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Vanadium oxide incorporated mesoporous silica (V-m-SiO,) were designed and synthesized using
a surfactant-modified sol-gel method. Detailed characterization shows that monomeric [VO4] sites
containing one terminal V=0 bond and three V-O-support bonds are dominated until atomic ratio of
vanadium to silicon approaches to 5%. It is also confirmed that such V-m-SiO, catalyst contains high

proportion of vanadium oxide species interacting strongly with silica. Compared to vanadium oxide

supported mesoporous silica (V/m-SiO,) prepared using a traditional impregnation method, present V-
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m-SiO, catalyst exhibits more superior ability to catalyze oxidative dehydrogenation of propane to

propylene. By correlation with structural data, superior catalytic performance of present V-m-SiO,
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1. Introduction

Catalytic dehydrogenation of propane to propylene, one of most
important feeds in chemical industry, supplies ~10% of the
global propylene production capacity, but it practically suffers
from the thermodynamic limitation in further prompting the
reaction efficiency and also the rapid catalyst deactivation by
coking and catalyst sintering that requires a frequent regener-
ation of the catalysts under harsh conditions.'”® As an alterna-
tive to industrialized propane dehydrogenation, oxidative
dehydrogenation of propane to generate propylene, with the
prominent characters of free coking of catalyst and non-
equilibrium limit in propane conversion, has always been the
focus of the researchers' attention.**

In the past few decades, supported vanadium oxide catalysts
show the most promising reactivity for oxidative dehydrogena-
tion of propane since the favorable redox properties of active
vanadium sites.”® However, selectivity to propylene remains too
low to be commercially attractive even at moderate propane
conversion since electron-rich olefin easily reacts with the
surface of metal oxide catalysts, resulting in the cleavage the C-C
bond through a consecutive oxygen insertion and thus forming
the undesired over-oxidation product CO,.°® As an example, at
20% propane conversion, a typical value of industrial interest,
the selectivity to propylene typically drops to less than 60%.

For supported vanadium oxide catalysts, it is commonly agreed
that vanadium oxide can be present on the support oxide in three
distinct forms: i.e. as monomeric vanadia species at low loadings,
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catalyst can be reasonably attributed, in part, to its favorable geometric and electronic properties
rendered by the unique preparation method.

as oligomeric form at medium loadings, and as V,Os crystals at
high loadings.””*® The existing state of vanadium and thus the
catalytic behavior of supported vanadium oxide catalysts is influ-
enced by the specific surface area, vanadium content, and the
composition of the support.”*** Mesoporous silica is considered
a suitable support of dispersing vanadium to catalyze oxidative
dehydrogenation of propane due to its available surface area,
nanoporous space and relative inertness, which are in favor of the
rapid desorption of the electron-rich propylene to avoid deep
oxidation.>*** However, for silica supported vanadium oxide cata-
lysts, the transition from monomeric to crystalline V,05 nano-
particles (>3 nm), accompanied by the decay of catalytic reactivity
of vanadium-based catalysts in oxidative dehydrogenation of
propane, occurs easily even at a sub-monolayer coverage,”** and
therefore, in order to improve the catalytic activity and stability,
there is an urgent need to develop new synthesis methods to
enhance an interaction of vanadium oxide with silica for opti-
mizing the dispersed state of vanadium on silica.

Herein, we report an enhanced effect of interaction between
vanadium oxide and silica as exemplified by using a surfactant-
modified sol-gel method to prepare vanadium oxide incorpo-
rated mesoporous silica (V-m-SiO,). Compared to vanadium
oxide supported mesoporous silica prepared by a traditional
impregnation method, V-m-SiO, allows for larger vanadium
dispersion as well as stronger interaction between vanadium
oxide and silica, and thereby promoting the catalytic perfor-
mance in oxidative dehydrogenation of propane. This is
demonstrated by combing the evaluating results of catalytic
behavior with a variety of characterization techniques,
including X-ray diffraction, nitrogen physisorption, high-
resolution transmission electron microscopy, Raman
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spectroscopy, diffuse reflectance UV-vis spectroscopy, and X-ray
photoelectron spectroscopy.

2. Experimental
2.1 Catalyst preparation

Initially, mesoporous silica (denoted as m-SiO,) and vanadium
oxide incorporated mesoporous silica (denoted as x% V-m-
Si0,), where x% represents the V/Si atomic ratio in the catalyst,
synthesized wusing a surfactant-modified sol-gel
method.”* On the one hand, the fine control of the sol-gel
process can come true the atom-level cross-linking between
silicon and vanadium precursors, and on the other hand, the
creation of the ordered mesoporous structure is of advantage to
improve the accessibility of active species.

Specifically, m-SiO, support and x% V-m-SiO, catalysts were
prepared as follows: (i) 1.0 g of tri-block copolymers (EO,,-
PO,,EO,y, M = 5800) and 0.10 mL of hydrochloric acid (HCI, 12
M) were mixed with 20.0 mL of ethanol; (ii) a pre-hydrolyzed
solution of tetraethoxysilane (TEOS, = 98.0%) was prepared
by fluxing an ethanol solution (5 mL) containing 10.0 mmol of
TEOS, 20.0 mmol of distilled water and 5.5 x 10> mmol of HCI
for 90 min at 353 K; (iii) an ethanol solution (10 mL) containing
0.30 mmol of vanadium(v) trichloride oxide (OVCl;, V°* 28.5%)
was stirred at room temperature for 5 min; (iv) the above solu-
tions were mixed and stirred for 10 min at room temperature.
The resulting mixture was then poured into a dish (¢120 mm);
(v) the solvent was evaporated at 313 K with relative humidity of
40-60%. After 24 hours, a transparent film was formed, which
was then aged at 353 K for additional 48 hours; and (vi) finally,
the as-prepared solid product was calcined at 833 K for 6 hours
(temperature ramp rate at 1 K min~") to remove templates. For
comparison, a supported catalyst (denoted as 3% V/m-SiO,) was
also prepared by impregnating m-SiO, with an aqueous solution
of ammonium metavanadate at 353 K for 24 hours, followed by
drying and calcining in air at 833 K for 3 hours.

were

2.2 Catalyst characterization

X-ray diffraction (XRD) analysis was carried out using a Pan-
alytical X'pert PRO X-ray diffractometer. Cu-K, radiation ob-
tained at 40 kV and 30 mA was used as the X-ray source. The
small-angle XRD patterns were used to determine structural
quality and symmetry, and wide-angle XRD patterns were
recorded for the phase analysis.

Brunauer-Emmett-Teller (BET) surface area and pore
volume of the catalysts were measured by nitrogen phys-
isorption at 77 K using a Micromeritics Tristar 3000 instrument.
The pore size of the catalysts was calculated by the BJH model
based on the adsorption curve. Before the measurement, the
samples were degassed at 573 K for 2 hours.

Microstructure of the catalysts was investigated using a Tec-
nai F30 high-resolution transmission electron microscope (FHI
Company) operated at an accelerating voltage of 300 kV.

The dehydrated Raman spectroscopy were recorded using
a Renishaw 1000 system equipped with a CCD detector and
a Leica DMLM microscope. A laser A = 532 nm was used as the
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excitation source. The samples were pressed into tablets and
placed in the cell and then directly heated up to 773 K under
flowing synthetic air.

UV-visible diffuse reflectance (UV-vis DRS) spectroscopy was
performed with a Varian-Cary 5000 spectrometer equipped with
a diffuse-reflectance accessory. The spectra were collected in the
range 200-800 nm at room temperature. The samples were
dehydrated at 723 K for 3 hours before the UV-vis DRS
measurements.

X-ray photoelectron spectroscopy (XPS) analysis was carried
out with a Quantum 2000 Scanning ESCA Microprobe instru-
ment (Physical Electronics) using Al K, radiation as the X-ray
source. Sample for XPS analysis was prepared by pressing the
catalyst powder into a self-supported disk at 4 MPa. The disk
was then calcined at 723 K for 3 hours before the measurement.
The binding energy (BE) of the element was calibrated using a Si
2p photoelectron peak at 103.2 eV.

2.3 Catalytic test

A fixed-bed reactor was used to test the catalytic performances
of propane oxidative dehydrogenation at atmospheric pressure.
A gas mixture with a molar ratio of 16.8 kPa C;Hg, 16.8 kPa O,
and N, balance and total flow rate of 60 mL min~" passed
through the catalyst bed at temperature of 733-813 K. The
reactants and products were analyzed using an on-line gas
chromatograph.

Conversion was defined as the number of moles of carbon
converted divided by the number of moles of carbon present in
the feed. Specific site rates (TOFc g, millimoles of propane
converted per mole of V per second) of propane conversion were
evaluated assuming that all vanadium elements participate in
converting process of propane. Selectivity was defined as the
number of moles of carbon in the product divided by the
number of moles of carbon reacted. Detailed calculation as
follows:

Conversion (%) = {[(Fin(C3Hg) — Fou(C3Hg)l/ Fin(C3Hg)} x 100
Selectivity (%) = [(1/3) X (Fou(i)V/Ei(143) X (Fou(i)] x 100

where i represents hydrocarbon products in the effluent gas
stream, n; is the number of carbon atoms of component i, and
F(i) is the corresponding flow rate.

3. Results and discussion

3.1 Structural analysis of m-SiO, support and V-containing
m-SiO, catalysts

The mesostructure of m-SiO, support, series of x% V-m-SiO,
catalysts, and referenced 3% V m™'-SiO, catalyst was charac-
terized by small-angle XRD, N, physisorption and HR-TEM
measurements. As shown in Fig. 1a, the small-angle XRD
patterns of m-SiO, support and V-containing m-SiO, catalysts
show one well-resolved diffraction peak in the range of 1-1.5°,
which can be assigned to the (100) reflection associated with P
6mm symmetry, suggesting that these catalysts have a typical
two-dimensional hexagonal mesoporous structure.** The well-

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04024k

Open Access Article. Published on 28 July 2023. Downloaded on 3/11/2026 4:02:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

(

Q
N

m-Sio,

1%V-m-Si0,

3%V-m-SiO,

5%V-m-SiO

2

3%V/m-Sio,

Intensity (a.u.)
[

—
(o))
N

e’
h\\“‘\\“ m-Sio,
o 1%V-m-Si0,
F ™,

" 3%V-m-SiO

“*\a‘._m.«:,. e —— -~ 3
Mﬂ\’u{’\\ S%V-m-Sioz

3%V/m-SiO,

Intensity (a.u.)
{

1 2 3 4 5

20 (°)

T T T T T T
10 20 30 40 50 60 70 80

20 (%)

Fig.1 Small-angle (a) and wide-angle (b) XRD patterns of m-SiO, support, series of x% V-m-SiO, catalysts, and referenced 3% V/m-SiO, catalyst.

Table 1 Structural parameters of m-SiO, support and V-containing m-SiO, catalysts

BET surface Pore volume

BJH pore size Lattice spacing

Samples® area Sgpp/m” g Viota/em® gt Dgju/nm dyoo/nM wall thickness” 6/nm
m-SiO, 283 0.46 6.4 7.1 3.6
1% V-m-SiO, 268 0.45 6.1 6.9 3.7
3% V-m-SiO, 217 0.42 5.9 6.7 3.6
5% V-m-SiO, 209 0.41 5.9 6.7 3.6
3%V mfl-SiOZ 232 0.40 5.8 7.2 4.4

“ Atomtic percentage of vanadium to silicon. ? 6 = 2 x d10/3"* — Dgj.

ordered hexagonal arrays of mesopore channels were further
confirmed by HR-TEM images of representative 3% V-m-SiO,
(Fig. 3a) and 3% V/m-SiO, (Fig. 3c) catalysts. According to the
data of small-angle XRD measurement, lattice spacing values of
(100) reflections (i.e., d100, Table 1) of m-SiO,, 1% V-m-SiO,, 3%
V-m-SiO, and 5% V-m-SiO, catalysts were determined to be
7.1 nm, 6.9 nm, 6.7 nm, and 6.7 nm, respectively. Compared to
that of m-SiO,, the djo, values of the V-containing m-SiO,
catalysts prepared by the modified sol-gel method become

smaller, indicating a lattice contraction. Whereas for
(a)
7 amais
__ | m-sio, A
S [ ppT——
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VW P
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a supported 3% V/m-SiO, catalyst, the d;q, value (Table 1) has
an increase of 0.1 nm in comparison to 7.1 nm of m-SiO,
support.

Mesoporous characteristics of m-SiO, support, series of x%
V-m-SiO, catalysts, and supported 3% V/m-SiO, catalyst were
also characterized via N, physisorption measurement. Fig. 2
gives the adsorption-desorption isotherms of nitrogen and the
BJH pore size distribution plots of series of samples. As
observed in Fig. 2a, all the samples show a jump of adsorbed
volume in the P/P, range of 0.5-0.7, and meanwhile present the
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Fig.2 N, adsorption—desorption isotherms (a) and BJH pore size distribution plots (b) of m-SiO, support, series of x% V-m-SiO, catalysts, and

referenced 3% V/m-SiO, catalyst.
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large hysteresis loops in this region, indicating a type IV
isotherm, which is characteristic of ordered mesoporous
materials. The pore size plots, calculated from the isotherm
using the BJH model, exhibits the sharp distribution around the
size of ~6 nm (Fig. 2b), indicating the presence of ordered
mesopores in these samples, which is coincident with the
measured results of the XRD patterns and HR-TEM images.
Furthermore, the detailed pore parameters are summarized in
Table 1. From Table 1, one can see that all the samples exhibit
the comparable BET surface area (200-300 m* g~ ') and pore
volume (0.4-0.5 cm® g~ ). Both high surface area and large pore
volume further support the fact that these samples have typical
mesoporous structure. It is noted that average pore sizes of all
the V-containing m-SiO, catalysts (x% V-m-SiO, and 3% V/m-
SiO,) are smaller than that of m-SiO, support (Table 1 and
Fig. 2b). Combined with the results of XRD analysis, pore wall
thickness of all the samples was calculated by subtracting pore
size from unit cell parameters obtained by 2 x d;00/3"%.%° As
exhibited in the last column in Table 1, series of x% V-m-SiO,
prepared by the modified sol-gel method possess a pore wall of
~3.6 nm, while thicker pore wall (4.4 nm) is present in sup-
ported 3% V/m-SiO, catalyst.

3.2 Local structure of active vanadium species dispersed
into m-SiO,

To identify the phase state of active vanadium species in series
of x% V-m-SiO, catalysts and supported 3% V-m-SiO, catalyst,
the wide-angle XRD measurements were performed and the
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resulting XRD patterns were presented in Fig. 1b. The x% V-m-
SiO, catalysts prepared by the modified sol-gel method only
show the broad diffraction peak, which can be assigned to
amorphous silica phase, and no diffraction peaks correspond-
ing to vanadium-containing crystalline phase are observed until
the content of vanadium reaches 5%, revealing the highly-
dispersed state of vanadium species in mesoporous silica
matrix. Furthermore, at the nanometer scale, the HAADF-STEM
imaging combined with EDX element-mapping analysis was
carried out to probe the phase state of active vanadium species.
Fig. 3b shows the HAADF-STEM image of representative 3% V-
m-SiO, catalyst and the elemental mappings of same region,
with different colors denoting three elements (orange: silicon,
red: oxygen, green: vanadium). In the HAADF-STEM image, few
large-sized crystalline species were observed, suggesting the
highly-dispersed nature of vanadium species in the mesoporous
silica matrix, in agreement with the results of wide-angle XRD
analysis. Comparing the maps of silicon, oxygen and vanadium
elements, one can see that vanadium species, at least at the
nanoscale, are homogeneously dispersed throughout meso-
porous silica matrix.

Furthermore, comprehensive spectroscopic techniques
involving in Raman spectroscopy, UV-vis DRS spectroscopy and
XPS spectroscopy were used to molecule-level clarify both
geometric and electronic structure of active vanadium species
in series of x% V-m-SiO, catalysts and supported 3% V/m-SiO,
catalyst. Fig. 4a presents the Raman spectra in the range of 400-
1200 cm ™! of 1% V-m-SiO,, 3% V-m-SiO,, 5% V-m-SiO, and

Fig.3 The HR-TEM images of 3% V-m-SiO, (a) and 3% V/m-SiO; (c), and HAADF-STEM images and EDX element-mapping analysis (b) of 3% V-

m-SiO, sample.

22818 | RSC Adv, 2023, 13, 22815-22823

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04024k

Open Access Article. Published on 28 July 2023. Downloaded on 3/11/2026 4:02:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

~~
[\
~—

1%V-m-SIO,
3%V-m-Si0,
5%V-m-Si0,
3%V/m-Sio,

Intensity (a.u.)

\\\'\‘%’\.W

' I I I
600 800 1000 1200
Raman shift (cm™)

400

View Article Online

RSC Advances

—
(o}
~

3%V/m-SiO,

5%V-m-SiO,

Intensity (a.u.)

3%V-m-Si0,
1%V-m-SiO,

T

T T
400 600
Wavelength (nm)

200 800

Fig. 4 Raman spectroscopy (a) and UV-vis DRS spectroscopy (b) of series of x% V-m-SiO, catalysts and referenced 3% V/m-SiO, catalyst under

dehydrated conditions.

supported 3% V/m-SiO, catalysts under dehydrated conditions.
For all the V-containing catalysts, no crystalline V,05 (996 cm ™)
is detected in the Raman spectra, which is consistent with the
absence of V,05 diffraction peak in the XRD pattern. All the
spectra of V-containing catalysts show a strong Raman signal at
1035 cm™ " which can be attributed to the symmetric stretching
mode of vanadyl (V=0) bonds, indicating the presence of
monomeric VO, species in tetrahedral coordination [O=
V-(0Si);] on the surface of support.**** Moreover, for series of
X% V-m-SiO, catalysts prepared via a modified sol-gel method,
the intensity of Raman signal at 1035 cm ™" is positively corre-
lated with vanadium content. When vanadium content
increases to 3%, the signal of the monomeric band becomes
prominent, and further increases to 5%, the signal continuously
enhances, suggesting that monomeric VO, species remain be
dominated in these catalysts even if vanadium content reaches
5%. Whereas, for supported 3% V/m-SiO, catalyst, except for
a strong band at 1035 cm ™', another band at 698 cm ™" with
visible intensity is observed. This band can be assigned to the
stretching motions of oxygen in a bridging position between
three vanadium atoms [OV;],"® suggesting the presence of

polymeric vanadia species in supported 3% V/m-SiO, catalyst
prepared by traditional impregnation method. That is to say,
a modified sol-gel method can endow high dispersion of
vanadium oxide species.

The UV-vis DRS spectra (Fig. 4b) of both 1% V-m-SiO, and
3% V-m-SiO, catalysts exhibit one charge transfer (CT) band at
~242 nm, and one shoulder at ~300 nm. The CT band at
~240 nm and the shoulder at ~300 nm suggested the presence
of two different kinds of tetrahedral V°* center, strongly and less
distorted, respectively.*® For supported 3% V/m-SiO, catalyst,
one new shoulder band appears at ~400 nm, corresponding to
octahedral V** ion, indicates the presence of polymerized
vanadium species.* These results mean that the existent forms
of vanadium species in mesoporous silica matrix are diverse,
nevertheless, the highly-dispersed state is dominant, which is
consistent with the Raman results.

The XPS analyses were implemented to investigate the
chemical states of vanadia species dispersed in mesoporous
silica. The V;p3/5, Siys and Oy XPS spectra of 1% V-m-SiO,, 3% V-
m-Si0,, 5% V-m-SiO, and 3% V m™'-SiO, catalysts are presented
in Fig. 5. For series of x% V-m-SiO, catalysts, the XPS spectra of

V2p3,2 Si2p O1s
: ~ "
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Fig. 5 Vyp, Sizp, and Oy XPS spectra of series of x% V-m-SiO, catalysts

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Vopsp region mainly exhibit two peaks at ~518.3 eV and
~516.4 €V, respectively, which correspond to highly-dispersed
vanadia species interacting strongly with silica and normal
vanadia species with +5 valence.'®*** It is worth noting that the
highly-dispersed vanadia species interacting strongly with silica
are dominated in x% V-m-SiO, catalyst prepared using a modi-
fied sol-gel method, even when vanadium content increases to
5%, the percentage of these species remain be larger than 50%.
The reliability of this treatment further is supported by the
results of UV-vis DRS measurements, in which two different
kinds of V> species are coexistent. However, for the 3% V/m-
SiO, catalyst prepared by traditional impregnation method,
only one XPS peak appears at ~516.4 eV, while no peak assigned
to highly-dispersed vanadia species interacting strongly with
silica is observed at higher position of binding energy. Combing
the previous results, we can conclude that the modified sol-gel
method promotes the interaction between the vanadia species
and silica support, which will be beneficial for enhancing the
reactivity and stability of these catalysts.

3.3 Catalytic performance in oxidative dehydrogenation of
propane

The catalytic performances in oxidative oxidation of propane
over series of x% V-m-SiO, catalysts as well as referenced 3% V
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m™-Si0, catalyst are presented in Fig. 6 and 7. Initially, the
catalytic activity of vanadium-free m-SiO, support was
measured. There is an extremely low the conversion of propane
(no shown), while incorporating vanadium into the m-SiO,
matrix (x% V-m-SiO,) enhances the conversion of propane
(Fig. 6a), indicating that vanadium are the active components to
activate propane. With increasing vanadium content from 1%
to 5%, one can see that the conversion of propane exhibits
a linear rise from 3.9% to 19.8%. To further reveal the intrinsic
activity of vanadium species, we evaluated the specific site rate
(TOFc 3,) of converting propane by calculating the millimoles of
propane converted per mole of V per second (s~ ). I situ Raman
spectroscopy measurements (Fig. 4a) have confirmed that
vanadium exists as a monomeric [VO,] species in series of x% V-
m-SiO, catalysts, and correspondingly we assume that all
vanadium elements in these catalysts participate in converting
process of propane. As presented in Fig. 6a, the TOF¢ y, values
are almost constant with an increase of vanadium content,
suggesting that these monomeric [VO,] species isolated into m-
SiO, are the catalytically active sites for the conversion of
propane. Also, the dependence of the converting rate of propane
(molc p, geae ' h™') on the number of active [VO,] sites (vana-
dium content) can be used to quantitatively determine the
number of catalytic active sites involved in the rate-
determining-step of propane conversion.*” A slope of ~1
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Fig. 6 Catalytic performances in oxidative dehydrogenation of propane plotted as a function of vanadium content over x% V-m-SiO, catalysts
prepared using a modified sol-gel method: (a) propane conversion and TOF¢ . (b) rates of propane activation, inset: plot of log rate vs. log V
content; (c) product selectivities; (d) yields to propylene (reaction conditions: reaction temperature, 500 °C; catalyst weight, 0.1 g; 16.8 kPa CsHg,

16.8 kPa O, N» balance; gas-hourly-space-velocity, 36 000 mL gcafl h™

22820 | RSC Adv, 2023, 13, 22815-22823

1)_

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04024k

Open Access Article. Published on 28 July 2023. Downloaded on 3/11/2026 4:02:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(a) 100
- -@- 3%V-m-SiO,
X i
~ 0\0 —¥ - 3%VIm-Sio,
> 80 g
s o
< g i
o 60 ol U
= ;
» TS
I: 40 - .
(&)
20 T T T T T
0 5 10 15 20 25
C.H, conversion (%)
Fig. 7

30

View Article Online

RSC Advances

—
O
~

| 3 3%v-m-sio,
[]3%Vim-sio,

C,H, yield (%)

ML

T
480 500 520 540
Temperature (°C)

o1
460

(a) Propylene selectivity plotted as a function of propane conversion and (b) yield to propylene plotted as a function of reaction

temperature over representative 3% V-m-SiO, catalyst and referenced 3% V/m-SiO, catalyst (reaction conditions: reaction temperature, 460—
540 °C; catalyst weight, 0.1 g; 16.8 kPa CzHg, 16.8 kPa O», N, balance; gas-hourly-space-velocity, 36 000 mL geae * h™Y).

(Fig. 6b) suggests that one [VO,] site is involved in the rate-
determining-step of propane activation, further supporting
the conclusion that isolated [VO,] species are catalytically active
sites in propane conversion.

As shown in Fig. 6c¢, the product slate consists of propylene,
carbon oxides (CO, including CO and CO,), and others
(ethylene, methane, oxygenates) in oxidative dehydrogenation
of propane over series of x% V-m-SiO, catalysts. As exemplified
by 1% V-m-SiO, catalyst, propylene is the main product with the
selectivity close to 85%, while CO, is main by-products with
a selectivity of ~13% when the conversion of propane
approaches 3.9%. With further increasing vanadium content to
5% (5% V-m-Si0,), the selectivity to propylene appears
a continuous decrease from 85.1% to 66.7%, accompanied by
an obvious increase in the selectivity of CO, from 12.9% to
27.5%. As is well established in the literature, propylene is the
primary product of propane oxidation, and CO, is formed as
a secondary product from the further oxidation of propylene.**
The current decrease in propylene selectivity with increasing
vanadium content may be related to the secondary reaction.
Furthermore, the yields for propylene as a function of vanadium
content are shown in Fig. 6d to evaluate the catalytic efficacy of
X% V-m-SiO, catalysts prepared by the modified sol-gel method.
We can see that the yield of target product propylene has
a continuous rise, accompanied by a slowing down process
when the content exceeds 3%, indicating an intensification of
secondary reaction.

To reveal unique behaviors of our catalyst case in propane
oxidative dehydrogenation reaction, Fig. 7a further compares
the variation of the selectivity to propylene in oxidative dehy-
drogenation of propane on representative 3% V-m-SiO, and
referenced 3% V/m-SiO, catalysts at the same scale of vanadium
content. Apparently, the 3% V-m-SiO, catalyst possesses higher
selectivity to propylene at both low and high propane conver-
sion levels than those on supported 3% V m™'-SiO, catalyst,
suggesting a highly selective nature of the x% V-m-SiO, catalyst
prepared using a modified sol-gel method for oxidative dehy-
drogenation of propane. It is noted that a propylene selectivity
of up to 70% at a high propane conversion of 20% could be

© 2023 The Author(s). Published by the Royal Society of Chemistry

achieved over the 3% V-m-SiO, catalyst. For a heterogeneous
catalyst, its catalytic performances are strongly dependent on
reaction temperature. Fig. 7b further compares the ability of
propylene formation on representative 3% V-m-SiO, catalyst
and referenced 3% V/m-SiO, catalyst at the temperature
between 450 °C and 650 °C. It is found that the 3% V-m-SiO,
catalyst shows a poorer yield to propylene at a reaction
temperature of 460 °C in comparison to referenced 3% V/m-
SiO, catalyst, but with increasing in reaction temperature, the
yields to propylene increase rapidly. At 540 °C, the yield to
propylene over the 3% V-m-SiO, catalyst exceeds 15%, whereas
over referenced 3% V/m-SiO, catalyst, the yield only has 10%.
Furthermore, we correlate the structure of active sites with the
catalytic behaviors. It is noticeable that using a modified sol-gel
method evidently improves the dispersing state of active vana-
dium species in mesoporous silica. In addition to influencing
the dispersion, more importantly, an interaction between
vanadium species and silica is enhanced by using a modified
sol-gel method to prepare x% V-m-SiO, catalysts. These
enhancements on both geometric and electronic properties
rendered by the unique sol-gel preparation method thereby
boosts the catalytic efficacy of oxidative dehydrogenation of
propane to propylene.

4. Conclusion

In conclusion, a series of vanadium oxide incorporated meso-
porous silica (V-m-SiO,) catalysts is designed and synthesized
using a modified sol-gel method. The characterization studies
confirm that vanadium oxide exists as monomeric [VO,] species
containing one terminal V=0 bond and three V-O-Si bonds
until atomic ratio of vanadium to silicon approaches to 5%,
whereas for vanadium oxide supported mesoporous silica (V/m-
SiO,) prepared using a traditional impregnation method, the
local aggregation of vanadium oxide species occurs with atomic
ratio of vanadium to silicon reaches 3%. It is also verified that
a modified sol-gel method not only improves the dispersing
state of vanadium oxide in mesoporous silica, and more
evidently enhances an interaction of vanadium oxide with

RSC Adv, 2023, 13, 22815-22823 | 22821
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mesoporous silica. Compared to a supported V/m-SiO, coun-
terpart, present V-m-SiO, catalyst prepared using a modified
sol-gel method exhibits more superior ability to catalyze
oxidative dehydrogenation of propane to propylene. Such
enhancement on catalytic performances in our case can be
reasonably attributed, in part, to its favorable geometric and
electronic properties rendered by the unique preparation
method.
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