dispersion particles (nm)
(%) size
(nm)
Pt colloidal - - 3.2
solution
Pt/ZSM-5 (50) 67 1.8 3.1
Pt/ZSM-5 (80) 57 2.1 3.2
Pt/ZSM-5 (80) 23 5.3 Clusters
imp
Pt/ZSM-5 (117) 76 1.6 3.3
Pt/SBA-15 72 1.7 3.0

the 0-2 nm range and, due to their higher proportion of surface atoms,
contributes significantly to the overall dispersion. Notably, SBA-15
exhibited a high dispersion. This result is consistent with its meso-
porous structure, which can promote a homogeneous distribution of
finely dispersed Pt nanoparticles on both the external surface and within
the pore channels.

3.3. Catalyst surface composition and chemical state

Given the fundamental role of platinum in hydrocarbon oxidation, X-
ray photoelectron spectroscopy (XPS) was employed to investigate the
surface chemical state of the Pt nanoparticles and their interaction with
acid or non-acid supports. The Pt 4 f XPS spectra of the Pt-based samples
are reported in Figures S4 and S5 ( Supporting Information), while the
relative amounts of the different Pt species detected for each sample is
summarized in Table 4.

In the case of the Pt/ZSM-5 samples, the Pt 4 f spectral windows also
included a contribution arising from the Al 2p signal, whose binding
energy region extends around 73.9 eV [13,57]. This feature can be
attributed to framework AI>* species characteristic of the ZSM-5

Table 4
Surface distribution of Pt oxidation states from XPS analysis for Pt/ZSM-5 zeo-
lites and Pt/SBA-15.

Sample Pt species Peak position (eV) Pt%/(Pt°+Pt>T)
(%)
47 4f5/2
Pt/ZSM-5 (50) pt° 70.6 74.0 100
Pt/ZSM-5 (80) pt° 70.7 74.0 100
Pt/ZSM-5 (80) imp pt° 70.0 73.3 100
Pt/ZSM-5 (117) pt° 70.5 73.8 100
Pt/SBA-15 pt° 70.9 74.3 100

structure (see Fig. S4) [48,58,59]. After reduction, the Pt 4 f spectra of
all Pt/ZSM-5 catalysts are dominated by a single spin-orbit doublet
attributable to metallic platinum. The Pt 4f;/> component is centred at
approximately 70.5 eV, with the corresponding Pt 4fs/> peak located
around 73.5 eV, in agreement with values commonly reported for Pt°
nanoparticles supported on oxide and zeolitic materials [16,38].

XPS analysis shows that, after reduction, platinum is predominantly
present as metallic Pt® in all catalysts, with no detectable contribution
from oxidized Pt species. No significant peak shifts or Pt> species are
observed, indicating that strong metal-support interactions or charge-
transfer effects are not evident within the limits of XPS detection.
Overall, the interaction between Pt nanoparticles and the supports ap-
pears to be mainly weak and interfacial in nature.

Conversely, the Pt/SBA-15 sample shows no detectable Al 2p
contribution, consistent with the siliceous nature of the SBA-15 frame-
work. The Pt 4 f spectrum also displays only a single metallic Pt doublet,
confirming that platinum is fully reduced and present exclusively in the
metallic state on the mesoporous silica support. Overall, XPS results
demonstrate that the activation treatment leads to effective reduction of
Pt species on both zeolitic and mesoporous supports.

3.4. Ammonia temperature-programmed desorption (NH3-TPD)

NH3-TPD was employed to evaluate the concentration and strength
of acid sites. This technique is sensitive and allows both weak and strong
acid sites to be investigated. However, it may overestimate the acidity
due to the small size and strong basicity of NH3 and does not discrimi-
nate between site types. NH3-TPD measurements were not performed on
SBA-15 due to its very low acidity, which would not allow a meaningful
assessment of acid site distribution.

The NH3-TPD profiles of the zeolitic supports are shown in Fig. 4. All
profiles exhibit a similar behaviour, displaying two main desorption
peaks. The first peak, observed at lower temperatures (100-250 °C), can
be attributed to weak acid sites, whereas the second peak, appearing at
higher temperatures (250-550 °C), corresponds to strong acid sites.
Peak deconvolution is summarized in Table 5. The concentrations of
both weak and strong acid sites decrease with increasing SiO2/Al203
ratio, in agreement with previously reported literature [60,61].

To verify whether the deposition of Pt affects the acidic properties of
the supports, NHs-TPD measurements were also performed on repre-
sentative Pt-containing samples. No significant differences in total
acidity or desorption profiles were observed compared to the bare
supports. Therefore, only the acidity data of the parent supports are
reported and discussed in the main text, as they can be considered
representative of the final catalysts.

3.5. Catalyst surface functional groups

FT-IR spectroscopy was used to investigate the surface functional
groups. Since all zeolite samples exhibited very similar spectra, the
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Fig. 4. NH; desorption profiles of ZSM-5 supports.
Table 5

NH,-TPD-derived acid site concentrations.

Sample Weak acid sites Strong acid sites Total acid sites
(pmol gz) (pmol gz) (umol ge.)

ZSM-5 (50) 230 145 375

ZSM-5 (80) 153 127 280

ZSM-5 (117) 90 73 163

results obtained for ZSM-5 (117) are shown here as a representative
example.

Fig. 5a reports the FT-IR spectrum of the ZSM-5 (117) sample in the
OH-stretching region (3800-3200 cm 1) after the thermal pretreatment.
This region is particularly informative, as it reflects the nature and
distribution of hydroxyl groups associated with different types of acid
sites. The spectrum exhibits two main features. A sharp peak at
3746 cm ™! is assigned to terminal silanol groups [62]. A distinct ab-
sorption peak at around 3613 cm™! is characteristic of bridging hy-
droxyls of the Si-OH-Al type, corresponding to Brgnsted acid sites within
the zeolite framework [62,63]. A weak band at around 3675-3670 cm !
is also observed and attributed to OH groups associated with
extra-framework aluminium species formed during thermal treatment.

—— Post pretreatment
—— CD,CN, 6e-01 mbar
—— CD,CN, 16 mbar

(a)
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———

T T

T
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For ZSM-5 (117), this band remains very weak, indicating a limited
amount of these species [35,64]. In contrast, it is more pronounced for
ZSM-5 (50), which has a lower silica to alumina ratio (Figure S7).
Overall, the spectrum evidences the coexistence of framework Brgnsted
acid sites, extra-framework species and defect-related silanol groups in
the zeolite.

To further investigate the acid sites of the ZSM-5 zeolites, CD3CN was
employed as a probe molecule for adsorption-desorption experiments.
CD3CN is a small and slightly basic molecule capable of penetrating the
zeolite micropores. It was selected for its ability to interact with hy-
droxyl groups both on the external surface and within the channels. The
substitution of hydrogen with deuterium was used to minimize spec-
troscopic complications related to Fermi resonance [35]. As shown in
Fig. 5, the introduction of CD3CN leads to its adsorption at the hydroxyl
sites. The absorption peak at ~3613 cm™?, associated with strong acid
sites, was already attenuated at low CD3CN pressures (6 x 10~! mbar).
An analogous behaviour was observed for the silanol groups. Their band
was gradually attenuated at low probe pressures and completely dis-
appeared only at higher pressures (16 mbar), reflecting their weaker
acidity and lower reactivity toward the probe molecule.

Additionally, FT-IR spectra collected in the 2350-2250 cm ™! region
are reported in Fig. 5b for the ZSM-5 (117) sample, while those of the
other supports are reported in Fig. S6 ( Supporting Information). In this
region, bands related to CDsCN interacting with different acid sites can
be observed. Deconvolution of the spectra, summarized in Table 6, in-
dicates that the total number of accessible acid sites increases with
decreasing SiO3/Alp03 ratio. NH3-TPD measurements, performed on the
zeolites and reported in Table 5, confirm this trend. The overall acid site
densities are in reasonable agreement with the spectroscopic data. While
the quantity of Brgnsted acid sites closely follows the aluminium content
in the ZSM-5 framework, the weak Lewis acid sites display a different
behaviour. In particular, the ZSM-5 (80) sample exhibits the lowest

Table 6
Acid site distribution in zeolite samples determined from CD3CN adsorption FT-
IR.

Sample LAS" BAS” BAS -+ LAS Weak + Strong*
(umol gei) (umol ge,t) (umol ge) (umol get)
ZSM-5 (50) 95 261 356 375
ZSM-5 (80) 10 211 221 280
ZSM-5 (117) 48 122 170 163
3 Molar extinction coefficient (¢) = 3.60 cm umol ! [65].
b Molar extinction coefficient (e) =2.05cm pmol’1 [65]
¢ Evaluated via NH3-TPD.
(b) i Experimental data|
{—— Cumulaive curve
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Fig. 5. FT-IR spectra of ZSM-5 (117): (a) OH-stretching region (3800-3200 cm ') after thermal pretreatment and during CD3CN adsorption at increasing pressures
(6 «10! mbar and 16 mbar); (b) G=N stretching region (2350-2250 cm!). FT-IR spectra for the other zeolites are reported in Fig. S6.
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concentration of weak Lewis sites among the series. These findings
highlight that CD3CN interacts with both strong Brgnsted and weak
Lewis acid sites, allowing the distribution of acid sites across the zeolite
series to be quantified.

3.6. CO adsorption and surface site distribution

CO adsorption FTIR experiments were carried out to further inves-
tigate the nature and accessibility of the acid sites identified by CDsCN
measurements [66]. This study was performed at 77 K to stabilise weak
adsorption complexes on all the supports, with or without
stirring-deposited platinum. Carbon monoxide is a small molecule able
to access the zeolite micropores and probe confined environments.
Although it is only weakly basic, CO is highly sensitive to the local
electronic environment, allowing differentiation between hydroxyl and
Lewis-type species. In addition, CO is one of the reactants involved in the
studied catalytic reactions, making its adsorption behaviour directly
relevant [67,68].

The interaction of CO with surface hydroxyl groups was first exam-
ined in the OH stretching region (4000-3000 cm’l). Upon increasing CO
pressure, all OH bands progressively shift to lower frequencies, indi-
cating interaction of CO with all the hydroxyl species. A broad feature
associated with Brgnsted acid sites develops at lower frequencies, while
silanol and AlI-OH groups also shift, although to a much smaller extent,
consistent with weaker interactions. Further details are reported in the
Supporting Information (Fig. S7).

The C-O stretching region (2300-2000 cm ') was then analysed, to
gain more detailed insight into the nature of the adsorbed species. For all
samples, the spectra were deconvoluted to identify the different con-
tributions. A representative fit of the Pt/ZSM-5 (80) sample is shown in
the Supporting Information (Fig. S8), while the complete assignment of
the peaks is reported in Table 7.

Several bands can be distinguished, each one associated with a
specific type of interaction. At high CO pressure, a main band at ~2138
cm™! is observed and assigned to physisorbed CO confined in the zeolite
microporous channels. The structured profile, often appearing as a
doublet, is consistent with hindered rotational dynamics and CO-CO
interactions. The band reversibly disappears upon evacuation, indi-
cating weak adsorption [62,69]. Additional features observed during
subsequent warming, including the formation of carbon dioxide species,
are reported in Fig. S9 (Supporting Information). Contributions related
to Brgnsted acid sites, silanol groups, Al-OH species and
extra-framework aluminium (EFAl) are also observed. A further band is
assigned to weakly adsorbed or confined CO within the micropores. For
Pt-containing samples, an additional band appears between 2120 and
2100 cm™* assigned to CO adsorbed on metallic Pt [74].

Due to the weak and non-stoichiometric interaction of CO with acid
sites, the band intensities cannot be directly used to quantify the abso-
lute site concentrations. For this reason, CO-FTIR was only used to
evaluate the relative distribution of CO among the different surface
functionalities rather than their total amount. The relative contributions
were estimated considering only the chemisorbed fraction (Fig. 6).

The percentages are reported for the bare supports, since no signif-
icant differences were observed upon Pt deposition. The results show
clear differences across the zeolite series. In particular, ZSM-5 (50) and

Table 7
CO vibrational frequencies corresponding to distinct surface adsorption
sites.

Vo (em™1) Adsorption site

2132-2135 CO physisorbed [62]

2138-2141 CO physisorbed [64,69]
2157-2160 Silanol site (Si-OH) [70]
2165-2169 Al-OH [71,72]

2173-2174 Brgnsted acid sited [67,72]
2186-2189 Extraframework Al (EFAl) [72,73]
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ZSM-5 (117) reveal a higher fraction of CO interacting with EFAI species
compared to ZSM-5 (80), in agreement with the lower concentration of
Lewis acid sites observed for the latter sample by CD3CN (Table 6). EFAL
species, being electron-poor centres, can induce polarization of the CO
molecule [64]. Overall, CD3CN gives a quantitative measure of acid site
density. CO-FTIR reflects how a weak probe molecule distributes across
those sites, providing complementary information on surface accessi-
bility and the local environment.

SBA-15, in contrast, mainly shows contributions associated with
silanol groups together with a minor fraction of weakly physisorbed CO,
consistent with its prevalent mesoporous nature and the absence of
framework aluminium and strong acid sites (Fig. S10, Supporting
Information) [75].

3.7. Catalytic activity tests

The impregnated sample showed lower Pt dispersion, as confirmed
by TEM and CO chemisorption results. Therefore, only catalysts pre-
pared by the stirring-assisted method were selected for the VOC oxida-
tion tests. The catalytic activity of the Pt-based samples was first
evaluated using CO oxidation as a model reaction. This probe reaction
was used to evaluate the ability of Pt sites to activate oxygen and pro-
mote oxidation under mild conditions. The results for Pt/ZSM-5 cata-
lysts with different SiO5/Al;0O3 ratios and for Pt/SBA-15 are shown in
Fig. 7. The corresponding T, Tso and Tqg values are reported in Table 8
and represent the temperatures required to reach 10%, 50% and 90% CO
conversion, respectively. Despite the low Pt loading, CO oxidation oc-
curs at very low temperatures, achieving complete conversion below
55 °C. Among the tested samples, Pt/ZSM-5 with Si05/Al»03 ratios of 50
and 117 exhibited the highest activity, displaying nearly identical con-
version profiles. The remaining two samples also showed comparable
curves. Significantly, partial CO conversion (approximately 4-8%) oc-
curs even at room temperature, indicating that the reaction proceeds
without additional heating. Despite the high Pt dispersion on SBA-15,
CO oxidation is slightly less efficient than on Pt/ZSM-5, highlighting a
contribution from the support. The reliability of the CO oxidation
measurements was verified by repeating selected catalytic tests under
identical conditions, yielding highly consistent conversion curves (see
Fig. S11 and Fig. S12, Supporting Information). XPS, performed on the
spent catalysts after CO oxidation, confirms that Pt remains fully
metallic on both zeolite and mesoporous supports (Fig. S13, Supporting
Information). To verify that the preservation of the metallic Pt phase
translated into stable catalytic performance, repeated CO oxidation cy-
cles were carried out, showing highly reproducible conversion profiles
(Fig. S14, Supporting Information).

In H™-ZSM-5, most Brgnsted acid sites are located within the zeolite
channels, where they are generally not in close proximity to the Pt
nanoparticles on the external surface, except a small fraction present at
the pore mouths [64,76,77]. In contrast, Lewis acid sites, particularly
those associated with extra-framework Al species (EFAL), can be present
in more accessible positions, such as pore mouths or external surface
regions. These sites are therefore more likely to interact with CO mol-
ecules and to be located closer to the supported Pt nanoparticles [35,77].
Moreover, extra-framework species are generally associated with
stronger interactions compared to framework-related ones [70].

Low-temperature ‘>C solid-state NMR studies on CO adsorbed on
zeolites by Yakimon et al. (2021) [78] have shown that CO can interact
weakly and dynamically with Lewis acid sites, without forming stable
complexes. Although these interactions are relatively weak, they can
induce a slight polarization of the CO molecule. In the present system,
this effect may become relevant when Lewis sites are located near Pt
nanoparticles.

The results obtained indicate that Pt nanoparticles are the primary
active phase for CO oxidation, while the zeolite support may contribute
to the differences observed at low temperature. Pt/ZSM-5 (50) and Pt/
ZSM-5 (117), which show the highest Pt dispersions, exhibit the best
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Fig. 7. CO oxidation profiles of Pt/ZSM-5 (SiO»/Al,03= 50, 80 and 117, pre-
pared by stirring method) and Pt/SBA-15. Reaction conditions: 100 ppm CO,
21% O,, balance Na, total flow = 50 mL min ..

Table 8

Temperatures corresponding to 10% (T10), 50% (Tsp) and 90% (T9p) CO con-
version for Pt/ZSM-5 and Pt/SBA-15 catalysts. The table also reports the cor-
responding turnover frequencies (TOFs) and the ratio between the densitiy of
EFAI Lewis acid sites and the density of exposed Pt atoms.

Sample Tio Tso Too TOF* Specific EFAl/Pt°
Q) (§¥] Q) x107% reaction rate® ratio”
st (molgo h™!
gor)

Pt/ZSM-5 30.2 447 450 7.3 8.30107° 1.11
(50)

Pt/ZSM-5 424 503 514 3.0 3.00107° 0.14
(80)

Pt/ZSM-5 29.7 436 459 8.3 1.1e1072 1.07
117)

Pt/SBA-15  41.0 522 537 25 2.001072 -

2 values determined from the CO conversion recorded at 40 °C.

b The EFAI/Pt ratio was calculated as the density of extra-framework Lewis
acid sites divided by the density of exposed Pt atoms.

10

CO oxidation performance. Pt/ZSM-5 (80), characterized by the lowest
Pt dispersion, has lower activity. The differences in catalytic behaviour
therefore do not seem to be directly correlated to acidity alone. At the
same time, the higher fraction of CO interacting with EFAl species
observed for the most active Pt/ZSM-5 samples (i.e. those with SiOy/
Al,03 = 50 and 117) is compatible with a possible promotional effect of
accessible Lewis acid sites, which may weakly polarize the CO molecule
and facilitate its activation near Pt nanoparticles. Nevertheless, the
significance of the contribution of EFAL sites cannot be separated from
the one of Pt dispersion. Pt/SBA-15 is slightly less active than the best
ZSM-5-based samples, despite its relatively high Pt dispersion, further
indicating that support-dependent effects may contribute to the
observed catalytic behaviour. Overall, CO oxidation appears to be pri-
marily governed by exposed metallic Pt sites, with Pt dispersion and the
local environment provided by the support contributing to the differ-
ences among the catalysts.

Turnover frequencies (TOFs) and normalized reaction rates, calcu-
lated for all the samples, are reported in Table 8. Apparent TOF values
were estimated by normalizing the rates to the amount of exposed Pt
surface atoms derived from chemisorption measurements. These values
do not account for the contribution of acid sites. Reaction rates were
normalized to the Pt content determined by ICP analysis and expressed
as molco h™! gﬁtl. Although the TOFs measured under low CO concen-
tration (100 ppm) and low-temperature conditions are relatively low
(on the order of 10~* s_l), they follow trends consistent with those re-
ported in the literature for similar Pt-based catalysts under higher CO
partial pressures [53,66]. Among the Pt/ZSM-5 catalysts, Pt/ZSM-5 (50)
and Pt/ZSM-5 (117) exhibit the highest TOFs (4.4 x 10~*s™! and 4.3 x
107457, respectively), while Pt/ZSM-5 (80) and Pt/SBA-15 show the
lowest TOFs (1.8 x 107* s™1). A similar trend is observed for the
normalized reaction rates. This suggests that the differences in catalytic
activity cannot be attributed only to variations in Pt metallic phase,
since Pt particle size and dispersion are relatively comparable among the
samples. Table 8 also reports the ratio between accessible
extra-framework Al species, estimated from FT-IR analysis, and exposed
Pt atoms. Pt/ZSM-5 (50) and Pt/ZSM-5 (117) display higher EFAl/Pt
ratios than Pt/ZSM-5 (80), suggesting that the local environment sur-
rounding Pt nanoparticles differs among the catalysts. The presence of
nearby Lewis acidic species may still influence CO adsorption and
activation through weak local interactions under low-temperature
conditions [78].

For both ethylene and toluene oxidation, the catalytic performance
was evaluated on the basis of CO5 formation, taken as an indicator of
conversion. The catalytic performance of the Pt-based catalysts in
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ethylene oxidation is reported in Fig. 8 as CO, yield versus temperature.
CO4 production was first detected at approximately 30-35 °C, with all
samples showing comparable initial activity. Pt/ZSM-5 catalysts pre-
pared by stirring exhibited nearly overlapping conversion profiles,
reaching complete ethylene oxidation below 80 °C, whereas meso-
porous Pt/SBA-15 displayed lower CO» yields over the same tempera-
ture range.

Only minor differences in catalytic performance were observed
among the ZSM-5 catalysts despite their different silica to alumina ra-
tios. This indicates that the overall activity is not directly governed by
the total concentration of Brgnsted acid sites. This observation is
consistent with the apparent TOF values and normalized reaction rates
reported in Table 9, which are very similar for all Pt/ZSM-5 catalysts. In
contrast, Pt/SBA-15 exhibits lower reaction rates, suggesting that sup-
port properties influence the catalytic behaviour beyond the contribu-
tion of the metallic phase alone.

At low temperatures (<60 °C), all catalysts show comparable activ-
ities, indicating that ethylene oxidation is mainly controlled by exposed
Pt sites. At higher temperatures, differences between Pt/ZSM-5 and Pt/
SBA-15 become more evident. As shown in Figure S16 (Supporting In-
formation), ethylene interacts more strongly with the zeolitic supports
than with SBA-15. Brgnsted acid sites are known to interact with and
protonate olefinic molecules. They may therefore contribute to ethylene
adsorption and activation. However, the similar ethylene oxidation
performance of the three Pt/ZSM-5 catalysts, despite their different acid
site densities, indicates that the total concentration of Brgnsted acid sites
does not directly control their catalytic activity. The microporous ar-
chitecture of ZSM-5 may also favour local enrichment and confinement
of ethylene in the proximity of the active Pt sites. Since ZSM-5 and SBA-
15 differ in both acidity and pore architecture, these effects cannot be
clearly separated. The enhanced performance of Pt/ZSM-5 may there-
fore result from the combined effects of Brgnsted acidity, adsorption
properties and microporous architecture, while metallic Pt sites pri-
marily govern the oxidation reaction itself. This interpretation is
consistent with the XPS and CO-FTIR results, which do not indicate
significant electronic metal-support interactions or charge-transfer
effects.

The stability of the catalysts was further evaluated by a time-on-
stream (TOS) experiment (Figure S15, Supporting Information). This
experiment also provides insight into the influence of water formed
during the reaction.

The catalytic performance of the samples in toluene oxidation is
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Fig. 8. C,H4 oxidation profiles of Pt/ZSM-5 (SiO,/Al,O3= 50, 80 and 117,
prepared by stirring method) and Pt/SBA-15. Reaction conditions: 100 ppm
CoHy, 21% O, balance N, total flow= 50 mL min~?.
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Table 9

Temperatures corresponding to 10% (T10), 50% (Ts0) and 90% (Tgq) CoHy yield
for Pt/ZSM-5 and Pt/SBA-15 catalysts during ethylene oxidation. The table also
reports the corresponding turnover frequencies (TOFs).

Sample T1o Tso Too TOF" Specific reaction
0 (O (0 (x107Ms! rate’
(molcons h™' gpt')

Pt/ZSM-5(50)  41.3 57.0 681 8.6 4.60102

Pt/ZSM-5(80)  39.4 57.7 722 89 4501072

Pt/ZSM-5 446 59.8 726 6.8 4.60102
117)

Pt/SBA-15 416 688 899 55 1.601073

2 values determined from the ethylene conversion recorded at 50 °C.

shown in Fig. 9. Temperatures corresponding to 10% (T10), 50% (Ts0)
and 90% (Tgp) CO> yield are reported in Table 10. Apparent TOF values
were conservatively estimated based on exposed Pt atoms, for the same
reasons discussed above for ethylene oxidation. CO2 formation begins to
be detected around 80 °C for all catalysts, with yields below 2%. How-
ever, clear differences in catalytic behaviour emerge already at the onset
of toluene oxidation. The three Pt/ZSM-5 catalysts prepared by the
stirring method exhibit nearly identical conversion profiles. Complete
toluene oxidation is reached at approximately 140 °C. In contrast, Pt/
SBA-15 shows a delayed oxidation onset and lower activity, reaching
complete conversion only at around 180 °C.

Compared with ethylene, toluene oxidation requires higher tem-
peratures because of the greater stability of the aromatic molecule. The
three Pt/ZSM-5 catalysts show similar activity despite their different
acid site densities. This indicates that the total concentration of acid sites
does not directly control the catalytic performance. However, Brgnsted
acid sites may still promote toluene adsorption and activation. Consis-
tently, Pt/SBA-15 shows significantly lower activity, suggesting a
favourable role of the zeolitic support. Since ZSM-5 and SBA-15 differ in
both acidity and pore architecture, these effects cannot be clearly
separated. The higher activity of Pt/ZSM-5 may therefore result from the
combined effects of Brgnsted acidity, adsorption properties and micro-
porous architecture on toluene adsorption and on the behaviour of re-
action intermediates.

3.8. Catalytic kinetics

To further investigate the catalytic behaviour of the Pt-based

100 wr
—=— PYZSM-5 (50) /

—e— Pt/ZSM-5 (80) )
—v— PYZSM-5 (117) /
—*— PUSBA-15 /

80

60

CO, Yield (%)

20 4

) T T T L LA | L
40 60 80 100 120 140 160 180 200
Temperature (°C)

Fig. 9. C;Hg oxidation profiles of Pt/ZSM-5 (SiO,/Al,03= 50, 80 and 117,

prepared by stirring) and Pt/SBA-15. Reaction conditions: 100 ppm C;Hg, 21%

0,, balance N, total flow= 50 mL min~’.
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Table 10

Temperatures corresponding to 10% (T1o), 50% (Ts0) and 90% (Tgq) C;Hg yield
for Pt/ZSM-5 and Pt/SBA-15 catalysts during oxidation. The table also reports
the corresponding turnover frequencies (TOFs)..

Sample Tio Tso Too TOF" Specific reaction
co (o) Q) x107% rate”
st (molezus h™' gpt')
Pt/ZSM-5 (50) 100.1 122.7 135.6 3.1 9.9¢1073
Pt/ZSM-5 (80) 97.8 121.8 138.4 4.3 9.5¢1073
Pt/ZSM-5 100.0 1239 1379 3.2 9.4e1072
117
Pt/SBA-15 115.3 143.1 168.1 1.3 6.801073

2 values determined from the toluene conversion recorded at 100 °C.

catalysts, a kinetic analysis was performed by estimating the apparent
activation energies (E,) from Arrhenius plots. The reaction rates
measured during CO, ethylene and toluene oxidation were fitted ac-
cording to the Arrhenius equation. Here, (r) is the reaction rate
expressed in [pmol-gﬁtl-s’l] and (T) is the absolute temperature [K]. The
corresponding Arrhenius plots are reported in Fig. 10, with the calcu-
lated activation energies.

The activation energies were calculated using only data points cor-
responding to conversions below approximately 25%. This range was
selected to minimize the influence of mass-transfer limitations and
changes in reactant concentration along the catalyst bed [79]. Apparent
activation energies were obtained from the slopes of the Arrhenius plots
using reaction rates normalized to the Pt content. In all cases, the
determination coefficient (Rz) was close to unity, indicating a satisfac-
tory fit of the experimental data.

For CO oxidation, Pt/ZSM-5 (117) exhibited the lowest apparent
activation energy (60 kJ mol’l), followed by Pt/SBA-15 (68 kJ mol™ 1)
and Pt/ZSM-5 (80) (74 kJ mol’l). This trend is consistent with the
catalytic activity observed in the light-off experiments and may reflect
the combined influence of Pt dispersion and the local environment
provided by the support. Since CO is only weakly adsorbed on the
supports, the reaction appears to be mainly governed by the properties
of the metallic Pt active sites.

In contrast, all catalysts exhibited similar activation energies for
ethylene oxidation, ranging from 106 to 113 kJ mol 1. Despite the lower
activity observed for Pt/SBA-15 in the light-off curves, its activation
energy remained comparable to those measured for Pt/ZSM-5 catalysts.
This result suggests that the intrinsic oxidation pathway is largely
controlled by the Pt active sites. Consistently, all catalysts displayed
similar activities below approximately 60 °C. At higher temperatures,
however, Pt/ZSM-5 catalysts became more active than Pt/SBA-15. This
suggests that the zeolitic support promotes ethylene adsorption and
increases its local concentration near the Pt nanoparticles. The support

—l— Pt/ZSM-5(50) —@— Pt/ZSM-5(80)

—¥— Pt/ZSM-5(117)
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therefore appears to affect adsorption rather than substantially modi-
fying the apparent reaction barrier.

A more pronounced support effect was observed for toluene oxida-
tion. Pt/ZSM-5 (50), Pt/ZSM-5 (117) and Pt/ZSM-5 (80) exhibited
similar activation energies (from 70 to 77 kJ mol‘l), whereas Pt/SBA-15
showed a significantly higher value (92 kJ mol™1). Unlike ethylene, the
influence of the support is already evident within the low-conversion
region used for the kinetic analysis. This indicates a stronger involve-
ment of the zeolitic environment in the adsorption and activation of the
aromatic molecule. The lower activation energies observed for the
zeolite-supported catalysts are consistent with the stronger interaction
of toluene with the acidic zeolitic framework and with the enhanced
catalytic activity observed in the light-off experiments.

Overall, the kinetic analysis confirms that Pt nanoparticles constitute
the primary active phase for oxidation, particularly at low temperature.
The role of the support becomes increasingly important for VOC
oxidation and depends on the nature of the reactant. Ethylene oxidation
appears to be mainly controlled by Pt active sites at low temperature,
with the support primarily affecting adsorption. In contrast, toluene
oxidation is more strongly influenced by the zeolitic environment, even
in the low-conversion region. This contribution is reflected in the lower
apparent activation energies and higher catalytic activity of Pt/ZSM-5.

3.9. Comparison with literature data

The catalytic performance of the present materials was compared
with representative Pt-based catalysts reported in the literature for
toluene oxidation. Pt/ZSM-5 (50) was selected as representative of the
ZSM-5 catalysts, since the three samples showed similar catalytic per-
formance despite their different acid site densities. Studies performed at
100 ppm toluene were preferentially selected. Pt loading, catalyst mass
and space velocity were included to account for differences in reaction
conditions (Table 11).

The selected literature catalysts include Pt supported on CeOx,
CuO-Fes04 (CFO), microporous silica (MS) and ZSM-5. Among the cat-
alysts tested at 100 ppm toluene, Pt(EG)@CeO: shows the lowest Tsq
and Tgo. The present Pt/ZSM-5 catalyst also shows good low-
temperature activity with a similar Pt loading. Its Tgp of 136 °C is
close to that of Pt(EG)@CeO2 (130 °C), despite the higher space velocity
used in the test. It is also lower than those reported for Pt/CuO-FesOa
and Pt/MS at the same toluene concentration and space velocity. The
relatively high Pt dispersion of the present Pt/ZSM-5 catalysts may also
contribute to their good activity at low Pt loading. An analogous Pt/
ZSM-5 catalyst from literature was also included in Table 11, despite
it was tested with 1000 ppm of toluene while the present work focuses
on low, indoor-relevant concentrations of VOCs. Differences in toluene

—&— Pt/SBA-15

104 (a) 101, E.=107 W/mol (b) vo] b \Ea:77 kJ/mol (c)
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N . 0,0
00+ \E\\ E,=113 kJ/mol D
S c \ 054
£ £ o054 = AN
° 40 E,=92 kJ/mol
S
101 N 151 . E.=70 ki/mol
N\ 2,04 h
"1 E,=106 ki/mol Y R
a~ L] AN
15 20 C.Ha 221G -
‘3,20 3.‘22 3.‘24 3,‘26 3,‘28 3.130 3‘132 3,‘34 3.56 13,05 3:10 3.‘15 3,‘20 3:25 3,130 2,50 2,:55 2,‘60 2,235 2,‘70 2,‘75 2,‘80 2,‘85
1000/T (K™) 1000/T (K™ 1000/T (K™

Fig. 10. Arrhenius plots for (a) CO oxidation, (b) ethylene oxidation and (c) toluene oxidation over Pt/ZSM-5 (50), Pt/ZSM-5 (80), Pt/ZSM-5 (117) and Pt/SBA-15
catalysts. Solid lines correspond to linear fits used for the calculation of the apparent activation energies.
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Table 11
Comparison of the catalytic performance of the present Pt/ZSM-5 (50) sample with the ones of representative Pt-based catalysts for toluene oxidation described in the
literature.
Catalysts Pt loading (wt%) Catalyst mass (mg) Toluene (ppm) Space velocity (mL g~' h™") Tso Too Reference
({9} Q)
Pt/ZSM-5 (50) 0.67 50 100 60,000 123 136 This work
Pt(EG)@CeO2 0.44 200 100 24,000 116 130 [80]
Pt/CuO-Fe304 0.50 100 100 60,000 168 185 [81]
Pt/MS 2.0 100 100 60,000 < 140" 149 [82]
Pt/ZSM-5 (Si/Al=46) 0.50 200 1000 12,000 166 177 [83]

@ Estimated from the reported light-off curve.

concentration, catalyst mass and space velocity should therefore be
considered when comparing Tsg and Tgg values.

3.10. DRIFTS study of catalytic mechanism

The behaviour of Pt/ZSM-5 (117) under toluene oxidation conditions
was further investigated by DRIFTS. The same reaction conditions used
for catalytic toluene oxidation were applied. Upon the introduction of
toluene at 60 °C (Fig. 11), characteristic FT-IR bands appear in different
spectral regions. In the low-frequency region, peaks at 740 and
696 cm ! correspond to out-of-plane bending of C-H bonds in mono-
substituted aromatic rings (Fig. 11a) [84]. In the 1650-1450 cm ! re-
gion, two peaks are assigned to C=C skeletal vibrations of the aromatic
ring (Fig. 11b) [85-87]. In the 3000-2800 em ! region, the bands at
3088, 3064 and 3028 cm ! are associated with aromatic C-H stretching.

(a)

® C-H bending (out-of-plane)

Absorbance

—— After pretreatment
C,Hs flow at 60 °C

780

T T T T
740 720 700 680 660

Wavenumber (cm'')

T
800 760

(c) asymmetric C-H stretching (-CH,)
% aromatic C-H stretching

@ C-H bending (out-of.plane)

(b)

Absorbance

(d)

The bands at 2930 cm ™! and 2874 cm ™! correspond to asymmetric and
symmetric C-H stretching of the methyl group, respectively, and are
indicative of physically adsorbed toluene (Fig. 11c) [36,85,88]. Upon
toluene exposure, changes are observed in the OH stretching region. The
band associated with isolated hydroxyl groups around 3700 cm™! de-
creases in intensity, while a broad shoulder develops at lower wave-
numbers. This behaviour suggests hydrogen-bonding interactions
between adsorbed toluene molecules and surface hydroxyl groups,
including Brgnsted acid sites (Fig. 11d) [36].

As shown in Fig. 12a, the Pt/ZSM-5 (117) sample was heated up to
160 °C, using the same gas composition and temperature ramp adopted
during the catalytic tests. Upon heating, a new band near 1770 cm™*
appeared at 140 °C. This band is assigned to the asymmetric C=0 stretch
of cyclic unsaturated anhydrides, commonly associated with the
oxidation of benzoic acid-type intermediates [85,89].

Ac=c stretching (aromatic ring)

A

7

A
—— After pretreatment
C,Hg flow at 60 °C
T T T T T T T
1650 1625 1600 1575 1550 1525 1500 1475 1450

Wavenumber (cm')

B O-H stretching (Brgnsted acid site)

|
[0] Q
¢ :
o 3
? 2
Q Q
< <
/
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C;Hg flow at 60 °C C,H, flow at 60 °C
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Fig. 11. DRIFTS spectra of Pt/ZSM-5 (117) under toluene oxidation conditions: comparison between the pre-treated catalyst (green) and the same sample after
exposure to toluene at 60 °C (pink). Four spectral regions are reported: 800-660 em ! (a), 1650-1450 em ™! (b), 3200-2850 em ™! (¢) and 3900-3100 cm ™ (d).
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Fig. 12. DRIFTS spectra of Pt/ZSM-5 (117) during heating up to 160 °C and cooled at 120 °C with air, reproducing the temperature ramp applied in the toluene
oxidation reactor. Spectral regions: 1800-1720 cm ! (a) and 3200-2850 cm ! (b).

The persistence of this band during the experiment indicates the
accumulation of oxidized surface species within the zeolite micropores
and under reaction conditions. This “trapping effect” is consistent with
the colour change observed for the catalyst after reaction. The tempo-
rary retention of these intermediates does not prevent complete oxida-
tion, which is achieved below 150 °C. In contrast, Pt/SBA-15 with its
larger mesopores and lower surface acidity, did not show any evident
colour variation after reaction.

Cooling the sample under air (Fig. 12b) results in a decrease in the
intensity of the 3200-2850 cm™! region. This indicates the continued
consumption of adsorbed toluene-derived species. Low-intensity resid-
ual bands suggest that a small fraction of adsorbates remained on the
catalyst surface. The anhydride-related band remained detectable dur-
ing cooling, confirming the persistence of these oxidized species under
the experimental conditions. No distinct CO: infrared band was
observed, likely because of its rapid desorption and removal by the
carrier gas.

It should be noted that the DRIFTS signals are relatively weak
because the experiments were performed using only 100 ppm. This
concentration was selected to reproduce the conditions during the cat-
alytic tests.

4. Conclusions

In summary, 0.5 wt% Pt catalysts supported on microporous ZSM-5
zeolites with different SiO2/Al-Os molar ratios and on mesoporous
SBA-15 were prepared via stirring-assisted deposition and conventional
impregnation. The stirring-assisted method yielded well-dispersed and
reproducible Pt nanoparticles while preserving the structural properties
of the supports. The method also showed good reproducibility, enabling
a consistent assessment of support effects. Conventional impregnation
led to broader particle size distributions and lower metal dispersion.
Therefore, these catalysts were not further considered for catalytic
evaluation.

XPS and CO-FTIR analyses indicate that Pt is mainly present in the
metallic state after reduction, with no clear evidence of strong electronic
metal-support interactions or significant charge transfer. Pt nano-
particles are predominantly located on the external surface of ZSM-5,
while partial insertion into SBA-15 mesopores cannot be excluded.

The support affects the local environment around the metal particles.
CO oxidation is primarily governed by exposed Pt sites, although Pt
dispersion and the local environment provided by the support may
contribute to the observed activity. By contrast, ethylene and toluene
oxidation show comparable activities across ZSM-5 samples despite
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their different molar SiO2/Al-Os ratios. This indicates that the total
concentration of Brgnsted acid sites does not directly control the cata-
lytic performance under the investigated conditions. The zeolite
framework can nevertheless contribute through adsorption-related ef-
fects and the creation of a favourable local environment for the re-
actants, while the oxidation reaction itself predominantly occurs on
metallic Pt sites.

Compared with SBA-15, Pt/ZSM-5 shows higher VOC oxidation ac-
tivity. This behaviour may result from the combined effects of acidity,
adsorption properties and microporous architecture, including
confinement effects. However, the similar performance of the three
ZSM-5 catalysts despite their different acid site densities indicates that
acidity alone does not determine VOC oxidation activity. Since ZSM-5
and SBA-15 differ in both acidity and pore architecture, the contribu-
tion of each factor cannot be clearly distinguished from the present re-
sults. DRIFTS results further suggest that oxidized intermediates formed
during toluene oxidation can be temporarily retained within the zeolite
framework, which may favour their further transformation.

Overall, this study shows that the catalytic behaviour of low-loading
Pt catalysts for VOC oxidation is governed by the interplay between
exposed metallic Pt sites and the physicochemical properties of the
support. By maintaining comparable Pt nanoparticle characteristics
across the investigated catalysts, the contribution of the support could
be more clearly distinguished. Electronic metal-support interactions do
not appear to play a significant role. Instead, pore architecture,
adsorption properties and the local environment surrounding Pt can
influence catalytic performance even when the metallic phase remains
essentially unchanged. In particular, the results indicate that total
Brgnsted acidity alone is not a sufficient descriptor of VOC oxidation
activity. Confinement and adsorption effects associated with the zeolite
framework can instead promote reactant availability and intermediate
transformation near the active Pt sites. Besides demonstrating activity at
only 0.5wt% Pt and under indoor-relevant VOC concentrations
(100 ppm), these findings provide new insight into the role of zeolitic
supports in Pt-catalysed VOC oxidation and suggest that future catalyst
design should focus not only on Pt dispersion and acidity, but also on
controlling pore accessibility and the local environment of the metal
sites.
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