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The dehydration of glycerol to acrolein has the potential to increase the sustainability of acrolein
production and its value chain. WOs/TiO, has demonstrated good catalytic performance for this reaction,
but an appropriate correlation of the catalyst properties with its activity is still missing. Thus, the influence
of tungsten loading on WOs/TiO, has been examined in terms of surface coverage and its subsequent
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effect on the catalyst acidity and activity. Different superficial species (monotungstates, polytungstates and
crystalline WOs) are present at different WO3 loading as demonstrated using XRD, Raman, XPS and STEM.
DOI: 10.1039/d5cy01485a Moreover, increasing WOs loading resulted in enhanced Brensted acidity, which positively impacted
acrolein productivity. However, the formation of crystalline WOs at higher WO3 loading compromises this

rsc.li/catalysis positive effect by reducing the effective acid sites for acrolein formation.

Introduction

Transition of the fossil-based chemical industry toward
environmentally sustainable approaches requires, among
others, a switch to renewable feedstocks and circularity." Hence,
biodiesel demand has been rising since the 1990s and is
forecast to continue growing in the coming years.” Since
glycerol is a by-product of biodiesel production, this positive
trend is expected to increase the availability of bio-glycerol,
offering opportunities for its use as a platform chemical.’ In
particular, the dehydration of bio-glycerol to acrolein combines
the need to find greener feedstocks for acrolein production and
its value chain with the need to implement by-product
valorization towards a circular economy. The gas-phase
dehydration of acrolein has been performed on various acid
catalysts, in particular zeolites,"” supported heteropolyacids,’
metal phosphates,” and metal oxides.® To date, only one
comprehensive study of glycerol dehydration on WO,/TiO, in a
fixed-bed reactor has been reported in the literature.” After
testing different WO; amounts, the authors reported that 13.9
wt% was the optimal WO; loading for the highest acrolein
selectivity. However, no relationship between the -catalytic
activity and its properties was provided to explain this trend.
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The effect of high total acidity and concentration of Brgnsted
acid sites on the acrolein productivity is a well-understood
phenomenon in the literature for various solid acids.'®™*
However, a supported WO;-based catalyst is well known to form
a superficial two-dimensional tungsten oxide layer on the oxide
support, and its molecular structure depends on the surface
coverage.”” This, in turn, affects the acidity and catalytic
performance of the supported WO; catalyst. At low WO;
loadings, tetrahedrally coordinated monotungstate species are
present on the support. As the loading increases, these species
evolve into distorted square pyramidal (WOs) or pseudo-
octahedral (WOg) polytungstates, eventually forming a
monolayer (4-4.5 W, nm >)."*" Once above the “monolayer”
threshold, crystalline WO, starts to form.®"”

As mentioned above, surface coverage of supported WO,
influences not only its molecular structure but also its acidity.*”
The formation of strong Brensted sites was directly correlated
with the development of polymeric WO, species at surface
densities above 1.1 W, nm . Above this loading, the Bronsted
acidity increases progressively with increasing W0;.>*>® Once
the monolayer was reached, a decrease in the number of acid
sites was observed at higher loading due to the presence of
crystalline WO; nanoparticles."

Based on existing literature on supported WO; catalysts, it
can be hypothesized that the observed activity trend by Ulgen
and Hoelderich for glycerol dehydration to acrolein is related to
the surface coverage of the WO,/TiO, catalysts and their
resulting acidity.” However, detailed experimental evidence is
required to draw a structure-activity correlation and provide a
conclusion. Similar conclusions were reported for WO;
supported on ZrO, and on Al,0;."****” The WO, loading was
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found to impact the strength and type of acidity of WO3/Al,05.
The highest acrolein selectivity achieved with the catalyst at
intermediate WO; loading was correlated to the higher amount
of weak acid sites and Brensted acidity of the material.

Hence, in this study, WO;/TiO, catalysts with increasing
WO; loadings (0 to 30 wt%) were prepared to evaluate the
influence of surface coverage and acidity on the gas-phase
dehydration of glycerol to acrolein. The surface coverage and
acidity of the catalysts were characterized using various
techniques such as XRD, Raman, STEM-EDX, XPS, and
pyridine FTIR. The influence of WO; loading on the presence
of superficial species and their subsequent effect on the
Brgnsted acidity was investigated. Finally, we present a
correlation between the catalyst properties and their glycerol
dehydration activity, particularly in relation to the acrolein
productivity and the formation of major by-products,
acetaldehyde and hydroxyacetone.

Experimental
Synthesis of the WO;/TiO, catalysts

The WO;/TiO, catalysts were synthesized by a wet impregnation
method using a TiO, support material provided by Saint-Gobain
NorPro (ST61120). Before use, the TiO, ST61120 was crushed in
a ball mill (50 Hz, 4 min), calcined at 400 °C for 4 h (10 °C
min™") and sieved below 80 pum. A solution was prepared by
dissolving an appropriate amount of tungstic acid in a 0.5 M
aqueous oxalic acid solution (OA:TA = 20:1). The solution was
stirred at 80 °C overnight. Then, the appropriate amount of
TiO, support was added, and the solution was stirred at 80 °C
for 4 h. The solvent was removed using a rotary evaporator, and
the product was further dried at 110 °C overnight. The dried
catalyst was calcined at 600 °C for 6 h at a heating rate of 10 °C
min~'. The bare TiO, catalyst was treated at the same
calcination temperature starting from the commercial TiO,
support.

Material characterization

The W loading in the prepared catalysts was determined by
ICP-OES. Analyses were carried out at Kolbe micro labs.

The nitrogen adsorption and desorption isotherms were
measured at -196 °C with a Quadrasorb SI device (3P
Instruments). Before the analysis, the samples were degassed
for 3 h at 150 °C in a FloVac degasser. The specific surface area
(SSA) was determined by the Brunauer-Emmett-Teller method
in the 0.05-0.2 p/p° range.

For the X-ray diffraction (XRD) measurements of the powder
samples, a D2 PHASER benchtop X-ray analyzer (Bruker)
equipped with a Cu-Ka source was used. The diffractograms
were recorded with 26 = 10-90° and a step resolution of 0.02°.
Phase identification was performed using data from the ICSD
release 2024.1.

Raman spectra of the support and catalysts were acquired
using a Raman RXN2 spectrometer equipped with a 785 nm
laser. Each spectrum was acquired as an average of 10 scans,
with a 5 s acquisition time per scan.
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The total acidity was measured by NH; temperature-
programmed desorption using a Micromeritics AutoChem
2950 device equipped with a thermal conductivity detector
(TCD). The samples were first degassed at 500 °C under a
helium flow (10 °C min™' ramp, 50 mL min " flow, 30 min).
Afterward, ammonia adsorption was performed at 50 °C for
20 min (10% NH; in He, 50 mL min"). Weakly adsorbed
ammonia was removed at 50 °C under a helium flow (20
min, 50 mL min~"). Finally, the TPD profile was recorded by
ramping the temperature (10 °C min™') to 600 °C under a
helium flow (50 mL min ™).

Pyridine-FTIR measurements were acquired with a VERTEX
70 FTIR spectrometer equipped with an MCT detector. The
catalysts (20 mg) were supported on a KBr pellet (80 mg) and
mounted in a home-built transmission cell equipped with KBr
windows. The sample was pretreated under vacuum at 250 °C
for 2 h (5 °C min™" ramp) and then cooled to 80 °C. Afterwards,
pyridine adsorption was performed under vacuum for 4 min
and equilibrated for 30 min without active vacuum. Physisorbed
pyridine was then removed by applying vacuum at 150 °C for 30
min (5 °C min" ramp). FTIR spectra of the chemisorbed
pyridine were recorded at 80 °C with an optical resolution of 2
em™ using the spectrum for the degassed catalysts as a
background. The Brgnsted/Lewis acid site ratio was calculated
from the integrated peak areas of the Brgnsted acid at 1540
em™ and the Lewis acid at 1450 cm™ using their respective
molar extinction coefficients (1.67 cm pmol ™" for the Bransted
acid and 2.22 cm umol™ for the Lewis acid).”® Baseline
correction was performed using the asymmetric least-squares
smoothing method described by Eilers and Boelens.>

The amount of Brgnsted and Lewis acid sites was
quantified by combining pyridine-FTIR measurements with
the total acidity estimated via pyridine adsorption in the
liquid phase. The measurement was adapted from the
basicity investigation of Al-Mg hydrotalcite with acrylic acid
previously reported by our group.*® For each experiment, 15
mg of catalyst (particle size <80 um) was stirred overnight
in 3 mL of a 0.2 mg g* pyridine solution in cyclohexane.
The solutions were then filtered using a syringe filter
(CHROMAFIL® Xtra PTFE-20/25) and analyzed using a
Shimadzu UV 2600i spectrometer at a wavelength of 252
nm.

XPS measurements were performed using an AXIS Supra+
spectrometer (Kratos Analytical Ltd.) equipped with a
hemispherical analyser and a monochromatized Al-Ko. source
(E = 1486.6 eV) operated at 15 kV and 225 W. During the
measurement, the base pressure was <5.0 107° Torr, and a
simultaneous charge neutralization (low-energy, electron-only
source) was applied to compensate for charging effects. An
emission current of 15 mA for both survey and high-
resolution (C 1s, O 1s, W 4d, Ti 2p) scans was applied.
During the measurement of the survey scans from 1200 to 0
eV, a pass energy of 160 eV and a step size of 1 eV was used
(1 sweep, dwell time = 100 ms). For the high-resolution scans,
a pass energy of 20 eV and a step size of 0.1 eV were applied
(W 4d: 30 sweeps, dwell time = 115 ms; Ti 2p: 30 sweeps,

This journal is © The Royal Society of Chemistry 2026
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dwell time = 187 ms). CasaXPS Version 2.3.26PR1.0 was used
for the evaluation of the data.

All obtained spectra were calibrated using the adventitious
sp® C 1s peak (284.8 eV) as reference. Shirley background was
applied to both W and Ti envelopes, and Lorentzian-
Gaussian curves were used for the fitting (GL(90) and GL(30),
respectively). For the Ti 2p, the position of the 2p 1/2 peak
was set at 2p 3/2 + 5.72 eV, while its area was constrained at
0.5 times the area of the 2p 3/2. For the W 4d, both the 4d 5/
2 and 4d 3/2 peaks were constrained to have the same
FWHM, while the area of the 4d 3/2 peak was set at 2/3 of the
area of the 4d 5/2. To calculate the surface W/(W + Ti) ratio,
the full W 4d and Ti 2p envelopes were used, with the
respective relative sensitivity factors. The following equation
was applied:

Awad

W Rspy
W+ Ti Aww y Anuzp
RSFyw ' RSFy

Aw 4q = area of the W 4d envelope

Arj op = area of the Ti 2p envelope
RSFy = relative sensitivity factor W 4d (RSFyy = 4.42)
RSFy; = relative sensitivity factor Ti 2p (RSFy; = 2.00)

The STEM samples were prepared by suspending the catalyst
powder in DI water and drop-casting it on a holey carbon Cu
TEM grid. After evaporating the water, the remaining
hydrocarbon contamination was removed with a UV-based
sample cleaner (Hitachi HT ZONETEM II). Aberration corrected
scanning transmission microscopy (AC-STEM) was performed
on a Hitachi HF5000 instrument operating at 200 kV and
equipped with a spherical-aberration (Cs) probe corrector. The
EDX measurements were performed on an Oxford Instruments
Aztec EDS System with 2 Ultim Max TLE detectors.

Activity measurements

The catalyst powder was first pelletized to obtain particles
with a particle size range of 500-355 um. The appropriate
mass of pellets was diluted with silicon carbide (356 um) to
achieve a total volume of 2.8 mL, which was then loaded in a
tubular reactor with an internal diameter of 10 mm. The
reactor was then heated to 280 °C and flushed with nitrogen
(50 mL min™") for 1 h before the start of the reaction. A 20
wt% glycerol solution in water (0.181 mL min™') and
synthetic air (30.9 mL min™") were premixed in an evaporator
at 280 °C before entering the reactor. The contact time was
set to 0.36 s, and the hourly space velocity (HSV) was around
15000 mL h™" g, " at 280 °C and 1 bar, unless otherwise
specified. The reaction products were condensed in a cooled
funnel maintained at 0-5 °C. The reaction was carried out for
7 h, with liquid products collected every hour for analysis.
The collected liquid products were diluted with acetonitrile
and then analysed via off-line gas chromatography using an
Agilent 8890 gas chromatograph equipped with a BD-WAX
Ultra Inert 60 m column and a flame ionization detector.

This journal is © The Royal Society of Chemistry 2026
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Productivity was calculated based on the following
equation, while calculation of conversion and selectivity are
reported in the SI:

Mproduct

Prroduct = X MMproduct X 1000

Mcatalyst

Pproduet = productivity of the product considered (mg h™ gca: ')

Tiproduct = product molar flow leaving the reactor (mol min™)
MMp,oquce = Molar mass of the product (g mol™)
Mcatalyst = Mass of catalyst in the reactor (g)

Results and discussion

Catalytic activity evaluation

The WO3/TiO, catalysts with different WO; loadings were
tested in the gas-phase dehydration of glycerol under
comparable reaction conditions reported by Ulgen and
Hoelderich (T = 280 °C, contact time = 0.36 s, HSV = 15000
mL h™ ¢!, 20 wt% aqueous glycerol, 0.6 O,/glycerol ratio).”
Fig. 1a depicts the average productivity of acrolein between 3
and 7 h time on stream (TOS), while the corresponding values
of conversion and selectivity are presented in Fig. S1 and
Tables S1 and S2 in the SI. The carbon balance for the tested
WO;/TiO, catalysts was in a reasonable range; for example,
the 15 wt% catalyst achieved 80% (details are provided in
Table S1 in the SI). Pure TiO, exhibits the lowest acrolein
productivity, below 100 mg h™ g™', which increased four
times when WO; is added. Increasing the WO; loading from 5
to 20 wt% led to an increased acrolein productivity, from 330
to 417 mg h™" g™*. Further increase in WO; loading to 30 wt%
resulted in a decrease in productivity. As shown in Fig. 1b, a
clear trend in the distribution of the by-products is obtained
for the WO;-containing catalysts. The productivity of
acetaldehyde, acetic acid, and acrylic acid increases as the
catalyst loading rises from 5 wt% to 15 wt% but then declines
at higher WO; loadings. In contrast, hydroxyacetone
formation exhibits the opposite trend; higher for the catalysts
with 5 wt% and 30 wt% WO;, while it is not detected at 15
wt% WO; loading. Although the catalyst with 15 wt% WO,
shows lower acrolein productivity compared to the 20 wt%
(412 mg h™ g vs. 417 mg h™" g™"), its higher productivity for
acetaldehyde, acetic acid, and acrylic acid suggests its highest
overall activity. Furthermore, both the catalysts with 15 wt%
and 20 wt% WO; loadings were tested at a higher HSV (120
000 mL h™ ¢g™"), aiming at about 50% glycerol conversion
(Fig. 1c, the corresponding conversion and selectivity values
are reported in Fig. S2 and Table S3 (SI)). Accordingly, the 15
wt% WO;/TiO, catalyst demonstrates a higher intrinsic
acrolein productivity of 1320 mg h™ ¢™' compared to the 1180
mg h™ g over the 20 wt% WO;/TiO, catalyst. Compared to
the results obtained at lower HSV, lower hydroxyacetone
productivity is obtained with the 15 wt% WO;/TiO, catalyst.
Under these conditions, acrylic acid was not detected while
comparable acetaldehyde and acetic acid productivity was
observed, both reaching 25 mg h™ g for 15 and 20 wt%

Catal. Sci. Technol.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01485a

Open Access Article. Published on 04 March 2026. Downloaded on 3/5/2026 9:45:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Catalysis Science & Technology
a) 450 b) )

o o — 1400

'3 425 'S 78 °

o + + S 30| * >

7400 * D T ~ 1200 ®

< < 4 -

[e)] 4 (o)) o

2375 £ Ao i £ 1000

> 3507 > i % > 300 .

s é > ‘i’ >

g 3257 £ 101 $ % £ 200

=} =} =]

° ° @ {> ° [¢)

S 100] o o 100

o ® P - R S 8 « O- N A
0 5 10 15 20 30 0 5 10 15 20 30 15 20

WO3 (wt.%) WO3 (Wt.%) WO3 (wt.%)

@ Acrolein A Acetaldehyde @ Hydroxyacetone ¢ Acetic acid @ Acrylic Acid

Fig. 1 Productivity of acrolein (a) and different by-products (b) for WO3/TiO, catalysts with increasing WOs5 loading. Reaction conditions: T = 280 °C, contact
time = 0.36 s, HSV 15000 mL h™ g™, 4.1 vol% glycerol, 83.6 vol% H,O, 2.5 vol% O,, 9.8 vol% N,. (c) Productivity of acrolein and major by-products at a
glycerol conversion of around 50%. T = 280 °C, contact time = 0.36 s, HSV 120 000 mL h™* g%, 4.1 vol% glycerol, 83.6 vol% H,0, 2.5 vol% O, 9.8 vol% N..

catalysts (acetic acid not shown in Fig. 1c to highlight the
trends for the other products).

The catalytic activity results described here follow the
trend already reported by Ulgen and Hoelderich, where
acrolein selectivity rapidly increased with WO; loadings up to
14 wt% and then decreased with higher WO;.” As mentioned
above, this activity trend could be related to the catalysts’
tungsten surface density reaching an optimum of around 14-
15 wt% WO;, which maximizes the number of active sites.
Furthermore, the optimal acid properties of the catalyst at
this WO; loading could contribute to the enhanced activity,
as the dehydration of glycerol is strongly influenced by the
acidity of the catalyst. Hence, to elucidate a structure-activity
relationship, the tungsten surface density and acidity of the
prepared catalysts were investigated and are discussed in
detail in the next paragraphs.

Physicochemical properties

The WO; loading of the synthesised catalyst was determined
using inductively coupled plasma analysis (ICP-OES) and is
presented in Table 1. These measured WO; loadings align well
with the nominal values used during the synthesis. Additionally,
the calculated W surface density of the catalysts is given in
Table 1 and will be discussed in detail in the following section.
The values were calculated based on the measured WOj; loading
and the specific surface area of the TiO, support (detailed

calculations provided in section 3 of the SI). N, physisorption
was used to investigate textural properties of both TiO, and the
catalysts, and the obtained specific surface areas (SSAs) are
reported in Table 1. The SSA of the TiO, bare support was 105
m” ¢”', which decreased to 56 m* g after calcination at 600 °C.
For the WO5/TiO, samples, SSA values ranged from 70 m* g”* to
82 m> g, with slightly higher values observed for the catalysts
with 10, 15, and 20 wt% WOj; loading.

Monolayer formation

Based on the literature, monolayer coverage of the support
typically corresponds to a W surface density in the range
between 4 and 4.5 W, nm>."%?%¥3> Accordingly, the catalyst
with 15 wt% WO; loading synthesized herein can be considered
as a material with a “monolayer” coverage. It can therefore be
expected that crystalline WO; forms on the catalyst at WO;
loadings above 15 wt%, where the monolayer coverage is
exceeded.”® However, to confirm this trend on the monolayer
formation, the prepared catalysts with different WO, loadings
were characterized via XRD, Raman spectroscopy, XPS, and
STEM.

Firstly, the evolution of crystalline WO; at increasing
loadings was investigated using powder X-ray diffraction. As
shown in Fig. 2a the major reflexes of anatase TiO, are obtained
at 25°, 38° and 48° (ICSD-9852) for all the prepared catalysts.**
No distinct reflexes of crystalline WO; are obtained up to 15

Table1 WOs loading, calculated W surface density and specific surface area (SSA) for the synthesized catalysts after calcination at 600 °C

Catalyst WO;“ (Wt%) Calculated W surface density’ (W,. nm™) SSA® (m* ¢g™)
TiO, — — 56.4
5 wt% WO3/TiO, 4.89 1.27 75.7
10 Wt% WO,/TiO, 9.91 2.72 81.4
15 Wt% WO,/TiO, 14.7 4.27 82.0
20 wt% WO3/TiO, 19.7 6.07 79.1
30 Wt% WO,/TiO, 29.6 10.4 70.1

“ WO, loading measured with ICP-OES. ? Calculated W surface density based on the measured WO, loading and the SSA of the TiO, support.
The calculation is reported in section 3 of the SI. © Specific surface area measured with N, physisorption.

Catal. Sci. Technol. This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01485a

Open Access Article. Published on 04 March 2026. Downloaded on 3/5/2026 9:45:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

View Article Online

Paper

a b C
) : 974 ) Ti 2p W 4d
= Anatase TiO, o
> s . ]
s Monoclinic WO3 S 30% ~ / \ 30% {} f§
2 2 —~[20% ~ zA§ —~120% {} {§
& 2 = -
g g NEL A | sl
~ [15% 7\ - %
€ € L _20% s b—%
© 7 3 L 15% 2110% /\ G0 ~ /\\
9] 9] I\ ) ks @ . o
N A M N YN £ = N
A

= = i\ ,

0% o L % 0% 0%
st N s IY N e —

20 30 40 50 200 400 600 800 1000 470 465 460 455 270 255 240

20 (degree)

&

0.01.32.7 43 6.1 10.4
W surface density (Wa:, nm™2)

Fig. 2

Raman Shift (cm—?)

/ AR d=0.361nm
TiO;Anatase(101)

Binding Energy (eV) Binding Energy (eV)

5.00 nm

30%

Crystalline WO,

, Anatase(101)

(a) XRD patterns and (b) Raman spectra of WO3/TiO, catalysts at increasing WOs3 loading; (c) XPS Ti 2p and W 4d high-resolution scans of

the WO3/TiO, catalysts. The envelope areas used for the evaluation are highlighted in the image. (d) Dependency of the surface W/(W + Ti) ratio
(XPS) from the calculated W surface density (Table 1) for the WOz/TiO, catalysts; (e) STEM dark-field images of the WO3/TiO, catalysts with 5 wt%,
15 wt% and 30 wt% WOs3 loading; (f) STEM-EDX mapping of W Ma edge of 15 wt% and 30 wt% WO3/TiO,.

wt% loading, except the broadening of the anatase TiO,
reflexes. For the catalysts with 20 wt% and 30 wt% WO;
loadings, crystalline WO; reflexes are observed (ICSD-15905),
indicating a loading exceeding the monolayer coverage.*
Similar conclusions can also be drawn from the Raman spectra
(Fig. 2b). For the anatase TiO,, three strong peaks are present at
398, 516, and 640 cm '. A new peak develops at around 970-980
cm ', which is associated with the incorporation of WO; into
the support. According to the literature, this is assigned to the
symmetric stretching mode of terminal W=—O bonds in
bidimensional superficial tungsten oxide species, and it is
indicative of the interaction between the tungsten oxide and the
support.’”***%% At WO; loadings above 15 wt%, four new
peaks appeared (i.e., at 272, 327, 718, and 806 cm "), indicating
again the presence of crystalline WO;.

Moreover, XPS analysis is commonly reported as further proof
of the monolayer coverage of supported WO; catalysts.”>*” !

This journal is © The Royal Society of Chemistry 2026

Hence, XPS measurements of all the WO,/TiO, catalysts were
performed, and the obtained spectra are presented in Fig. 2c.
Due to the overlap between Ti 3p and W 4f, the Ti 2p and W 4d
peak areas were used to calculate the surface W ratio as W/(W +
Ti), as reported in the Experimental section. It is generally agreed
that the surface W ratio measured via XPS increases linearly with
the WO; loading and the calculated W surface density up to the
monolayer limit, which is characteristic of a uniformly dispersed
W phase.’” Some studies indicated a deviation from this linearity
at WO, loadings above the monolayer coverage,®”*" while others
still report a linear dependency with a lower slope*****° due to
the decrease in W dispersion. For the catalysts prepared in this
study, the trend of the surface W/(W + Ti) ratio based on the
calculated W surface density (Table 1) is illustrated in Fig. 2d. At
calculated W surface densities below 2.7 W,. nm?, a linear
dependency is observed, indicating the high dispersion of the
superficial W species (green dashed line in Fig. 2d). After 2.7 Wy,
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nm? (10 wt% WO,/TiO,), the dependency starts to curve,
indicating a decrease in the measured surface W/(W + Ti) ratio
compared to the calculated W density (grey dotted curve in
Fig. 2d). This decrease can be ascribed to the lower contribution
of crystalline WO; to the W 4d peak compared to the dispersed
WO, likely due to the differences in the electron escape depth
between these two species. Based on the linear relationship at
high loadings demonstrated by Yu et al. in their study on WO;
dispersion over TiO,,* a linear dependency is also interpolated
for the catalysts with high WO; loading (violet dash-dotted line in
Fig. 2d). The intersection of the two linear interpolations
indicates the monolayer limit of the WO3/TiO, catalyst, above
which the WO; dispersion starts to decrease. The proximity of
the intersection with the 15 wt% WO,/TiO, catalyst (calculated W
surface density of 4.3 W, nm ) agrees with the assumption of
this catalyst to have a monolayer coverage.

To visualize the superficial growth of WO; on the TiO,
support at increasing WO; loadings, STEM images were
collected below the monolayer (5 wt% WO5/TiO,), at the
monolayer (15 wt% WO,/TiO,), and above the monolayer (30
wt% WO,/TiO,). The obtained dark-field images for all three
catalysts are depicted in Fig. 2e. At low WO; loading (5 wt%),
the WO, is not clearly distinguishable; only small bright spots
are observed on the TiO,. This is consistent with the presence
of monotungstate species in tetrahedral coordination at low W
surface coverage, which can lead to an almost atomically
dispersed W species.>* Once the monolayer coverage is reached
(15 wt%), the development of polytungstate species results in
the formation of small patches of WO,. The bright agglomerates
visible in the dark field are roughly below 1 nm in diameter,
which is below the detection limit of XRD and corroborates the
absence of crystalline WO; reflexes in the XRD pattern.** From
the STEM images, the formation of an actual monolayer on the
TiO, surface is unlikely to be observed. In contrast, the
formation of small patches of polytungstate species
homogeneously dispersed over the support surface was evident.
When the WOj; loading exceeds the monolayer coverage (30%),
together with small WO, patches, larger and brighter areas are
present. These larger WO; domains are likely responsible for
the presence of crystalline WO;, as already observed by XRD
and Raman measurements of the 30 wt% WOj;/TiO,.
Furthermore, the WO; dispersion was further analysed using
EDX mapping (W Ma), which is shown in Fig. 2f. The brighter
areas that were identified using dark-field STEM for the 15%
and 30% are confirmed to be associated with the presence of
W. In particular, the big bright patch of the catalyst with 30%
WO; loading corresponds to the presence of WO, as indicated
by the stronger W Ma. signal.

In summary, both XRD and Raman analysis reveal the
presence of crystalline WO; at WO; loadings of 20 wt% or
higher (>6.5 W,. nm™>), indicating that the monolayer
threshold has already been exceeded. From the XPS
measurements, the monolayer threshold appeared to be
reached at 15 wt% WOj; loading, while lower loadings showed
higher WO; dispersion as confirmed by the STEM analysis. A
low WOj; loading results in the formation of isolated tungstate
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species, as highlighted by the absence of WO; domains. The
WO; monolayer does not present as a continuous coverage of
the support, rather as a well-dispersed multitude of
polytungstate patches below 1 nm in diameter. Further increase
of the WO; loading does not alter the monolayer dispersion but
leads to the formation of bigger WO; crystalline domains.

Acidity investigation

Glycerol dehydration to acrolein is influenced by the amount,
strength, and type of acid sites of the catalysts used. The total
acidity of the catalysts was estimated using NH; temperature-
programmed desorption. The obtained TPD profiles are
reported in Fig. S4 (SI), while the corresponding desorbed
ammonia quantification is reported in Fig. S5 (SI). All the
catalyst samples show similar desorption profiles, with acidity
values between 2.0 and 2.6 mmol g . The type of acid sites was
further investigated using pyridine-FTIR (Fig. 3a). According to
the literature, the bands at 1450 cm ™ and 1540 cm™' are
commonly assigned to the Lewis acid sites (LAS) and Brensted
acid sites (BAS), respectively.”® The pure TiO, support exhibits
only Lewis acidity, while the incorporation of WO; into the
support leads to the development of Brensted acidity, as already
reported for supported WO; systems.>***** Due to experimental
limitations of the pyridine-FTIR, quantification of the BAS and
LAS sites was not possible and only the Brgnsted/Lewis sites
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Fig. 3 (a) Pyridine-FTIR spectra of the WO/TiO, catalysts. Highlighted
are the bands indicating Brensted acidity (BAS) and Lewis acidity (LAS)
that are used in the quantification. (b) Estimated Brensted sites as a
function of the WOs3 loading of the catalysts.
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productivity as a function of the Bronsted acidity of the WO3/TiO, catalysts.

ratio was obtained. To estimate the BAS, the Bronsted/Lewis
sites ratio was combined with the total amount of acid sites
quantified with pyridine adsorption experiments (Fig. S6 (SI)).
The findings are presented in Fig. 3b. A significant increase in
the Brensted acidity is observed with increasing WO; loadings
up to 20 wt%, which presents the highest amount of BAS (81
umol g™"). Increasing the WO; loading to 30 wt% does not lead
to a further increase in the Bronsted acidity of the material,
which remains similar. These observations are in accordance
with what has been reported in the literature for comparable
supported WO; catalysts.' >

Based on the literature, a change in the coordination of
the WO, superficial species with increasing WO; loading has
been related to an increase in BAS.*® Kitano et al. further
demonstrated the formation of Bregnsted acidity for
supported WO; both at the WO;-support interface and at the
interface between the different WO, domains.*® Thus, the
maximum amount of BAS was obtained at the monolayer
coverage, and similar conclusions were reported by Saito
et al. and Chen et al.**** Therefore, to clarify the trend in
BAS formation and correlate with the WO, species, a semi-
quantitative Raman analysis was performed and correlated
with the amount of BAS measured. Fig. 4a depicts the
crystalline WO; formation as W surface density increases,
measured by semi-quantitative Raman analysis (Fig. 2b)
using the ratio between the area of the 800 cm™ peak (WO;)
and the 515 cm™" peak (TiO, anatase). From the pure TiO, up
to 4.3 W, nm 2, the ratio is constant at around 0.1 (see
footnotet), and starts increasing at surface densities above
4.3 W, nm™> (the catalyst with monolayer coverage). Based
on the existing literature'®'”'*2° and the analytics presented
in this study, three distinct areas can be assigned, as

1 The ratio is not zero due to the presence at 796 cm ™" of the first overtone of
the 398 cm™ peak of anatase, which is constant from the pure TiO, up to 15
wt% WO;. The peak of crystalline WO; for the 20 and 30 wt% catalysts (806
em™) overlaps with this existing peak.
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highlighted in Fig. 4a: (1) below 1.3 W, nm™> (5 wt% WO,/
TiO,), where atomically dispersed monotungstate species are
present; (2) between 1.3 and 4.3 W, nm™> (5 to 15 wt% WO,/
TiO,), where polytungstate species aggregate up to the
monolayer limit, forming disordered patches below 1 nm
diameter that do not show crystalline properties; and (3)
above 4.3 W, nm™> (15 wt% WO3/TiO,), where the monolayer
limit exceeds and forms bigger WO; crystalline domains.

Compared to the studies mentioned above, the catalysts
prepared in this study exhibit the highest amount of BAS ata W
surface density of 6.1 Wy, nm 2, which is above the monolayer
formation (Fig. 4a). A possible explanation for this trend could
be the different catalyst preparation method employed. In
particular, Kitano et al. demonstrated that different calcination
temperatures impact the Brensted acid sites, while Boz et al
highlighted the impact of different impregnation solvents on
the amount and type of acid sites."**°

Structure-activity relationship

Glycerol dehydration is an acid-catalysed reaction characterized
by a complex reaction network. Many parallel and consecutive
reactions can occur due to the high reactivity of the products
formed. Alongside the main observed products, such as
acrolein, hydroxyacetone and acetaldehyde, other products have
been observed and might become relevant based on the catalyst
and reaction conditions chosen (ie, allyl alcohol,
propionaldehyde, acetone...)."®***® For clarity, Scheme 1
presents the reaction network for glycerol dehydration limited
to the products observed and discussed in this work.

The dehydration of glycerol has been reported to proceed
through two different pathways.””*®* The removal of the
secondary OH group results in the formation of the unstable
intermediate 3-hydroxypropanal, which can further dehydrate to
acrolein or form acetaldehyde through a retro-aldol
reaction.'”*”*® Dehydration of the terminal OH group generally
leads to the formation of hydroxyacetone, which is considered
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stable under reaction conditions for glycerol dehydration."” The
occurrence of these two reaction pathways depends on the type
of acid in the catalyst.*® The presence of Lewis acid sites has been
linked to the formation of hydroxyacetone, as it favours the
removal of primary OH groups. In contrast, Brensted acid sites
enhance the formation of acrolein (and acetaldehyde) by
favouring the dehydration of secondary OH groups and the
production of 3-hydroxypropanal.'>**~" The crucial role of the
Bronsted acidity for acrolein production has been confirmed in
recent investigations on WOs3/AlLLO;."** The highest acrolein
yield was achieved with the catalyst exhibiting the highest
Bronsted acidity, resulting from the optimized WO; loading on
the catalyst."*

Based on this hypothesis, a correlation between Bronsted
acidity and acrolein productivity is presented in Fig. 4b.
Moreover, the trend of main by-product formation (ie.,
acetaldehyde and hydroxyacetone) is also considered to
confirm the reaction pathways mentioned in Scheme 1
(Fig. 4c). For a clearer comparison, only the region in which
Bronsted acidity increases will be considered, corresponding
to the catalysts with 1.3 to 6.1 W, nm™> (5 to 20 wt% WO,/
TiO,). It is important to note that the reaction conditions
selected for the activity tests are comparable to those
reported in the literature.”'**>>® Nevertheless, clear trends
emerge because the catalyst properties affect product
selectivity, and thus shifting productivity.

As shown in Fig. 4b, acrolein productivity strongly increases
at low Brensted acidity (below 25 pmol g ') as the
monotungstate species transforms into polytungstate species.
Conversely, further increases in the Bronsted acidity (above 25
umol g") result in a less pronounced increase in acrolein
productivity. Additionally, the rise in Brensted acidity with W
surface coverage also results in higher acetaldehyde productivity,
up to circa 50 umol g (Fig. 4c). This supports the hypothesis
that acetaldehyde formation is favoured on BAS. However, BAS
higher than 50 umol g™ result in a decline in acetaldehyde
productivity. A possible explanation is that the BAS formed at
the monolayer (up to 50 umol g™) have a different nature than
the BAS introduced with crystalline WO;. The former are located
at the interface between WO, and TiO, and form as a result of
their interaction (interaction-BAS). We believe that these acid
sites are responsible for the dehydration of glycerol to acrolein
and acetaldehyde. The higher total Brgnsted acidity of the 6.1
W, nm 2 catalyst (20 wt% WO,/TiO,) is due to the introduction
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of new BAS present on the crystalline WO; (crystalline-BAS),
which do not contribute to the reaction. The presence of high
amounts of crystalline WO; results in the -crystalline-BAS
becoming dominant while also partially blocking the existing
interaction-BAS. Hydroxyacetone productivity shows the opposite
trend (Fig. 4c). Considerable productivity is only achieved at low
BAS (5 pmol g') while no hydroxyacetone formation was
observed over the catalysts with higher Breonsted acidity. As
mentioned above, hydroxyacetone formation competes with
acrolein and acetaldehyde, and it is favoured over LAS
(Scheme 1)."> From the data presented herein, with increasing
interaction-BAS density, the reaction pathway toward acrolein
and acetaldehyde formation is favoured, and thus no
hydroxyacetone is formed. Further increase in Brensted acidity
results in the formation of crystalline WO; and crystalline-BAS,
which are not active in the reaction and likely hinder the
accessibility of some of the active interaction-BAS, reducing
acetaldehyde production. Consequently, the formation of
hydroxyacetone becomes competitive again, and its productivity
rises. A similar productivity trend is observed with the 30 wt%
WO,/TiO, catalyst. This high WO; loading does not significantly
change the total amount of BAS compared to the 20 wt% WO,/
TiO, but forms more crystalline WO;. Hence, the decrease in
acetaldehyde and acrolein production results in a rise in
hydroxyacetone productivity as its formation pathway is favoured
again (Fig. 1a and b).

Based on these observations, we can conclude that the
acrolein productivity is directly correlated with the increasing
Brgnsted acidity of WO;/TiO, catalysts. However, excess BAS
are linked with the formation of crystalline WO; and the
introduction of not-active crystalline-BAS. The crystalline
WO; influences the catalysts' selectivity, likely due to the
partial blockage of the active interaction-BAS, favouring
hydroxyacetone formation over acrolein and acetaldehyde.

Conclusions

This study investigated the effect of the tungsten loading in
WO;/TiO, catalysts on the formation of superficial species, the
type of acidity, and catalytic activity in the glycerol dehydration
reaction. At low WO; loading, well-dispersed isolated tungstate
species are formed, as indicated by XPS and confirmed by
STEM. The 15 wt% WO;/TiO, catalyst best represented
monolayer coverage, as evidenced by the correlation between
the measured surface W/(W + Ti) ratio and the calculated W
density. At WO; loadings of 20 wt% and higher, the formation
of crystalline WO; was observed by both XRD and Raman
measurements. The Breonsted acid sites formed by WO,
incorporation into TiO, positively impact acrolein productivity.
Among the prepared catalysts, the 20 wt% WO;/TiO, catalyst
possessed both the highest amount of Brgnsted acid sites (80
umol g™) and the highest acrolein productivity (417 mg h™ g™).
However, the presence of crystalline WO; on the catalyst with 20
wt% WO; favours the formation of hydroxyacetone, thereby
hindering acrolein and acetaldehyde formation. In conclusion,
the observed catalytic activity trend for glycerol dehydration over
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the WO,/TiO, catalysts with different WO; loadings resulted
from the positive impact of increased Brgnsted acidity at higher
WO; loading, which is compromised by the effect of crystalline
WO; formation.
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