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Removal of dibenzothiophene by extraction and
catalytic oxidation using long- and short-channel
SBA-15 containing Zr and Mo species

Katarzyna Stawicka, * Maciej Trejda, Aleksandra Rybka and Maria Ziolek

Two different SBA-15 silicas with long and short channels, containing zirconium species, were prepared

and used as supports for molybdenum additives. The resulting materials were characterized and tested as

catalysts for extractive catalytic oxidative desulfurization (ECODS) of dibenzothiophene (DBT) using aceto-

nitrile as a solvent and H2O2 as an oxidant. The synthesis procedure for the zirconium-containing silicas

influenced both the zirconium loading and its distribution, i.e., whether it was incorporated into the

framework or present in extra-framework positions. Additionally, the choice of support for molybdenum

inclusion affected the amount of modifier loaded and its resistance to leaching, which collectively

impacted the acidic and basic properties of the synthesized catalysts. The textural and surface properties

of the materials were evaluated using low-temperature nitrogen adsorption/desorption, XRD, SEM-EDS,

FT-IR-ATR, XPS, and UV-vis. The acidity and basicity of the samples were evaluated using FT-IR spec-

troscopy with pyridine adsorption/desorption and test reactions including 2-propanol dehydration/dehy-

drogenation and 2,5-hexanedione cyclization/dehydration. The catalytic activity was measured in ECODS.

The Mo/ZrSBA-15-S catalyst demonstrated the best performance in DBT removal from the oil phase,

achieving approximately 92% conversion of DBT within 120 minutes at 60 °C. This superior activity was

attributed to the material’s high acidity strength.

1. Introduction

Mesoporous SBA-15 type silica has been widely used as a
support for various active components, such as metals, metal
oxides, and organosilanes,1–7 due to its large surface area and
narrow pore size distribution. Conventional SBA-15 consists of
rod-like channels with micropores located in the silica walls,
which contribute to its high hydrothermal stability.
Modifications in the SBA-15 synthesis procedure can result in
diverse silica morphologies, expanding its potential appli-
cations. To date, SBA-15 silicas with morphologies such as
spheres, fibers, rods, plates, and rice-like grains have been
developed by altering synthesis conditions, such as the temp-
erature, the choice of silica sources, or the addition of specific
metal ions, e.g., Sn2+ or Zr4+, to the synthesis gel.7–9

The platelet structure of short-channel SBA-15 distinctly
differs from that of conventional SBA-15, which features a rod-
like shape and extended mesochannels. The morphological
differences between short- and long-channel SBA-15 are due to

the influence of Zr(IV) species within the synthesis gel of plate-
let SBA-15. When zirconium species are included in the silica
synthesis mixture, the average radius of Pluronic P123 micelles
increases. This occurs due to the salting out effect, where well-
solvated species lower the critical micelle concentration (cmc)
of the P123 triblock copolymer and likely boost the local TEOS
concentration around P123 micelles. Consequently, the hydro-
lysis and condensation of TEOS on P123 micelles are sped up
by introducing Zr(IV) ions into the synthesis solution.
Furthermore, Zr(IV) species might form a dative bond with the
hydrophilic PEO chains of P123, which accounts for the predo-
minant presence of zirconium species on the surface of the
pore walls.10 The choice of silica source and the duration of
stirring after its incorporation into the synthesis gel influence
the morphology of SBA-15 platelets. In the presence of Zr4+

ions, TMOS undergoes faster hydrolysis than TEOS, which can
lead to quicker silicate condensation at the ends of the copoly-
mer micellar rods, causing earlier termination of platelet
SBA-15 growth. Additionally, a shorter stirring time that still
allows for TMOS to hydrolyze and dissolve in the synthesis
solution enables platelets to grow under static conditions,
avoiding interconnections between platelets.11 Furthermore,
the presence of zirconium species during the synthesis
enables the formation of Lewis and Brønsted acid sites on the
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surface of Zr–SBA-15, provided sulfuric acid is not added at the
final stage of the synthesis protocol.7 When this short-channel
SBA-15 is used as a support for additional metal precursors,
the interactions between the metallic modifiers and the zirco-
nium species embedded in the silica framework must also be
considered.

For long-channel SBA-15, where no Zr(IV) species are added
to the synthesis gel, silica-coated P123 micelles are formed
once TEOS is added to the synthesis solution. As silica starts
to condense, disordered structures and P123 aggregates of the
silica nanocomposite materials are created. As the conden-
sation of silicate continues around the P123 micelles, these
micelles become elongated and align themselves in a 2D hex-
agonal pattern. The short rods connect at the channel ends,
forming longer rods in the direction of the channels as the
reaction continues.10

The removal of sulfur compounds from fuel feedstocks and
petrochemicals is increasingly important due to the harmful
effects of sulfur oxides, produced during the combustion of
fossil fuels, on human health and the environment. The
method currently employed for the commercial removal of
sulfur compounds from crude oil is hydrodesulfurization
(HDS). However, this process is not efficient in removing larger
sulfur compounds, such as dibenzothiophene (DBT), from
fuels. Consequently, alternative methods for sulfur removal
from crude oil are needed. According to the literature, several
methods as alternatives to HDS have been developed to
achieve ultra-low sulfur fuels. These include oxidative desulfur-
ization (ODS), adsorptive desulfurization, and extraction.
Among these, ODS appears to be the most attractive option
due to its mild reaction conditions and the use of hydrogen
peroxide, a so-called “green” oxidant. In the ODS process,
sulfur compounds are oxidized sequentially: first to sulfoxides
and then directly to sulfones, which exhibit higher polarity.
However, the resulting sulfones remain in the reaction mixture
and must be separated. This is typically achieved using a polar
solvent to extract the sulfones, as their polarity makes them
more easily separable than DBT. To streamline the process, it
is logical to combine ODS and extraction into a single step,
known as extractive catalytic oxidative desulfurization
(ECODS). In this integrated approach, sulfur compounds are
oxidized to sulfones and simultaneously removed from crude
oil through an extraction technique.12–14

According to the literature, catalysts exhibiting good activity
in oxidative desulfurization (ODS) should possess Brønsted
acid sites15,16 and/or active species capable of interacting with
hydrogen peroxide. To date, transition metals have been predo-
minantly used as active centers for such interactions with
hydrogen peroxide. These include titanium,17,18 tungsten,19,20

molybdenum,1,21,22 and vanadium.23–25

In light of the data presented above, the aim of this work
was to synthesize two SBA-15 materials with distinct mor-
phologies: rod-like (long-channel) and plate-like (short-
channel), to be used as supports for zirconium and molyb-
denum species. To the best of our knowledge, no data exist in
the literature on the effect of zirconium species retained in

short-channel SBA-15 on the performance of molybdenum
supported on its surface. It was hypothesized that these cata-
lysts would exhibit enhanced effectiveness due to interactions
between zirconium species and pseudo-bridging Si–O(H)⋯Mo
(vO)2 moieties. The study focused on examining the influence
of support morphology, modifier loading, and their inter-
actions on catalytic activity in the ECODS process.

2. Experimental
2.1. Materials

Tetraethyl orthosilicate (TEOS) (>99%), Pluronic P123, zirco-
nium(IV) isopropoxide isopropanol complex (99.9%), zirconyl
chloride octahydrate (98%), ammonium molybdate tetrahy-
drate (>99%), dibenzothiophene (98%), n-dodecane, pyridine
(>99%), 2,5-hexanedione (>98%) and hydrogen peroxide (30%)
were purchased from Sigma-Aldrich (St Louis, MO, USA). HCl
(35%) was purchased from Stanlab (Lublin, Poland).
2-Propanol (>99%) was purchased from Chempur Poland.

2.2. Preparation of the long-channel SBA-15 support

The rod-like, long-channel mesoporous silica SBA-15 was syn-
thesized via the hydrothermal method described in ref. 26.
Initially, Pluronic P123 (poly(ethylene glycol)-block-poly(propy-
lene glycol)-block-poly(ethylene glycol)) (16 g), a non-ionic sur-
factant, was dissolved in 600 mL of a 0.7 M HCl solution at
35 °C. To this mixture, tetraethyl orthosilicate (TEOS,
34.108 g), serving as the silica source, was added dropwise
under continuous stirring. The resulting mixture was stirred at
35 °C for 20 hours, followed by hydrothermal treatment at
100 °C under static conditions for 24 hours in an oven. The
white solid product was then filtered using a Büchner funnel,
washed with 1200 mL of deionized water, and dried at room
temperature. Finally, the surfactant template was removed by
calcination at 500 °C for 8 hours at a heating rate of 1 °C
min−1. The sample was designated as SBA-15-L.

2.3. Preparation of the short-channel SBA-15 support

The synthesis of short-channel mesoporous silica SBA-15 was
performed following the procedure outlined in ref. 7. Initially,
Pluronic P123 (poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol)) (16 g) and ZrOCl2·8H2O
(2.64 g) were dissolved in a mixture of distilled water (500 mL)
and HCl (35%, 88 mL) at 35 °C with stirring for 22 hours.
Subsequently, tetramethyl orthosilicate (TMOS, 24.798 g), used
as the silica source, was added dropwise to the mixture under
vigorous stirring. The resulting mixture was maintained at
35 °C for an additional 24 hours. Unlike other procedures, the
zirconium species were not removed from the sample via sulfu-
ric acid treatment. The solid white product was filtered using a
Büchner funnel, washed with 1500 mL of distilled water, and
dried at room temperature. Finally, the dried powder was cal-
cined at 500 °C for 4 hours at a heating rate of 1 °C min−1. The
resulting sample was designated as ZrSBA-15-S.
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2.4. Modification of SBA-15-L with zirconium species

Two grams of long-channel mesoporous silica SBA-15-L were
dried overnight in an oven at 100 °C. The prepared sample was
then transferred to a round-bottom flask and heated on a
vacuum evaporator at 80 °C for 1 hour. Next, a suspension of
zirconium(IV) isopropoxide isopropanol complex in water
(20 mL of distilled water + 0.384 g of zirconium salt) was
added dropwise to perform incipient wetness impregnation.
The target Si/Zr molar ratio was 30. The mixture was then
heated using a vacuum evaporator at 80 °C for 1 hour. The
resulting white solid product was heated at 110 °C for
18 hours to enhance the degree of crystallization of zirconium
oxide. Finally, the material was calcined at 500 °C for 4 hours
with a temperature ramp of 3 °C min−1. The final material was
designated as Zr/SBA-15-L.

2.5. Modification of Zr/SBA-15-L and ZrSBA-15-S with
molybdenum species

The obtained Zr/SBA-15-L and ZrSBA-15-S samples were then
modified with molybdenum species using incipient wetness
impregnation as follows. The target Si/Mo molar ratio was 30.
To begin, 1 g of the sample, which had been dried overnight at
100 °C, was placed in a round-bottom flask. The sample was
then heated on a vacuum evaporator at 80 °C for 1 hour. After
this, an aqueous solution of molybdenum salt (0.098 g of
ammonium molybdate tetrahydrate + 10 mL of distilled water)
was added dropwise. The mixture was then heated on a
vacuum evaporator at 80 °C until the distilled water was
removed. The resulting solid white material was dried in an
oven at 110 °C for 18 hours. Finally, the samples were calcined
at 500 °C for 4 hours with a temperature ramp of 3 °C min−1.
The resulting samples were designated as Mo/Zr/SBA-15-L and
Mo/ZrSBA-15-S.

2.6. Catalyst characterization

The prepared materials were analyzed by XRD measurements
using a Bruker AXS D8 Advance diffractometer with Cu Kα
radiation (λ = 0.154 nm). Data were collected in the low angle
range of 2θ varied from 0.6° to 8° and in the wide angle range
of 2θ from 6° to 60° with a resolution of 0.02° and 0.05°,
respectively.

The surface area, pore volume, and diameter of the catalysts
were determined by low-temperature N2 adsorption/desorption
measurements using a Micromeritics ASAP 2020 apparatus.
Before analysis, the powder was outgassed at 300 °C for 8 h.
The specific surface area values were determined using the
Brunauer–Emmett–Teller (BET) method. The average pore dia-
meter was determined using the density functional theory
(DFT) method.

The structure of the produced catalysts was examined by
field-emission scanning electron microscopy (FE-SEM) using a
Quanta 250 FEG instrument (FEI, USA) at an accelerating
voltage of 10 kV. Energy dispersive X-ray analysis (EDX) and
EDX mapping were carried out using an EDS analyzer at a
beam accelerating voltage of 30 kV. All measurements were

performed on carbon adhesive conductive tape without
metallization.

UV-vis spectra were recorded using a Varian-Cary 300 Scan
UV-vis spectrophotometer with an integrated CA-30I sphere.
The samples, first dried at 100 °C for 12 h, were placed in a
cell equipped with a quartz window. The Kubelka–Munk func-
tion (F(R)) was used to convert reflectance measurements into
equivalent absorption spectra. SPECTRALON was used as a
reference sample.

XP spectra were recorded using an ultra-high-vacuum
photoelectron spectrometer equipped with a Phoibos 150 NAP
analyzer (SPECS, Germany). The operating pressure in the
chamber was close to 5 × 10−9 mbar. The powders examined
were irradiated with monochromatic Al Kα radiation (1486.6
eV). The binding energies of the obtained spectra were refer-
enced to the C 1s peak at 284.6 eV.

Pyridine adsorption combined with FT-IR measurements
was performed using a Bruker INVENIO S spectrometer
equipped with an in situ vacuum cell. Prior to measurement,
the catalysts were pressed into thin wafers and placed inside a
homemade cell. The cell containing the sample was then out-
gassed at 350 °C for 2 hours. After this, pyridine was intro-
duced at 150 °C. Once the sample was saturated with pyridine,
the solid was degassed at 150 °C, 200 °C, 250 °C, and 300 °C
under vacuum for 30 minutes at each temperature. The spec-
trum obtained after outgassing the sample at 350 °C for
2 hours (i.e., without adsorbed pyridine) was subtracted from
all recorded spectra. The number of Brønsted and Lewis acid
sites was calculated using the Emeis extinction coefficients: for
Brønsted acid sites (BAS), ε1550 = 1.67 μmol−1 cm and for
Lewis acid sites (LAS), ε1440 = 2.22 μmol−1 cm.27 The
FT-IR-ATR (attenuated total reflectance) spectra of the pow-
dered samples were obtained utilizing a Platinum ATR acces-
sory on a Bruker Vertex 70 spectrometer.

2.7. Catalytic tests

2.7.1. Cyclization and dehydration of 2,5-hexanedione. The
catalysts were tested in the dehydration and cyclization of 2,5-
hexanedione (2,5-HDN) as a probe reaction. The transform-
ation was carried out in a tubular downflow reactor (∅: 8 mm;
length: 80 mm) at atmospheric pressure, using nitrogen as the
carrier gas. The granulated catalyst bed (0.5 < ∅ < 1.0 mm)
(0.05 g) was initially heated at 350 °C for 2 hours under a nitro-
gen flow (40 mL min−1) to remove any moisture present in the
pores of the sample. Subsequently, 0.5 mL of 2,5-hexanedione
was continuously passed through the catalyst at 350 °C. The
substrate was delivered via a pump system (KD Scientific) and
vaporized before entering the catalyst bed, with nitrogen
acting as the carrier gas (40 mL min−1). The reaction products
were collected for 30 minutes in a cold trap (a mixture of
liquid nitrogen and 2-propanol) and analyzed by gas chrom-
atography (SRI 310 C, MXT-1 column, 30 m, column tempera-
ture: 100 °C) using a thermal conductivity detector (TCD).
Helium was used as the carrier gas.

2.7.2. Dehydration and dehydrogenation of 2-propanol.
The dehydration and dehydrogenation of 2-propanol were per-
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formed using a microcatalytic pulse reactor (∅: 6 mm; length:
80 mm) inserted between the sample input and the column of
an SRI 310 chromatograph. A 0.02 g portion of the granulated
catalyst (0.5 < ∅ < 1.0 mm) was activated at 350 °C (heating
rate 10 °C min−1) for 2 hours under a nitrogen flow (40 mL
min−1). The 2-propanol conversion was analyzed over the
temperature range of 150–300 °C using 3 μL pulses of alcohol
under a nitrogen flow (65 mL min−1) as the carrier gas. The
substrate was vaporized before being passed through the cata-
lyst bed with the nitrogen carrier gas. The reaction mixture
was separated on a 2 m column filled with Carbowax 400
loaded on Chromosorb W (80–100 mesh) at 65 °C under a
nitrogen flow (40 mL min−1) and detected using a flame
ionization detector (FID).

2.7.3. Extractive catalytic oxidative desulfurization
(ECODS). The extractive catalytic oxidative desulfurization
(ECODS) of dibenzothiophene (DBT) was performed in a glass
reactor using an EasyMax Workstation. The ECODS studies
were carried out using the following mixture: 500 ppm DBT in
n-dodecane (5 mL), acetonitrile (5 mL), 0.5 wt% catalyst, and
hydrogen peroxide (30%; H2O2/DBT = 6, 4, or 2). Prior to the
reaction, the catalysts were heated at 400 °C for 8 hours to
remove moisture from their pores. The dried catalysts were
then placed into a test tube of the EasyMax Workstation. A
suitable amount of DBT in n-dodecane, along with acetonitrile,
was added. Once the reaction mixture reached the desired
temperature, hydrogen peroxide was added dropwise. The reac-
tion was conducted for 120 minutes at 60 °C. The removal of
DBT was monitored from the oil phase, with samples of the
reactants taken at regular time intervals. The conversion of
DBT was calculated using the following equation:

% Conversion of DBT ¼ðC0 � CÞ
C0

�100% ð1Þ

where C0 is the concentration of DBT at the beginning of the
reaction and C is the concentration of DBT during the progress
of the reaction.

A gas chromatograph (GC, Thermo Scientific, Trace 1300)
equipped with a 30 m DB-1 column and an FID detector was
used to determine the concentration of DBT during the reac-
tion process. Helium was used as the carrier gas. The injector
and detector temperatures were set to 250 °C and 280 °C,
respectively. The column’s initial temperature was set to 80 °C
for 3 minutes, after which it was increased to 300 °C with a
temperature ramp of 10 °C min−1.

After the first reaction run, the samples were separated
from the reaction mixture using a Büchner funnel, washed
with acetonitrile (3 portions of 10 mL each), and dried at
100 °C for 12 hours. The dried samples were then heated to
400 °C for 8 hours before being used in the next reaction run.

3. Results and discussion

The texture and structural properties of the synthesized cata-
lysts were evaluated using low-temperature nitrogen adsorp-

tion/desorption isotherms and X-ray diffraction measure-
ments. Additionally, the morphology of ZrSBA-15-S was exam-
ined using scanning electron microscopy images.

The N2 adsorption/desorption isotherms of long-channel
SBA-15-L and short-channel ZrSBA-15-S, as shown in Fig. 1,
can be classified as type IV(a) according to the IUPAC classifi-
cation, confirming the mesoporous nature of both silica
supports.28,29 The hysteresis loop in the N2 adsorption/desorp-
tion isotherms of long-channel SBA-15-L is of type H1, whereas
the isotherms of short-channel ZrSBA-15-S display hysteresis
loops of type H2(b). Additionally, ZrSBA-15-S shows a lower
amount of nitrogen adsorption. These differences between the
two silica supports can be attributed to their distinct mor-
phologies: the plate-like structure of ZrSBA-15-S compared to
the rod-like morphology of SBA-15-L.

Both silica supports, SBA-15-L and ZrSBA-15-S, exhibit rela-
tively large surface areas of 926 and 753 m2 g−1, respectively,
along with some microporosity, which is more pronounced in
the short-channel ZrSBA-15-S (Table 1). The formation of
micropores in the silica skeletons of both materials is attribu-
ted to the use of Pluronic P123 as a surfactant, followed by its
removal during calcination.30 Long-channel SBA-15-L shows
almost twice the mesopore volume compared to that of
ZrSBA-15-S, due to the formation of rod-like channels that
serve as mesopores. In contrast, ZrSBA-15-S has a higher wall
diameter, which leads to a reduction in its pore diameter. This
difference is a result of the incorporation of zirconium species
into the silica framework, which increases the wall thickness.
Modification of both SBA-15 supports with metal precursors
(Zr or Mo) results in a decrease in total surface area, as well as
in the areas and volumes of micropores and mesopores, along-
side a reduction in pore diameter. These changes are
accompanied by an increase in wall thickness. The observed
differences in structural parameters after metal incorporation
may be due to the partial coverage of the pores of SBA-15-L
and ZrSBA-15-S by the metal modifiers or the introduction of
metal species into the silica skeleton. Additionally, the modifi-
cation of both supports with metal precursors leads to a
decrease in the unit cell parameter (a0) and the interplanar
spacing (d100), causing a contraction of the hexagonal structure

Fig. 1 Nitrogen adsorption/desorption isotherms of the SBA-15 based
samples.
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of the SBA-15 materials due to the additional thermal treat-
ment after modifier loading.

The low-angle XRD patterns of the synthesized catalysts, as
shown in Fig. 2, exhibit reflexes characteristic of the hexagonal
structure of SBA-15. The most prominent reflex at approximately
1° 2θ ([100]), according to the literature, is attributed to the
regular interspace distances between the silica walls of the meso-
porous channels. The other two peaks at around 1.5° and 1.7°
2θ ([110] and [200], respectively), correspond to the long-range
ordering of the silica framework.31,32 The absence of the peak at
around 1.7° 2θ in the XRD pattern of ZrSBA-15-S may be due to
the differing structural morphology of this material, which does
not display the typical rod-like channels of SBA-15. Interestingly,
the wide-angle XRD patterns of the molybdenum- and zirco-
nium-containing samples do not show diffraction peaks typically
associated with crystalline molybdenum or zirconium oxides.
The lack of these reflexes suggests that the crystals of these
oxides on the surface of the mesoporous silica supports may be
too small to be detected by XRD or may have an amorphous
character. For all the analyzed samples, only a broad reflex in
the range of 15–35° 2θ is observed, which, according to the lit-
erature, is indicative of the amorphous nature of the samples.6

The SEM images shown in Fig. 3 confirm the successful
synthesis of short-channel Mo/ZrSBA-15-S and long-channel
Mo/Zr/SBA-15-L. The image of Mo/ZrSBA-15-S reveals the
characteristic cross-disc-like particles typical of short-channel

SBA-15,7,31 whereas in the case of Mo/Zr/SBA-15-L, longer rods
are observed. Notably, the images of both materials show no
extra particles, consistent with the wide-angle XRD patterns,
which indicated the absence of metal oxide crystals on the
surface of the catalysts.

The distribution of Mo and Zr species on the surface of both
silicas was evaluated using SEM-EDS. As shown in the elemental
mapping presented in Fig. 4, all species are uniformly dispersed
across the Mo/Zr/SBA-15-L and Mo/ZrSBA-15-S surfaces.

The coordination of zirconium and molybdenum species
on the surface of the synthesized catalysts was evaluated using
the UV-vis spectra shown in Fig. 5. A low-intensity band at
around 200 nm, associated with defects in the silica, is
detected in the spectra of all samples.33 For the samples con-
taining zirconium species, the UV-vis spectra show an increase
in absorption compared to that of SBA-15-L with the appear-
ance of low-intensity bands between 220 and 350 nm. These
bands are likely due to charge transfer between oxygen and zir-
conium in ZrO2, or they may indicate the presence of multi-
coordinated zirconium species with varying coordination
numbers, or bands corresponding to zirconium dioxide oligo-
mers, dimers, and trimers involving Zr–O–Zr bonding.7,34 It is
noteworthy that the increase in the absorption line is more
pronounced in the UV-vis spectrum of Zr/SBA-15-L compared
to that of ZrSBA-15-S, despite the latter having a higher zirco-
nium content, as shown in Table 1. This observation suggests

Table 1 Textural/structural parameters and chemical composition of the obtained samples

Catalyst S, m2 g−1 Smicro, m
2 g−1 Vmesop., cm

3 g−1 Vmicrop., cm
3 g−1 d, nm dwall

a, nm a0
a, nm d100

a, nm

Molar ratio
based on XPS

Si/Zr Si/Mo

SBA-15-L 926 222 1.00 0.08 11.7 1.85 9.39 8.13 — —
Zr/SBA-15-L 725 161 0.83 0.06 9.6 2.09 9.00 7.80 36 —
Mo/Zr/SBA-15-L 599 93 0.72 0.03 9.6 2.13 8.48 7.34 53 146
ZrSBA-15-S 753 338 0.55 0.14 6.7 3.32 8.48 7.34 25 —
Mo/ZrSBA-15-S 475 144 0.37 0.06 6.6 3.60 8.17 7.08 24 58
Mo/ZrSBA-15-S reused — — — — — — — — 25 304

a Calculated from XRD; S – specific surface area determined by the BET method; V – pore volume; d – pore diameter; dwall – wall thickness; a0 –
unit cell parameter; d100 – inter-space distance.

Fig. 2 Low- and wide-angle XRD patterns of the synthesized catalysts.
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that in ZrSBA-15-S, the zirconium species are predominantly
incorporated into the silica skeleton, with only a small portion
forming ZrO2 on the surface. In contrast, the more noticeable
increase in absorption in the UV-vis spectrum of Zr/SBA-15-L
suggests that a higher concentration of ZrO2 is present on the
surface of this material in extra-framework positions.

Modification of the zirconium-containing samples with
molybdenum species results in the appearance of a new broad
band with a maximum at approximately 232 nm in the UV-vis
spectra of Mo/Zr/SBA-15-L and Mo/ZrSBA-15-S. Deconvolution
of this band reveals two distinct regions: 215–230 nm and
270–280 nm. These bands can be attributed to electron trans-
fer between oxygen and molybdenum in tetrahedral coordi-
nation and the characteristic band of Mo–O–Mo oligomers,
respectively.5,35 Notably, the intensities of these bands, related
to the different forms of molybdenum species, are similar in
Mo/Zr/SBA-15-L. In contrast, for Mo/ZrSBA-15-S, the band
corresponding to tetrahedrally coordinated molybdenum is
more intense. This suggests that molybdenum species are
more effectively incorporated into the ZrSBA-15-S support than
the Zr/SBA-15-L support.

FT-IR-ATR spectroscopy confirmed the presence of molyb-
denum species on the surfaces of Mo/Zr/SBA-15-L and Mo/
ZrSBA-15-S. Fig. 6 illustrates that the spectra of all samples
exhibit bands at 456 cm−1, 804 cm−1, and 1074/1080 cm−1,
which correspond to the bending vibration of SiO4 and the
symmetric and asymmetric stretching vibrations of Si–O–Si.
Following the introduction of molybdenum species, additional
bands appear in the spectra at 562 cm−1, 905/914 cm−1, and
954/962 cm−1. The initial two bands are associated with the
stretching mode of oxygen connected to the molybdenum
atoms in Mo–O–Mo, while the latter band pertains to the
vibration of the bond in MovO species.36,37

The states of zirconium and molybdenum species were
further investigated using X-ray photoelectron (XP) spectra, as
shown in Fig. 7. The doublet in the Zr 3d region, corres-
ponding to Zr 3d3/2 and Zr 3d5/2 at binding energies (BE) of
185.8–184.8 eV and 183.6–183.1 eV, respectively, confirms the
presence of Zr4+.38,39 Data from the literature indicate that the
BE of the Zr 3d5/2 band in ZrO2 is typically 182.5 eV.38 For both
Zr/SBA-15-L and ZrSBA-15-S, the BE of the Zr 3d5/2 band is
higher than that observed for pure ZrO2. In Zr/SBA-15-L, the
BE is closer to the value typical of ZrO2, suggesting the pres-
ence of zirconium(IV) oxide on the surface. In contrast, the Zr
3d5/2 band in ZrSBA-15-S is shifted to a higher BE, indicating
the incorporation of zirconium into the silica framework and
the formation of Zr–O–Si species. This is consistent with the
observed increase in wall thickness in ZrSBA-15-S, further sup-
porting the idea that zirconium species are embedded in the
silica structure. These differences in the position of the Zr
3d5/2 band imply a stronger interaction between zirconium
species and the silica skeleton in ZrSBA-15-S compared to that
in Zr/SBA-15-L. Additionally, the intensity of the Zr 3d5/2 band
is higher in ZrSBA-15-S, reflecting the greater zirconium
loading in this sample. The presence of zirconium species in
both ZrSBA-15-S and Zr/SBA-15-L also induces changes in the
O 1s region of the XP spectra. For both short- and long-
channel silicas, two bands are observed at 532.9 eV and
531.9–531.5 eV. The first band, at 532.9 eV, is characteristic of
Si–O–Si, while the second band can be assigned to Si–O–Zr or
Zr–OH.38,39 The shift in the position of the second band
between ZrSBA-15-S and Zr/SBA-15-L suggests that, in
ZrSBA-15-S, this band corresponds to Si–O–Zr, confirming the
incorporation of zirconium into the silica framework. In con-
trast, in Zr/SBA-15-L, the band likely corresponds to Zr–OH
species in the hydrated ZrO2 particles on the silica surface.

Fig. 3 SEM images of the Mo/Zr/SBA-15-L and Mo/ZrSBA-15-S samples.
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Notably, the BE of the second band is higher in ZrSBA-15-S,
further indicating a stronger interaction between zirconium
species and the silica framework in this material, which aligns
with the findings from the Zr 3d region.

The modification of ZrSBA-15-S and Zr/SBA-15-L with mol-
ybdenum species leads to changes in the Si 2p, O 1s, and Zr
3d regions in the XP spectra of Mo/ZrSBA-15-S and Mo/Zr/
SBA-15-L, along with the appearance of new bands in the Mo
3d region. A doublet in the Mo 3d region, corresponding to
Mo 3d3/2 and Mo 3d5/2 at approximately 235 eV and
232.2–231.7 eV, respectively, confirms the presence of Mo6+

species linked by oxygen atoms to the silica surface.40,41

Notably, the introduction of molybdenum onto the silica
surface results in a shift of the binding energies (BE) of the Si

2p, O 1s, and Zr 3d bands to lower values in the XP spectrum
of Mo/ZrSBA-15-S and to higher values in the spectrum of Mo/
Zr/SBA-15-L. This suggests that electrons are transferred from
the molybdenum species to the ZrSBA-15-S support, while the
reverse occurs for Mo/Zr/SBA-15-L, where electron mobility
from the Zr/SBA-15-L support to the molybdenum species is
observed. Additionally, the BE of the Mo 3d bands is higher in
Mo/ZrSBA-15-S compared to that in Mo/Zr/SBA-15-L. According
to the literature, the strength of the molybdenum–support
interaction is reflected in the BE of the Mo 3d bands: the
stronger the interaction, the higher the binding energy of the
bands.40 Therefore, the observed differences in the BE of the
Mo 3d bands in the spectra of Mo/ZrSBA-15-S and Mo/Zr/
SBA-15-L suggest that the interaction between molybdenum

Fig. 4 EDS elemental mapping images of the silica-based materials and the weight and atomic percentages of the elements in Mo/Zr/SBA-15-L
and Mo/ZrSBA-15-S.
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species and the short-channel SBA-15 support is stronger than
that with the long-channel SBA-15 support.

The differences observed in the XP spectra could also be
attributed to the varying loading of zirconium and molyb-
denum species in the prepared samples, as summarized in
Table 1. The Si/Zr molar ratios for ZrSBA-15-S and Zr/SBA-15-L
are 25 and 36, respectively. After the loading of molybdenum
species, these ratios change to 24 for Mo/ZrSBA-15-S and 53
for Mo/Zr/SBA-15-L. This suggests that the zirconium species
loaded onto the SBA-15-L surface are not strongly bonded to
the silica, and they may be leached during the modification
process with molybdenum species through wetness impreg-
nation. Furthermore, the Si/Mo molar ratio is more distinct,

standing at 58 for short-channel silica (ZrSBA-15-S) and 146 for
long-channel silica (Zr/SBA-15-L). The higher amount of mol-
ybdenum loaded on the surface of Mo/ZrSBA-15-S is likely due
to the stronger interaction between the support and the molyb-
denum species, which results in more efficient loading of the
modifier.

The estimation of the number and strength of acid sites
was performed by pyridine adsorption combined with FT-IR
measurements. This method is based on the interaction of pyr-
idine with Lewis or Brønsted acid sites, resulting in character-
istic bands in the FT-IR spectra. The bands corresponding to
pyridine coordinated to Lewis acid sites (LAS) appear at
approximately 1610 cm−1 and 1449 cm−1. Bands indicative of
pyridine protonation at Brønsted acid sites (BAS), which lead
to the formation of pyridine cations, are observed at around
1639 cm−1 and 1545 cm−1. Additionally, a band at around
1490 cm−1 typically results from the interaction of pyridine
with both Lewis and Brønsted acid sites. Other bands may also
appear in the FT-IR spectrum following pyridine adsorption,
including those due to hydrogen-bonded pyridine at approxi-
mately 1598 cm−1 and 1447 cm−1, as well as a band at around
1578 cm−1, which is characteristic of physiosorbed
pyridine.27,42–44

The FT-IR spectrum of Zr/SBA-15-L, as shown in Fig. 8,
reveals only bands associated with hydrogen-bonded pyridine.
This suggests that the zirconium species are not incorporated
into the silica skeleton of this material, but are most likely
present as amorphous ZrO2 particles on the silica surface.
These zirconium species interact with pyridine through Zr–OH
groups, acting as weak Brønsted acid sites (BAS), along with

Fig. 5 UV-vis spectra of SBA-15-L, MoO3 and modified silicas.

Fig. 6 FT-IR-ATR spectra of the MoO3- and SBA-15-based synthesized
samples.
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the silanol species of the silica. Comparing the spectra of
SBA-15-L and Zr/SBA-15-L, it is evident that pyridine forms
only weak hydrogen bonds with the silanols in SBA-15-L (the

bands at 1598 cm−1 and 1447 cm−1 disappear after evacuation
at 150 °C). However, in Zr/SBA-15-L, pyridine is more strongly
hydrogen-bonded to the Zr–OH species, as these FT-IR bands

Fig. 7 XP spectra of the Si 2p, O 1s, Zr 3d and Mo 3d regions.

Fig. 8 FT-IR spectra of the materials after pyridine adsorption and evacuation for 5 min at 150 °C (a) and after evacuation for 30 min at 150 °C (b),
200 °C (c), 250 °C (d), and 300 °C (e). Spectra were normalized to 10 mg of the samples. The spectra of the activated samples under vacuum were
subtracted from all spectra recorded after pyridine adsorption and evacuation.
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remain even after evacuation at 300 °C. The FT-IR spectra of
ZrSBA-15-S show distinct features. Similar to Zr/SBA-15-L, bands
corresponding to pyridine hydrogen-bonded to weak BAS are
observed (the bands at 1446 cm−1 overlap with the band from
pyridine coordinated to Lewis acid sites (LAS) and the band at
1596 cm−1). The band at 1596 cm−1 disappears after evacuation
at 200 °C, suggesting that it is primarily due to pyridine hydro-
gen-bonded to silanols. Additionally, new bands at 1547 cm−1

and 1639 cm−1, characteristic of pyridine cations resulting from
interaction with strong BAS, confirm that zirconium species
have been incorporated into the silica skeleton during synthesis,
forming Zr–O(H)–Si bridges. According to the literature, these
Zr–O(H)–Si bridges act as strong BAS.45,46 The FT-IR spectrum
of ZrSBA-15-S also shows bands from pyridine adsorbed on LAS
(1446 cm−1 and 1606 cm−1), which remain stable up to 300 °C
under vacuum outgassing.

The loading of molybdenum species onto zirconium-con-
taining samples induces differences in the acidic properties of
the obtained catalysts. Modification of Zr/SBA-15-L with molyb-
denum results in the formation of both Lewis and Brønsted
acid sites, as confirmed by pairs of FT-IR bands at 1452 cm−1

and 1611 cm−1 (associated with Lewis acid sites, LAS) and at
1545 cm−1 and 1638 cm−1 (corresponding to Brønsted acid
sites, BAS). The bands assigned to pyridine chemisorbed on
LAS persist even after evacuation at 300 °C, indicating the pres-
ence of relatively stable Lewis acidic sites. However, Zr/SBA-15-
L does not exhibit strong acidic sites, suggesting that the for-
mation of strong BAS and LAS in Mo/Zr/SBA-15-L is likely due
to the incorporation of molybdenum species onto this
support. The literature suggests that the formation of BAS on
silica modified with molybdenum species is driven by the

interaction between silanol groups and adjacent surface mol-
ybdate species, leading to the formation of pseudo-bridging
Si–O(H)⋯Mo(vO)2 species. Additionally, LAS formation could
be attributed to the presence of coordinatively unsaturated
molybdenum centers.47,48 In the case of Mo/ZrSBA-15-S, modi-
fication with molybdenum species results in a decrease in the
number of LAS and weak BAS, while the number of strong BAS
increases, as shown in Table 2. Notably, the strength of BAS
protonating pyridinium and coordinatively unsaturated LAS in
Mo/ZrSBA-15-S is higher than that in Mo/Zr/SBA-15-L, as evi-
denced by the more intense FT-IR bands characteristic of pyri-
dinium cations (BAS) and coordinatively bonded pyridine
(LAS), which remain stable even after evacuation at 300 °C in
the former sample. The changes in the number of LAS and
BAS in Mo/ZrSBA-15-S compared to that in ZrSBA-15-S, as illus-
trated in Table 2, are likely due to the partial coverage of
surface LAS and BAS on ZrSBA-15-S by the molybdenum
species. The increase in the strength of both LAS and BAS may
result from interactions between the bridged hydroxyl groups
associated with zirconium species (acting as BAS) and adjacent
surface molybdenum species, as depicted in Scheme 1.
Furthermore, Mo/ZrSBA-15-S possesses a higher number of
LAS and BAS than Mo/Zr/SBA-15-L, likely due to the greater
amount of molybdenum and zirconium species loaded onto
the support, which are the primary sources of acidity.

The FT-IR spectra in the hydroxyl stretching region of the
samples activated at 350 °C for 2 hours under vacuum are pre-
sented in Fig. 9. The most intense, sharp band at around
3740 cm−1 in the Zr-containing samples corresponds to the O–
H stretching vibration of free hydroxyl groups, which are
found in both the silica SBA-15 (silanol groups) and zirconia

Table 2 Number of Lewis (based on the band at ca.1450 cm−1) and strong Brønsted (based on the band at ca. 1545 cm−1) acid sites calculated from
pyridine adsorptiona

Catalyst

Lewis acid sites, µmol g−1 Brønsted acid sites, µmol g−1

200 °C 250 °C 300 °C 150 °Cb 150 °C 200 °C 250 °C 300 °C

Zr/SBA-15-L — — — — — — — —
Mo/Zr/SBA-15-L 23 9 5 11 7 4 1 1
ZrSBA-15-S 139 84 39 58 54 24 9 3
Mo/ZrSBA-15-S 47 28 13 46 43 16 10 6

a BAS extinction coefficient, ε1550 = 1.67 μmol−1 cm; LAS extinction coefficient, ε1440 = 2.22 μmol−1 cm. b Evacuation for 5 min.

Scheme 1 Possible interactions between the Si–O(H)–Si and ZrO2 dimers with pseudo-bridging Si–O(H)⋯Mo(vO)2 species on the Mo/Zr/SBA-15-
L surface (A) and with pseudo-bridging Zr–O(H)⋯Mo(vO)2 species on the Mo/ZrSBA-15-S surface (B).
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species (Zr–OH, i.e., hydroxyls of type I, where one OH group is
attached to a single surface site).49 This band is accompanied
by a broad tail that covers various types of hydroxyl groups.
Deconvolution of the band reveals additional hydroxyl species.
However, the unambiguous assignment of these bands is chal-
lenging, as the crystal structure of the zirconium oxide species
is not fully known in this study. The band at approximately
3720 (3728) cm−1 is attributed to double-bridged hydroxyl
groups.49–53 Hoffmann and Knozinger54 proposed that pairs of
bands at 3715 and 3510 cm−1 correspond to hydrogen-bonded
vicinal silanols, which in our spectra appear as bands at 3720/
3728 cm−1 and 3593/3597 cm−1, respectively. Interestingly, the
positions of these bands are similar for both Zr/SBA-15-L and
ZrSBA-15-S. However, the bands at 3664 cm−1 for Zr/SBA-15-L
and at 3691 cm−1 for ZrSBA-15-S differ by 27 cm−1, suggesting
the presence of different OH species. This band is generally
assigned to type II (where one OH group is attached to two
surface sites) or type III (where one OH group is attached to
three surface sites).49 Based on this, it can be proposed that in
Zr/SBA-15-L, the band at 3664 cm−1 corresponds to the bridged
hydroxyls between two Zr atoms (Zr–O(H)–Zr), whereas in
ZrSBA-15-S, the band at 3691 cm−1 originates from the stretch-

ing vibrations of Zr–O(H)–Si bridged hydroxyls. This interpret-
ation is consistent with the results from XPS and the increased
wall thickness calculated from XRD for ZrSBA-15-S, suggesting
the incorporation of zirconium into the silica skeleton.

The modification of Zr-containing supports with molyb-
denum precursor induces only slight changes in the position
of the bridged hydroxyl band in Mo/Zr/SBA-15-L (shifting from
3664 cm−1 to 3674 cm−1). In contrast, for Mo/ZrSBA-15-S, the
shift is more pronounced, with the band moving from
3691 cm−1 to 3638 cm−1, reflecting an increase in the acidity
strength of the OH groups, as confirmed by the pyridine
adsorption results. The shift towards a lower wavelength is
indicative of stronger acidic sites, which suggests that molyb-
denum species interact more effectively with the zirconium-
modified silica. A significant shift is also observed in the
broad band associated with hydrogen-bonded hydroxyls,
moving from 3597 cm−1 to 3537 cm−1 in Mo/ZrSBA-15-S. This
indicates a strong interaction between the bridged Zr–O(H)–Si
groups and the molybdenum species. Based on these shifts,
along with the XPS data and pyridine adsorption measure-
ments, it can be concluded that there is a strong interaction
between the bridged Zr–O(H)–Si hydroxyl groups and the mol-
ybdenum species, as illustrated in Scheme 1.

The comparative analysis of the FT-IR bands in the hydroxyl
region before and after the introduction of molybdenum
species reveals significant differences between the short- and
long-channel materials (Fig. 10). For the ZrSBA-15-S sample, a
significant decrease in the intensity of the FT-IR bands associ-
ated with all types of hydroxyls on the surface is observed after
the introduction of molybdenum species. This suggests a
strong interaction between the molybdenum species and the
surface hydroxyl groups of the support, likely due to the inter-
action between the zirconium-modified silica and the molyb-
denum species, which alters the hydroxyl environment. In con-
trast, for the long-channel material (Zr/SBA-15-L), the opposite
phenomenon occurs. After the introduction of molybdenum
species, the intensity of the bands in the hydroxyl region sig-
nificantly increases. This suggests that zirconium introduced

Fig. 10 FT-IR spectra of the hydroxyl region before and after the intro-
duction of molybdenum species into the zirconium-containing samples.
Spectra were normalized to 10 mg of the samples.

Fig. 9 FT-IR spectra in the stretching hydroxyl region of the samples
activated at 350 °C for 2 h under vacuum. Spectra were normalized to
10 mg of the samples.
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into SBA-15-L by impregnation interacts with the silica surface
through silanols. However, the impregnation with the molyb-
denum precursor causes some zirconium species to leach off
(as indicated in Table 1), revealing more surface silanols. The
increase in the number of free silanols allows for the for-
mation of pseudo-bridged silanol groups with the molyb-
denum species,47 which exhibit lower acidity compared to the
zirconium hydroxyl species (Zr–OH). This interaction leads to
a shift in the OH region of the FT-IR spectrum from 3664 cm−1

to 3674 cm−1, reflecting the altered nature of the hydroxyl
groups after molybdenum modification.

The acid–base properties of the samples were further evalu-
ated by performing test reactions, specifically the dehydration
and dehydrogenation of 2-propanol. In these reactions, the for-
mation of propene and diisopropyl ether indicates the involve-
ment of acid sites (or acid–base pairs), while the formation of
acetone requires the presence of basic or redox sites on the
catalyst surface.55 The results of these reactions are presented
in Fig. 11. The modification of long-channel SBA-15 (Zr/
SBA-15-L) with zirconium species leads to the generation of
both basic sites and acid–base pairs, as evidenced by the for-
mation of acetone and diisopropyl ether, respectively.
However, despite this, the conversion of 2-propanol (2-PrOH)
on Zr/SBA-15-L remains low, reaching only 8% at 300 °C,
which is comparable to the conversion observed on pristine
SBA-15-L (10% at 300 °C). The formation of acetone suggests
the presence of strong basic sites on the surface of Zr/SBA-15-
L. According to data in the literature,45,56 ZrO2 particles loaded
onto the silica surface contribute to the basicity, due to the
basic oxygen species present on ZrO2. These results align with
those of the XPS analysis, which showed the formation of ZrO2

particles on the surface of Zr/SBA-15-L, confirming the basicity
observed in the test reactions.

The activity of ZrSBA-15-S in the 2-propanol dehydration and
dehydrogenation reaction is significantly higher than that of Zr/
SBA-15-L. ZrSBA-15-S achieves a 63% substrate conversion at
300 °C, with the selectivity toward propene and diisopropyl
ether. These products indicate the presence of both basic and
acidic sites on the surface of ZrSBA-15-S. However, the basic sites
are not as strong as those observed on Zr/SBA-15-L, as evidenced
by the absence of acetone formation in the reaction.55 This
suggests that the zirconium species in ZrSBA-15-S are not
present in as high a concentration as amorphous ZrO2 particles,
as observed in Zr/SBA-15-L. Instead, zirconium is more efficiently
incorporated into the silica skeleton in ZrSBA-15-S, forming
acidic Zr–O(H)–Si bridges. These bridges contribute to the
enhanced catalytic activity observed in the dehydration and dehy-
drogenation of 2-propanol. The absence of strong basic sites in
ZrSBA-15-S compared to those in Zr/SBA-15-L correlates with the
more efficient integration of zirconium into the silica framework,
which favors acidic rather than basic catalytic behavior.

Modification of both the zirconium-containing samples
with molybdenum species leads to an increase in their cata-
lytic activity, as evidenced by the similar 2-propanol (2-PrOH)
conversion achieved at a lower reaction temperature (Fig. 11).
The selectivity to the reaction products, however, differs
between the zirconium-containing supports and their molyb-
denum-modified counterparts. A noticeable increase in the
selectivity for diisopropyl ether and acetone is observed after
the loading of molybdenum onto both Zr/SBA-15-L and
ZrSBA-15-S. The formation of acetone is primarily driven by
the presence of basic oxygen atoms associated with molyb-

Fig. 11 Results of 2-propanol dehydration and dehydrogenation.
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denum species, which facilitate the basic-catalyzed transform-
ation. On the other hand, the formation of diisopropyl ether
arises from the interaction between the basic sites from
oxygen atoms bonded to molybdenum and the Lewis acid sites
(LAS) originating from coordinatively unsaturated molyb-
denum centers. These centers are formed upon the modifi-
cation of the Zr/SBA-15-L and ZrSBA-15-S samples with molyb-
denum species.

The catalysts obtained were also tested in the cyclization
and dehydration of 2,5-hexanedione (2,5-HDN), which serves
as a model reaction to assess the Brønsted acidity and basicity
of the materials. The type of active site is determined by the
selectivity observed in this reaction. Specifically, the formation
of 2,5-dimethylfuran (DMF) is indicative of the presence of
acidic centers, whereas the formation of 3-methyl-2-cyclopente-
none (MCP) results from the action of basic sites on the cata-
lyst surface.57 The product distribution can provide insight
into the Brønsted acidity/basicity of the catalysts. A product
ratio (MCP/DMF) greater than 1 suggests that the catalyst has a
basic character, as the formation of MCP, which is favored by
basic sites, predominates. Conversely, if the ratio is lower than
1, the catalyst being acidic in nature is implied, favoring the
formation of DMF. A ratio close to 1 indicates that the catalyst
exhibits both acidic and basic properties, with a balance
between the formation of DMF and MCP.

The results of the cyclization and dehydration of 2,5-hexa-
nedione (2,5-HDN) are presented in Fig. 12. The SBA-15-L
sample, which does not contain zirconium or molybdenum
species, exhibits basic properties on its surface, consistent
with the previous literature data. When zirconium species are
incorporated into the silica support to form Zr/SBA-15-L, the
conversion of 2,5-HDN increases, while the selectivity remains
almost unchanged. This suggests that the number of active
sites on the surface has increased due to the introduction of
zirconium, enhancing the catalytic activity. Additionally, the
molar ratio of MCP/DMF is significantly lower for ZrSBA-15-S
compared to that for Zr/SBA-15-L, which indicates that the
short-channel silica (ZrSBA-15-S) contains a higher concen-

tration of stronger BAS, which was confirmed by pyridine
adsorption measurements. The modification of both the zirco-
nium-containing samples with molybdenum species leads to
an increase in both the conversion of 2,5-HDN and the selecti-
vity to DMF. The higher selectivity to DMF is attributed to the
increase in the number of stronger BAS on the surface, which
is supported by the FT-IR results after desorption of chemi-
sorbed pyridine.

The activity of the synthesized catalysts was studied using a
model mixture of dibenzothiophene (DBT) in n-dodecane
(with an initial sulfur content of 500 ppm), in the presence of
hydrogen peroxide as an oxidizing agent and acetonitrile
(ACN) as an extractive solvent. Samples of the reaction mixture
were taken from the n-dodecane solution at various time inter-
vals, allowing for monitoring of the reaction progress. The
results of this reaction are shown in Fig. 13. It should be noted
that the reaction product was detected only in the acetonitrile
solution, not in the n-dodecane phase. This confirms the posi-
tive role of the extraction phase in removing sulfone from the
oil phase.

The data presented in Fig. 13A show the change in DBT
concentration in the oil phase over time. This can be divided
into two distinct time regions. In the first region, which covers
the initial minutes of the process, very fast removal of DBT is
observed (yellow-marked region). As shown in the blank test,
the decrease in DBT concentration at the beginning of the
process can be attributed to the rapid absorption of sulfur-con-
taining organic compounds into acetonitrile until a certain
equilibrium state is reached. After that, the subsequent
decrease in DBT concentration in the oil phase depends on
the efficiency of DBT oxidation and the adsorption of reaction
products (purple-marked region).

The application of SBA-15-L results in the same efficiency of
DBT removal as the blank test, which was performed with only
hydrogen peroxide and without a catalyst. This is important
because it shows that the adsorption of DBT on mesoporous
silica does not occur, meaning that the adsorption process on
the mesoporous silica surface should not be responsible for
DBT removal. The Zr/SBA-15-L and ZrSBA-15-S catalysts
show slightly higher DBT removal efficiency than pure
silica, but there is no significant difference in DBT concen-
tration in the oil phase during the process. Moreover, DBT
removal is slightly higher for ZrSBA-15-S than for Zr/SBA-15-L,
especially at the beginning of the process. This correlates
with the higher amount of LAS detected in the former
material. Therefore, it can be concluded that the two forms of
zirconium species postulated in both catalysts, i.e., surface
ZrO2 and Zr incorporated into the silica surface, do not directly
interact with hydrogen peroxide to oxidize DBT. As a result,
further DBT removal is almost not observed. However, it can
be suggested that, unlike pure silica, some DBT may be
adsorbed on the surfaces of ZrSBA-15-S and Zr/SBA-15-L,
leading to a slight increase in DBT removal compared to the
blank test.

After the initial absorption of DBT, an increase in its
removal over time is observed for Mo/Zr/SBA-15-L and Mo/

Fig. 12 Results of 2,5-hexanedione cyclization and dehydration at
350 °C.
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ZrSBA-15-S. The latter sample achieves approximately 94%
DBT removal from the oil phase after 2 hours. The lack of DBT
oxidation observed for the ZrSBA-15-S sample, which shows
the presence of both LAS and BAS, suggests that for effective
activation of hydrogen peroxide, the pairing of Lewis acid sites
(LAS) with Lewis basic sites (LBS) generated after the immobil-
ization of molybdenum species is responsible for the for-
mation of the peroxo intermediate species that facilitates the
effective oxidation of DBT. This intermediate is formed when
hydrogen peroxide interacts with the Lewis acid sites, producing
electrophilic species capable of promoting efficient oxidative
desulfurization of DBT.58 The visibly higher activity of Mo/
ZrSBA-15-S compared to that of Mo/Zr/SBA-15-L in ECODS can
be attributed to the migration of electrons from basic sites
(from oxygen connected to Mo species) to the bridged Zr–O(H)–
Si species, which play the role of strong Brønsted acid sites, as
shown in Scheme 1. This process is not observed in Mo/Zr/
SBA-15-L, where the presence of ZrO2 on the silica surface
causes the opposite migration of electrons, from the Zr/SBA-15-L
support to the pseudo-bridging Si–O(H)–Mo(vO)2 species. The
migration of electrons from the Mo(vO)2 species to the bridged
Zr–O(H)–Si species in Mo/ZrSBA-15-S increases the number of
stronger LAS, as evidenced by pyridine adsorption/desorption
measurements. Therefore, the significantly higher efficiency of
DBT removal in the presence of Mo/ZrSBA-15-S should be corre-
lated with a higher number of stronger LAS.

Moreover, for the most active sample, Mo/ZrSBA-15-S, the
influence of the amount of hydrogen peroxide added to the
reaction mixture on DBT removal was examined. The results
are shown in Fig. 13B. It is clearly visible that the concen-
tration of hydrogen peroxide does not influence the reaction
progress. Based on this, a reuse test was performed with an
H2O2 : DBT molar ratio of 2, which is more economically ben-
eficial, and the results are presented in Fig. 14. A noticeable
decrease in the efficiency of DBT removal for Mo/Zr/SBA-15-L
is observed after the third reaction run, and by the fourth reac-
tion run, it is almost the same as for the blank test. Better
stability in the ECODS process is observed for Mo/ZrSBA-15-S.
This sample shows a slight decrease in DBT removal after the

1st and 4th reaction runs; however, its efficiency in DBT
removal is still better in the 5th reaction run than that
obtained for the blank test. To verify whether leaching of the
active phase is responsible for the decrease in DBT removal,
XPS measurements were performed after the 5th reaction run
of Mo/ZrSBA-15-S. The data presented in Table 1 show that the
concentration of surface Zr species is the same before and
after the desulfurization processes, whereas the amount of
molybdenum species significantly decreased. This confirms
that the observed decrease in DBT removal is due to the leach-
ing of molybdenum species. Most probably, in the case of Mo/
Zr/SBA-15-L, leaching occurs much faster than for Mo/
ZrSBA-15-S. Therefore, the better stability of molybdenum
species in Mo/ZrSBA-15-S can likely be correlated with their
interaction with the bridged Zr–O(H)–Si species in the
support. This highlights the positive role of zirconium species
incorporated into the ZrSBA-15-S material.

Table 3 presents a comparison of the catalytic activity in
ECODS with hydrogen peroxide acting as the oxidant. This
assessment covers and compares Mo/ZrSBA-15-S from the
current study and silica-supported catalysts containing molyb-
denum species as reported in the literature.1,19,59–61 Mo/

Fig. 13 (A) Activity of the synthesized catalysts in ECODS. Reaction conditions: catalyst: 0.5 wt%, H2O2 : DBT – 6 : 1, 60 °C, 120 min, 1000 rpm. (B)
Influence of the amount of H2O2 on DBT removal. Reaction conditions: catalyst: 0.5 wt%, 60 °C, 120 min, 1000 rpm.

Fig. 14 Stability test of the most active samples in ECODS. Reaction
conditions: catalyst: 0.5 wt%, H2O2 : DBT – 2 : 1, 60 °C, 90 min, 1000
rpm.
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ZrSBA-15-S shows notable proficiency in eliminating DBT from
the oil phase, matching the effectiveness of the other catalysts
cited.

4. Conclusions

The two different mesoporous silicas, SBA-15 containing zirco-
nium species and exhibiting different morphologies (i.e.,
plate-like and rod-like), were synthesized and used as support
materials for molybdenum species. The obtained catalysts
were characterized by several analytical techniques and
applied in the extractive catalytic oxidative desulfurization
(ECODS) of dibenzothiophene (DBT) in a three-phase system
using acetonitrile as a solvent and hydrogen peroxide as an
oxidant. Modification of ZrSBA-15-S and Zr/SBA-15-L with mol-
ybdenum species did not alter the hexagonal morphology of
the supports, and no crystalline molybdenum or zirconium
oxides were formed. ZrSBA-15-S exhibited higher acidity than
Zr/SBA-15-L due to the introduction of zirconium into the
silica skeleton and the formation of bridged Zr–O(H)–Si
species, which are the source of Brønsted acid sites (BAS). In
the case of Zr/SBA-15-L, zirconium was mainly loaded onto the
silica surface in the form of amorphous ZrO2 particles, which
exhibit a stronger basic character. Modification of the zirco-
nium-containing samples with the molybdenum source
resulted in the formation of Lewis acid sites (LAS) and BAS in
Mo/Zr/SBA-15-L. In contrast, in Mo/ZrSBA-15-S, molybdenum
loading caused a decrease in the number of both types of acid
sites but increased the strengths of LAS and BAS. The strength
of LAS in Mo/ZrSBA-15-S increased due to the migration of
electrons from the basic oxygen atom connected to molyb-
denum to the bridged Zr–O(H)–Si species, whereas the
strength of BAS increased as a result of the formation of
pseudo-bridging Zr–O(H)–Mo(vO)2 moieties. Consequently,
higher molybdenum loading and a higher number of stronger
LAS and BAS were observed for Mo/ZrSBA-15-S. The increased
number of stronger LAS in Mo/ZrSBA-15-S positively impacted
the efficiency of the ECODS process. Moreover, the proven
interaction between the Mo and Zr species in Mo/ZrSBA-15-S
contributed to the better stability of molybdenum species in
this material during the reuse test. The results presented in
this study indicate that the short-channel SBA-15 material, pre-
pared without the removal of zirconium species, could be an
interesting support for other active components.
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