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WOs;-modified KIT-6 catalysts synthesized via a
non-hydrolytic sol-gel method for glycerol
dehydration to acrolein
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The expansion of biodiesel production has generated a surplus of glycerol. The valorization of this
renewable by-product into value-added chemicals has therefore gained increasing interest. This study
presents a systematic investigation of WO3/KIT-6 catalysts prepared via a non-hydrolytic sol-gel (NHSG)
method for glycerol dehydration to acrolein. Catalysts with 5-35 wt% WOz were synthesized and
systematically characterized. XRD confirms the formation of monoclinic WOs across the investigated
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samples. The 25 wt% WOs/KIT-6 catalyst exhibits the highest medium-strength acid site concentration
(204 umol NHs per g), intrinsic acidity (0.56 umol NH3 per m?), and a Brensted/(Brensted + Lewis) ratio of
0.67. Under the studied reaction conditions, this catalyst achieves 83% glycerol conversion and 43%
acrolein selectivity. The results indicate that an optimal balance between medium-strength acidity and
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rsc.li/reaction-engineering mesostructural properties governs acrolein selectivity and catalyst stability.
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1. Introduction

The rapid expansion of biodiesel production has led to a
surplus of glycerol, the primary by-product formed at a mass
ratio of approximately 1: 10 relative to biodiesel." Glycerol is a
renewable carbon source with clear environmental advantages
over conventional petrochemical feedstocks. Acrolein is a
valuable intermediate for the production of esters, acrylic
acid, and polymers. It is conventionally manufactured by gas-
phase oxidation of propylene over Bi/Mo oxide catalysts at
300-400 ©°C, with reported yields of 70-80%. A more
sustainable route involves vapor-phase dehydration of glycerol
over solid acid catalysts. The efficiency of this process
depends strongly on acid strength and the nature of the active
sites.”™* Mechanistically, glycerol dehydration proceeds
through the formation of 3-hydroxypropanal as a key
intermediate, which subsequently converts to acrolein.’

WO; is an established solid acid catalyst with tunable
acidity, redox properties, and structural stability.*” Several
synthetic routes, including impregnation,® solvothermal
methods,” and surfactant-assisted techniques,'®'" have been
employed to prepare WO;-based catalysts. The preparation
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method strongly influences active phase dispersion, crystal
growth, and metal-support interactions."” The non-hydrolytic
sol-gel (NHSG) method provides control over condensation

reactions during oxide formation in non-aqueous
media. In contrast to conventional sol-gel routes,
NHSG employs organic oxygen donors such as

ethers, carboxylates, and alcohols. This approach improves
compositional homogeneity and structural stability."® Interest
in NHSG-derived WOj; catalysts has therefore increased.'**

Previous studies have demonstrated the advantages of NHSG-
synthesized WO,/SiO, catalysts. These systems exhibit high
acidity and promising catalytic performance in reactions such as
ethene cross-metathesis'® and glycerol dehydration."”” WO, has
also been supported on silica-based materials such as MCM-48
(ref. 18) and SBA-15," as well as on metal oxides such as Al,O,.°
Supported WO; catalysts generally display high surface area and
mesoporosity, which influence catalytic performance.”

The catalytic performance of WOj-based materials is
strongly influenced by the chemical nature of the support.
Different oxide supports such as Al,O3, TiO,, and ZrO, have
been widely studied, showing that the support affects
tungsten dispersion, surface species, and acidity. In
particular, WO;/TiO, systems exhibit a relationship between
WO; surface coverage, the formation of mono- and
polytungstate species, and the development of Brensted
acidity, which impacts acrolein formation.>" Similarly,
WO;/ZrO, catalysts demonstrate that the interaction
between tungsten oxide and the support governs the type and
strength of acid sites, as well as catalytic selectivity.”>>® At
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low WO; loading, isolated species dominate, while increasing
loading leads to polymeric WO, species and eventually
crystalline WO;, which may reduce the number of active
sites. Therefore, understanding the role of the support is
essential for optimizing catalyst design.

Among the available supports, KIT-6 is a mesoporous
silica material with a three-dimensional pore architecture
and tunable pore diameters in the 4-12 nm range.”*>° It
possesses a high surface area (600-800 m> g™') and
interconnected channels that facilitate mass transport and
active site accessibility.”” KIT-6-supported NbW catalysts have
shown higher acrolein yields than unsupported systems.>>®
The thick pore walls and hydrolytic stability of KIT-6 help
preserve structural integrity under reaction conditions.”**°

Despite these advances, NHSG-derived WO;/KIT-6 catalysts
have not been systematically evaluated for glycerol
dehydration to acrolein. This study examines the effect of
WO; loading on structural properties, acidity, and catalytic
performance. The relationship between surface acidity
parameters and acrolein selectivity is analyzed. Particular
attention is given to the distribution and strength of acid
sites and their influence on catalytic behavior.

2. Experimental section

2.1. Reagents and materials

Dichloromethane (=99.8%), diisopropyl ether (=99.5%),
hydrochloric acid (HCl, 35%), and pluronic P123 triblock
copolymer were purchased from Sigma-Aldrich. Tungsten(vi)
chloride (WCls, 99%) was obtained from Alfa Aesar.
n-Butanol (=99%) and tetraethyl orthosilicate (TEOS, 98%)
were supplied by Merck. All chemicals were used as received
without further purification.

2.2. Synthesis of the KIT-6 support

The KIT-6 silica support was synthesized as follows: 9.8 g of
hydrochloric acid was dissolved in 181 g of deionized water
and the mixture was agitated for 5 min. Pluronic P123 (5 g)
was subsequently introduced, and the resulting solution was
kept under stirring at 35 °C for 6 h until a homogeneous
mixture was achieved. Thereafter, 5 g of n-butanol and 10.1 g
of tetraethyl orthosilicate (TEOS) were added dropwise over
the course of 1 h at 35 °C. The mixture was allowed to
continue stirring at 35 °C for an additional 24 h. The
resulting gel was then carefully transferred into a Teflon-
lined autoclave and subjected to hydrothermal crystallization
at 120 °C for 24 h. Following hydrothermal treatment, the
solid product was recovered and dried at 80 °C for 12 h. The
dried material was subsequently calcined in a static air
atmosphere at 550 °C for 6 h, applying a controlled heating

rate of 1 °C min*.*®

2.3. Preparation of WO;/KIT-6 catalysts

The catalysts are denoted as xW-KIT-6, where x indicates the
nominal tungsten content (5, 15, 25, or 35 wt%), adjusted by
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varying the amount of WCles. The NHSG synthesis employed
WClg, diisopropyl ether, and dichloromethane as reagents,
with a diisopropyl ether-to-WCls molar ratio of 1:1. All
handling was performed in a glove box maintained below 1%
moisture. KIT-6, WClg, and diisopropyl ether were combined,
and 20 mL of dichloromethane was introduced dropwise
under agitation. After stirring for 10 min, the slurry was
transferred to a Teflon-lined autoclave and heated at 120 °C
for 24 h. Upon cooling, the recovered solid was washed three
times with dichloromethane, dried under vacuum at 100 °C
in a nitrogen atmosphere for 12 h, and subsequently calcined

in air at 500 °C for 3 h at a ramp rate of 3 °C min™."”

2.4. Catalyst characterization techniques

XRD patterns were collected on a Rigaku D/Max-2200
diffractometer (Cu Ka, A = 1.54059 A) over a 26 range of 10-50°
at 40 kv, 30 mA, and a scan rate of 2° min ‘. Textural
properties (BET surface area, pore volume, and pore size
distribution) were determined from N, adsorption-desorption
isotherms recorded on a TriStar II 3020 instrument; samples
(~0.3 g) were degassed at 200 °C for 4 h prior to measurement.
Bronsted and Lewis acid sites were probed by pyridine
adsorption DRIFTS using a Thermo Nicolet 380 spectrometer;
pellets of the catalysts (0.01 g) and KBr (0.2 g) were activated
under vacuum at 400 °C for 1 h, exposed to 5 pL pyridine at
room temperature, and then heated to 150 °C before spectral
collection. SEM imaging was conducted on a Zeiss Ultra Plus
microscope (SE2 detector, 5.0 kV, working distance 5.0-5.1
mm). XPS measurements were performed on a Thermo
Scientific K-Alpha spectrometer (Al Ko, 1486.3 eV), with
binding energies referenced to the C 1s peak at 284.5 eV and
spectra processed using Avantage 5.9 software. Raman spectra
were acquired on a Bruker spectrometer with a 532 nm laser.
Surface acidity was quantified by NH;-TPD on a ChemBet-3000
system coupled to an Agilent 5973 mass spectrometer; ~0.2 g
of sample was pretreated in static air at 400 °C for 6 h, then
exposed to 5 wt% NHz/He (80 mL min™") at 100 °C for 25 min.
After physisorbed NH; removal by He purging (80 mL min ",
60 min, 100 °C), desorption was carried out from 100 to 600 °C
at 10 °C min™" under an 80 mL min™' He flow. ICP-MS
measurements were conducted using an Agilent 7700 Series X
spectrometer featuring a third-generation Octopole Reaction
System (ORS3) with helium as the collision/reaction gas.

2.5. Catalytic reaction setup

Catalytic dehydration of glycerol was carried out in a stainless
steel fixed-bed tubular reactor with an inner diameter of 7.5
mm. The catalyst was mixed with quartz particles prior to
being packed into the reactor. All experiments were carried
out at 300 °C under ambient pressure conditions. The reactor
setup comprised dual PID-regulated heating zones, Brooks
5850 TR mass flow controllers, a Reaxus HPLC pump for
continuous liquid delivery, and a downstream condenser for
product recovery. The catalyst underwent a pretreatment step
under a nitrogen atmosphere at 300 °C for 30 min. A 10 wt%

This journal is © The Royal Society of Chemistry 2026
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glycerol solution in water was fed into the reactor at a
volumetric flow rate of 7.2 mL h™". A mixed gas stream
consisting of 20% O, balanced in N, was delivered at a flow
rate of 45 mL min . Condensed liquid products were
recovered and analyzed using an Agilent 6890N gas
chromatograph equipped with an autosampler, a flame
ionization detector (FID), and an INNOWAX capillary column
(30 m x 0.32 mm x 0.50 um). The injector temperature was
maintained at 250 °C, and 1 pL samples were injected in split
mode (10:1). The oven temperature program was as follows:
an initial temperature of 35 °C held for 5 min, ramped at 5
°C min " to 90 °C, then increased at 10 °C min™" to 150 °C,
and finally increased at 20 °C min™" to 300 °C, where it was
held for 12 min. The FID temperature was maintained at 280
°C. Hydrogen and air flow rates were 35 and 350 mL min ",
respectively, while nitrogen was used as make-up gas at 25
mL min™". Prior to analysis, liquid samples were cooled to
room temperature and filtered. For quantitative analysis, 1
mL of each sample was combined with 0.1 mL of n-butanol
as an internal standard. Reaction products were identified
and quantified using calibration curves based on the internal
standard method.

The following mathematical expressions were used to
determine glycerol conversion (x), product selectivity (Sproa),
and product yield (Yprod). Mgly,in and 7gly,oue denote the molar
flow rates of glycerol at the reactor inlet and outlet,
respectively. 1,04 represents the molar amount of each
product. Z,.,q and Zg, correspond to the number of carbon
atoms in the product and glycerol, respectively. The overall
carbon balance was calculated based on the contributions of
all quantified products in the condensed effluent.

nGly,in ~ NGly,out

x(%) = x100

nGly,in

Zprod Mprod

Sprod (0/0) = X100

ZGly' (nGly,in - nGly,out)

X X Sprod

YProd (0/0): 100

3. Catalyst characterization
3.1. Crystallinity and structural analysis

Fig. 1 presents the low-angle XRD pattern of the synthesized
KIT-6 support (0.5-2° 26 range). Distinct reflections are
observed at 26 = 1.03°, 1.10°, and 1.76°, which are indexed to
the (211), (220), and (332) planes, respectively. These reflections
are characteristic of a three-dimensional cubic mesostructure
with the Ia3d symmetry, consistent with reported KIT-6
materials.”” The presence of the (211) reflection indicates
well-defined mesoscopic ordering within the silica framework.
The observed diffraction features indicate the formation of
an ordered mesoporous structure prior to WO, loading.*"**
Fig. 2 presents the wide-angle XRD patterns of W-KIT-6
catalysts with tungsten loadings ranging from 0 to 35 wt%.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 XRD diffractogram of the pristine KIT-6 silica support.

Diffraction peaks at 26 = 23.1°, 23.5°, and 24.3° are assigned
to the (002), (020), and (200) planes of monoclinic WOj;
(JCPDS no. 83-0950).>° For loadings of 15 wt% and higher,
sharp and well-defined reflections are observed, indicating
the formation of a crystalline WO; phase. In contrast, the 5
wt% sample exhibits weak and broadened features, which
may be associated with smaller crystallite size or more
dispersion of tungsten oxide. The intensity of the monoclinic
WO; reflections increases with tungsten loading.

35%W-KIT-6

¢ Monoclinic WO3

— 25%W-KIT-6
=
g o —— 15%W-KIT-6
(=]
o
N’ |
z
Z 5%W-KIT-6
]
=
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T
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Fig. 2 XRD diffractograms of W-KIT-6 catalysts at varying tungsten
contents (wt%).
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This trend indicates progressive development of the
crystalline phase. No additional crystalline impurity phases
were detected within the measured range. In addition to the
WO, reflections, a broad diffuse feature centered around 20
~ 15-30° can be attributed to the amorphous silica
framework of KIT-6.** Due to its non-crystalline nature, silica
does not produce sharp diffraction peaks, and its
contribution appears as a low-intensity halo in the diffraction
pattern. The dominance of WO; reflections, particularly at
higher loadings, may further obscure this broad feature.

3.2. Textural properties and surface area analysis

The nitrogen adsorption-desorption isotherms of KIT-6 and
W-KIT-6 catalysts (Fig. 3) exhibit type IV behavior with a
hysteresis loop in the relative pressure (P/P°) range of 0.6-0.8,
characteristic of mesoporous materials according to the
IUPAC classification.?”*> These features indicate the presence
of a mesoporous structure in both the parent support and
W-loaded samples. Similar type IV isotherms have been
reported for metal-loaded mesoporous silicas, including
Fe/SBA-15 systems. These observations suggest preservation
of mesoporosity after metal incorporation.*®

The pure KIT-6 support displays a surface area of 719
m? g and an average pore diameter of 7.0 nm, consistent
with reported values for KIT-6.>" Upon loading of WOj;, the
BET surface area decreases progressively with increasing W
loading. The surface area decreases from 424 m> g™ for 5
wt% W-KIT-6 to 355 m> g ' for 35 wt% W-KIT-6 (Table 1).
This reduction may be associated with the presence of
tungsten oxide species dispersed on the surface and possibly
within the mesoporous channels. The pore size distributions
remain within the mesoporous range, indicating retention of
the overall pore structure after WO; loading. Similar
observations have been reported for metal-loaded KIT-6

700
—0—KIT-6
6004 —O— S%W-KIT-6

—0— 15%W-KIT-6

—v—35%W-KIT-6

Quantity Adsorbed (cm?/g)
g =

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P°)

Fig. 3 Nitrogen adsorption-desorption isotherms.
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systems.*"?” The textural data indicate that tungsten loading
influences the surface area and pore characteristics while
maintaining mesoporous features within the investigated
loading range. The mesoporous KIT-6 structure is largely
preserved after WO; loading, as indicated by the retention of
type IV isotherms and mesoporous pore size distribution.

3.3. Acidity and acid site distribution

The absorption band centered at approximately 3452 cm™"
in Fig. 4(a) is assigned to the O-H stretching vibrations of
surface silanol (Si-OH) groups.*® The band near 1629 cm™
corresponds to the bending vibration of adsorbed water
molecules interacting with these hydroxyl groups.>® The
bands at 793, 1053, and 1252 cm™' are attributed to the
symmetric and asymmetric stretching modes of Si-O-Si
bonds within the silica framework.*® The bands at 949 and
459 cm™" are associated with the Si-O stretching vibrations
related to silanol groups and framework oxygen
linkages.*"*> These features indicate the presence of surface
hydroxyl sites and are consistent with preservation of the
silica network structure.

The synthesis parameters used in the preparation of KIT-
6 influence the organization of the silica framework and the
distribution of hydroxyl groups.**** Template concentration,
alcohol type, and aging time affect pore architecture and
silanol interactions. Changes in these parameters can
modify the intensity and position of vibrational bands.
Previous studies have shown that variations in aging time
or alcohol selection may result in the formation of
hexagonal SBA-15 instead of cubic KIT-6.">"® Such structural
transitions alter the Si-O-Si framework. In the present
study, no additional bands corresponding to alternative
silica phases were detected. The spectral features are
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consistent with the preservation of the cubic KIT-6 structure
under the applied synthesis conditions.

Bronsted (B) and Lewis (L) acid sites were differentiated
by pyridine adsorption infrared spectroscopy, where
absorption bands at 1540 c¢cm™' and 1450 cm ' are
characteristic of Bronsted and Lewis acidity, respectively."”
The B/(B + L) ratio was calculated from the relative integrated
areas of these bands. The Bregnsted acidity values and
corresponding B/(B + L) ratios were 31.48 pmol g and 0.30
for 5 wt% W-KIT-6, 89.01 umol g ' and 0.48 for 15 wt%,
150.89 umol g™* and 0.67 for 25 wt%, and 18.45 umol g and
0.18 for 35 wt%. The highest Bronsted acidity was observed
for the 25 wt% catalyst. The synthesis method influences
both the total acidity and the distribution of Bregnsted and
Lewis acid sites.*® The corresponding B/(B + L) ratios are
listed in Table 1 and presented in Fig. 4(b). The variation of
Brgnsted and Lewis acidity with tungsten loading follows a
trend comparable to that reported by Aihara et al® In that
study, the maximum Brensted acidity (~45 umol g™') was
obtained for a 20 wt% WO;/Al,O; catalyst.

In the present system, Brensted acidity increases from 5
to 25 wt% and decreases at 35 wt%. The NHSG-derived
catalysts exhibit higher Brensted acidity than catalysts
prepared by impregnation at comparable tungsten
loadings.””® This difference may be associated with the
formation of additional surface WO, species, including W-
OH groups and polymeric WO, domains. At higher tungsten
loadings, the contribution of polymeric WO, species is
expected to become more significant, consistent with
literature reports on supported tungsten oxides.”"*>

NH;-TPD was utilized to assess the total surface acidity and
acid strength distribution across all catalysts. Based on the
NH; desorption temperature, acid sites were classified into
three categories: weak (100-250 °C), medium (250-400 °C), and

3452 (em™1)

1629 (em™)
¥
459 (em™)

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Fig. 4
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(a) FTIR pattern of pure KIT-6. (b) FTIR-pyridine patterns of W-KIT-6 catalysts with varying wt% loadings.
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Fig. 5 NH3-TPD profiles of W-KIT-6 catalysts (5-35 wt% W). Acid site
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strong (400-600 °C).

100 200

strong (400-600 °C). The resulting TPD profiles are shown in
Fig. 5, while the associated quantitative data are
provided in Table 1. Total acidity increases with W
loading on KIT-6, rising from 205 to 476 pmol NH; per g as
the W content increased from 5% to 25%. Medium acid sites
showed a consistent increase with tungsten content, yielding
66, 174, and 204 umol NH; per g for 5%, 15%, and 25% W
loadings, respectively. Strong and weak acid sites exhibited
different trends, reaching optimal values at 15% and 25% W
loadings, respectively.

The NHSG synthesis method employed in this study
yielded catalysts with higher acidity compared to similar
catalysts prepared by alternative methods. For equivalent W
loadings, catalysts prepared via wet impregnation
(Poovarawan et al., 2015) and sol-gel methods (Kulal et al.,
2016) showed total acidities of 152 and 140 pmol NH; per g,
respectively, compared to 205 umol NH; per g achieved in
this work.**° Similarly, Wu et al. reported a total acidity of
200 pmol NH; per g for 13% W-KIT-6 prepared by a one-pot
method, whereas our 15% W-KIT-6 exhibited significantly
higher acidity (457 pmol NH; per g).>* This enhanced acidity
may be associated with a more uniform distribution of WO,
species generated by the NHSG method.

3.4. WO; phase dispersion and catalyst interaction

The Raman spectra of the W-KIT-6 catalysts are presented in
Fig. 6. The spectra show characteristic bands at
approximately 324, 711, and 807 cm™'. These bands
correspond to the O-W-0O bending and stretching vibrations
of monoclinic WO;.>* The intensity of these bands increases
with tungsten loading. This indicates the progressive
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Fig. 6 Raman spectra of KIT-6 catalysts loaded with varying wt% of W.

formation of crystalline WO; domains at higher W contents.
The bands at 5% and 15% W are broader than those at 25%
and 35% W. The sharper peaks at 35% W indicate the growth
of more crystalline WO; domains. No significant shift in the
peak position is observed with increasing WO; loading.

The monoclinic phase is therefore retained across all
compositions. The characteristic Si-O-Si  framework
vibrations of KIT-6 are not clearly resolved in the
W-containing samples. The strong WO; band near 800 cm ™
overlaps with the silica stretching region. The silica Raman
signal may also be attenuated due to progressive surface
coverage by WO, species. This behavior suggests an
increasing metal-support interaction with higher tungsten
loading. The NHSG synthesis route may promote a more
uniform distribution of WO, species and enhanced contact
with the silica framework.

The SEM micrographs of the 25 wt% W-KIT-6 catalyst are
presented in Fig. 7(a and b). The images reveal aggregated
particles with irregular morphology typical of silica-based
materials synthesized via NHSG.> Bright contrast domains
are observed and may be attributed to WO;-rich regions.
These domains appear distributed across the surface without
evidence of large bulk crystallites. SEM does not provide
direct information about mesopore ordering or the location
of WO; species within the KIT-6 framework. Therefore,
conclusions regarding internal versus external deposition
cannot be drawn solely from these images.

For comparison, the SEM images of pure KIT-6 are
presented in Fig. S1 to illustrate the overall morphological
features prior to W incorporation.

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 SEM micrographs of the 25% W-KIT-6 catalyst: (a) and (b) show representative morphology of the sample.

XPS analysis of the 25% W-KIT-6 catalyst
performed to determine the surface composition and
oxidation states of tungsten oxide species. The survey
spectrum is presented in Fig. S2. The Si 2p spectrum (Fig.
S3) exhibits two components at 101.78 eV and 104.21 eV,
which are characteristic of Si*" species in a silica
framework.’®>” These binding energies confirm that the
mesoporous KIT-6 structure remains intact after WO;
deposition on the support. The W 4f region (Fig. S3)
shows two deconvoluted peaks at 33.78 eV and 35.95 eV,
assigned to W°" and W°' species, respectively.”® The
presence of W' indicates partial surface reduction of
tungsten species associated with oxygen-deficient WO;_,
environments. Such reduced sites may arise from oxygen
vacancies, the high dispersion of surface WO, domains,
and residual organic species decomposed during
calcination of the NHSG-derived gel.”” In addition, the
relatively weak interaction between tungsten oxide species
and the silica support may further favor stabilization of
partially reduced surface tungsten centers. Thus, the
coexistence of W°'/W°"  species reflects  surface
heterogeneity rather than bulk reduction of WO;.

The O 1s spectrum (Fig. S2) reveals two oxygen
environments. The dominant peak at 531.40 eV
corresponds to lattice oxygen in WO;. The lower binding
energy component at 528.33 eV is attributed to oxygen
associated with reduced WO,_, species (Table $1).° The
higher proportion of lattice oxygen relative to reduced
oxygen species indicates that fully oxidized WO; is the
predominant surface phase. The coexistence of W°' /W>*
species and WO;/WO;_, oxygen environments reflects
surface heterogeneity and defect sites. These features may
be associated with the formation of acid sites related to
tungsten oxide domains.

was

This journal is © The Royal Society of Chemistry 2026

4. Catalytic performance

The catalytic performance of KIT-6-supported WO; catalysts
in glycerol dehydration depends on tungsten loading, surface
acidity, and pore structure. Acrolein selectivity varies with
changes in WO; content and acid site distribution. The
influence of WO; loading on product distribution is first
evaluated. The relationship between Bronsted and Lewis acid
sites and catalytic behavior is then examined. The effect of
pore structure on diffusion, selectivity, and stability is
subsequently analyzed. These parameters are assessed to
identify conditions that favor acrolein formation while
limiting by-product formation and catalyst deactivation.
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Fig. 8 Effect of tungsten loading (5-35 wt%) on glycerol conversion
and acrolein selectivity over W-KIT-6 catalysts.
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4.1. Effect of WO; loading on acrolein selectivity

As shown in Fig. 8, acrolein selectivity increases with W
loading up to 25% W-KIT-6 and reaches a maximum value of
43%. This result indicates that tungsten content influences
acrolein formation. Acetaldehyde is detected as a secondary
product for all catalysts. Its selectivity is 6%, 9%, 10%, and
8% for 5%, 15%, 25%, and 35% W-KIT-6, respectively. The
increase in acrolein selectivity up to 25% W suggests that
moderate WO; loading enhances the desired dehydration
pathway. At 35% W, the slight decrease in acrolein selectivity
may indicate the contribution of competing reactions. These
results show that catalytic performance depends on WO;
loading within the investigated range.

4.2. Acid strength and site ratios in acrolein production

The effect of Brensted acidity on acrolein yield has been
previously reported by Cecilia et al.,"® who demonstrated that
the optimal acrolein production is achieved at an optimal
concentration of Brensted acid sites. This aligns with our
findings, where maximum acrolein selectivity was observed
with intermediate W loading, specifically in the 25% W-KIT-
6 catalyst. This catalyst not only provides a balanced density
of Brgnsted acid sites, but also falls within the ideal W
content range (20-30% WOj3; on the support), which has been
shown to enhance acrolein formation by promoting efficient
dehydration pathways while minimizing side reactions.

Nadji et al'” examined the effect of the Brgnsted/
(Bronsted + Lewis) ratio in WO;/SiO, and WO;3;-ZrO,/SiO,
systems. Their results indicate that W and Zr loading
influence acid site distribution and acrolein selectivity. In the
present work, both the B/(B + L) ratio and the concentration
of medium-strength acid sites show a correlation with
acrolein yield, as illustrated in Fig. 9. This observation

50 0.7
B Acrolein Yield (%) A

O Medium acid strength(umol/g)
44 O (B)(B+L)

o I

S%W 15%W 25%W 35%W

Fig. 9 Relationship between acrolein yield, medium-strength acid site
concentration, and B/(B + L) ratio.
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suggests that acid site balance may contribute to the selective
formation of acrolein under the studied conditions.

Among the investigated catalysts, the 25% W-KIT-6
sample demonstrates a notably elevated medium-strength
acid site concentration (204 umol NH; per g) alongside a
balanced B/(B + L) ratio. This catalyst shows the highest
acrolein yield (36%) under the studied conditions. The
correlation between acrolein yield, medium acid strength,
and B/(B + L) ratio suggests that acid site distribution
influences product selectivity. For the catalysts containing
5%, 15%, 25%, and 35% W, the density of medium-strength
acid sites (umol m™>) was determined to be 0.156-0.483,
0.455-1.201, 0.561-1.290, and 0.501-1.121 pmol m2,
respectively. Glycerol conversion does not show a direct
correlation with medium acid strength alone. Instead, it
appears to follow the trend of total acidity. This observation
is consistent with the findings of Talebian-Kiakalaieh et al.,*
who reported that total acidity has a stronger influence on
glycerol conversion than individual acid strength levels.

A closer examination of Table 1 and Fig. 9 shows that
glycerol conversion increases as total acidity rises within the
range of 0.483 to 1.29 pumol m™>. A slight increase in
acetaldehyde selectivity is also observed over this range.
This trend suggests that total acidity influences overall
conversion, while individual reactions, including side
reactions, are governed by acid sites of specific strength and
nature. In particular, medium-strength acid sites correlate
more directly with acrolein formation, which is associated
with Bronsted acid sites of intermediate strength. Under the
examined reaction conditions, the 25% W-KIT-6 sample,
characterized by an elevated medium-strength acid site
density per unit surface area (0.561-1.290 pmol m™?),

achieves the highest acrolein yield among all tested
catalysts. These observations indicate that acid site
distribution  affects product selectivity in  glycerol

dehydration. It should be noted that NH;-TPD provides
information on acid strength distribution, whereas pyridine-
FTIR distinguishes between Brensted and Lewis acid sites.
These techniques describe different aspects of surface
acidity. Although weak acid sites are dominant, they are
mainly associated with Lewis acidity and show lower
selectivity toward acrolein. These sites may contribute to
side reactions leading to by-product formation. In contrast,
Brgnsted acid sites of medium strength are responsible for
acrolein formation. Therefore, even a smaller fraction of
Brgnsted acid sites can determine the reaction selectivity.
This is consistent with the 25 wt% W-KIT-6 catalyst, which
shows the highest acrolein yield in correlation with its
higher B/(B + L) ratio and increased medium-strength
Bronsted acidity.

The relationship between medium acid strength, glycerol
conversion, and acrolein yield is presented in Fig. 10. The
data show that variations in acidity parameters influence
both conversion and selectivity. Catalysts with moderate WO;
loadings exhibit a favorable balance between medium-
strength Brensted and Lewis acid sites. Acrolein formation is

This journal is © The Royal Society of Chemistry 2026
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primarily associated with Brgnsted acid sites of intermediate
strength, whereas Lewis acid sites are more closely related to
side reactions leading to by-products. Accordingly, a higher
proportion of medium-strength Brensted acid sites relative to
Lewis sites favors acrolein formation while limiting excessive
by-product formation. These observations suggest that acid
site distribution plays a significant role in governing product
selectivity in glycerol dehydration.

4.3. Pore size effects on acrolein production

Pore diameter may influence mass transport during glycerol
dehydration. Fig. 11 shows that glycerol conversion does not
vary significantly with pore size within the studied range.
However, acrolein yield exhibits some variation with pore

This journal is © The Royal Society of Chemistry 2026
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diameter. The catalysts follow the order 7.8 nm > 8.1 nm >
6.4 nm > 6.1 nm in terms of acrolein yield, as summarized
in Table 1. Catalysts with pore diameters near or above 8 nm
show relatively higher acrolein yields compared to those with
smaller pores. This trend suggests that textural properties
may influence product selectivity, possibly through
differences in reactant accessibility.

Similar observations have been reported for glycerol
dehydration over porous materials. Zhang et al. and Zhao
et al.’>** reported that restricted pore structures can affect
acrolein formation, whereas larger and more open pores may
facilitate improved catalytic performance. In the present
study, the results indicate that pore size is one of several
parameters that contribute to catalytic behavior alongside
acidity and WO; loading.

Acrolein yield decreases with time on stream for all
catalysts. After six hours, the final acrolein yields are 26%,
24%, 16%, and 15% for 35%, 25%, 5%, and 15% W-KIT-6,
respectively. The 15% W-KIT-6 catalyst shows the largest
relative decline in acrolein yield, corresponding to a
decrease of 35%.

In comparison, the 5% W-KIT-6 and 35% W-KIT-6
catalysts exhibit smaller decreases of approximately 7%.
These results indicate differences in catalyst stability as a
function of W loading.

Despite comparable pore diameters in the 5% and 15% W-
KIT-6 catalysts, the 15% W sample exhibits a more pronounced
decline in acrolein yield. This difference may be associated
with its higher total acidity and increased concentrations of
Bronsted and Lewis acid sites. Brgnsted acid sites are known to
promote acrolein formation, but they have also been linked to
coke formation in glycerol dehydration reactions. Although the
25% W-KIT-6 catalyst presents higher Brensted acidity than
the 15% W sample, it shows improved stability under the
studied conditions. This observation suggests that catalytic
stability depends on multiple factors, including acidity

— 35wt% W-KIT-6
—25wt% W-KIT-6
— 15wt% W-KIT-6
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Fig. 12 TGA curves for spent catalysts: 5-35 wt% W-KIT-6.
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distribution and textural properties. Smaller pore diameters
may influence mass transport and contribute to differences in
deactivation behavior. These results indicate that the
relationship between acidity and pore size affects long-term
catalytic performance. Catalysts with moderate acidity and
relatively larger pore diameters show improved stability
compared to those with higher acidity and smaller pores within
the investigated range.

4.4. Coke control in the WO;/KIT-6 catalysts

TGA analysis of the spent catalysts is shown in Fig. 12. After
six hours on stream, coke contents of 7.7%, 14.5%, 12.3%,
and 10% are measured for 5%, 15%, 25%, and 35% W-KIT-6,
respectively. No clear linear relationship is observed between
coke content and individual parameters such as total acidity,
Bronsted acid concentration, or pore diameter, as presented
in Fig. 13. The 15% W-KIT-6 catalyst exhibits the highest
coke content (14.5%) and also shows the largest decline in
acrolein yield. The data further suggest that coke deposition
depends on multiple interacting factors rather than a single
structural or acidity parameter within the investigated range.

These results indicate that Brensted acid sites are often
associated with coke formation, as reported in the
literature.®> However, the relationship between acidity and
coke deposition appears to depend on multiple interacting
factors. The 15% W-KIT-6 catalyst, which exhibits relatively
high total acidity, shows higher coke formation. This
behavior may be related to stronger interactions between
reactive intermediates and acid sites. In contrast, the 35%
W-KIT-6 catalyst presents lower coke deposition despite
comparable acidity levels. This observation suggests that
textural properties, including pore diameter, may influence
deactivation behavior. Larger pore sizes may facilitate the
diffusion of reaction intermediates and reduce their
residence time on the catalyst surface. Overall, the data
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indicate that both acidity distribution and textural
characteristics contribute to long-term catalytic stability
under the studied conditions.

In addition, the TGA profiles provide insight into the
nature of coke species deposited on the catalyst surface.
Weight loss at lower temperatures (200-400 °C) is associated
with less stable carbon species (soft coke). Weight loss at
higher temperatures (above 400 °C) corresponds to more
stable carbon deposits (hard coke). These results suggest that
coke formation involves carbon species with different
thermal stabilities.

This study examines the relationship between coke
deposition and catalyst properties under the investigated
conditions. The results indicate that acidity and textural
characteristics both influence deactivation behavior.

However, the interaction between these parameters
requires further clarification. Future work involving detailed
mechanistic analysis may provide deeper insight into the
roles of acid site distribution and pore accessibility in coke
formation. Additional studies under varied reaction
conditions could further clarify how catalyst composition
affects long-term stability.

Conclusions

In this work, WO;/KIT-6 catalysts with tungsten oxide
loadings between 5 and 35 wt% were prepared using the
non-hydrolytic sol-gel method and evaluated for glycerol
dehydration to acrolein. The catalysts exhibit mesoporous
characteristics and tungsten oxide phases within the
investigated loading range. Surface acidity increases with
WO; loading up to 25 wt%, accompanied by changes in acid
site distribution. Among the studied catalysts, 25% W-KIT-6
shows the highest acrolein selectivity (43%) at 83% glycerol
conversion. This catalyst presents a relatively high
concentration of medium-strength acid sites (204 pumol NH;
per g), an intrinsic acidity of 0.56 pmol NH; per m?, and a
Bronsted/(Brensted + Lewis) ratio of 0.67. The correlation
between acrolein selectivity and medium acid strength
suggests that acid site distribution plays an important role in
product formation. Textural properties, including the pore
diameter in the range of 6-8 nm, also influence catalytic
behavior. Catalysts with relatively larger pore diameters show
improved stability under the studied conditions. TGA analysis
indicates that coke deposition varies with WO; loading and
acidity, and does not depend on a single parameter alone.
The results demonstrate that catalytic performance in
glycerol dehydration depends on the combined influence of
WO; loading, acidity distribution, and textural characteristics
within the investigated range.
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