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Generally, the mineralization of ortho-dichlorobenzene (0-DCB) [a surrogate moiety representing dioxin
and furans (D&Fs)] over mixed oxide catalysts occurs at 175 °C with the substantial participation of the
lattice oxygen from the catalyst and support. However, it is necessary to reduce the mineralization
temperature of any incineration process generating D&Fs from the off-gas stream. In the present work,
for the first time, the above-mentioned mineralization reaction was performed at a temperature as low
as 120 °C under static conditions over a biphasic catalyst in the form of V,05-WOg3 dispersed on a
CeO, support (VWC). The CeO, support was primarily chosen to enhance the synergistic effect of labile
lattice oxygen, which primarily affects the reaction temperature and the kinetics to a great extent. The
mechanistic understanding for this biphasic catalyst was developed by separately delineating the indivi-
dual mechanistic role of V,05-CeO, (VC) and WO3-CeO, (WC). Effectively, the kinetics and mineraliza-
tion temperature of the three catalysts (VC, WC and VWC) were different, which is attributed to the
different surface intermediates formed over the catalytic surface under oxidative and non-oxidative con-
ditions. Even in the absence of oxygen, these catalysts mineralized o-DCB, thereby substantiating their

Received 31st August 2023, Mars—Van Krevelen (MVK)-type mechanistic behaviour. Herein, we primarily focused on the thermal

Accepted 11th December 2023 catalytic reaction mechanism of o-DCB mineralization, which was established using the in situ FT-IR
DOI: 10.1039/d3ma00628; technique. Furthermore, the extensive XPS-based analysis revealed the different adsorption and reaction
sites for particular catalysts along with the synergistic role of the CeO, support, which will create a new

rsc.li/materials-advances avenue for the mineralization of very toxic VOCs, such as dioxins and furans.
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treatment of the vanadium oxide catalyst dispersed on ceria at different tempera-
tures for 120 min; Fig. S2 shows the BET nitrogen adsorption desorption
isotherms of ceria, VC, WC and VWC; Table S1 represents the concentration of
Ce*" present in the different samples and the samples after being used as a
catalyst; Table S2 represents the concentration of the catalyst from the surface
elemental concentration; Table S3 represents the concentration of O-vacancy after
the reaction on the different thermal catalysts from XPS; Fig. S4 shows the
different kinetics for the percentage conversion of v (%) to CO, as the product
from the oxidation of 0-DCB using the different catalysts, showing the percentage
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Fig. S8: FT-IR data for the CeO, catalysts as a function of temperature: (a) 100 °C;
(b) 200 °C; and (c) 300 °C. See DOI: 10.1039/d3ma00628j
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1. Introduction

Non-biodegradable persistent environmental pollutants (POPs)
possess a very high residence time in the environment and
human body. Among them, the most toxic POPs are polychlori-
nated dibenzo-para-dioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs), consisting of 210 congeners, which
are collectively known as dioxin and furans (D&Fs). Presently,
17 congeners are highly toxic and are considered Al carcino-
gens, with 2,3,7,8-tetra chloro-dibenzo-para-dioxin (2,3,7,8-
TCDD) [TEF = 1 (LDs, = 0.04 mg kg ')] being identified as
one of the most toxic compound.’ However, it should be noted
that D&Fs do not occur naturally and are mainly products of
different incineration processes having a chlorine source together
with combustion, industrial, and reservoir sources.”™

PCDDs and PCDFs are Al carcinogens and owing to their
high toxicity, high biological half-life, high environmental
persistence, bioaccumulation, and carcinogenicity, should not
be present in the atmosphere, and hence they need to be either
completely degraded or mineralized to CO,.>”® To date, one of
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the major strategies developed is the thermal catalytic miner-
alization of D&Fs. The different types of catalysts reported
thus far for the total oxidation of PCDD/Fs can be broadly
classified into three types based on noble metals,”'° transition
metals’*™® and zeolites."""> In the case of noble metal cata-
lysts, although they possess high catalytic activity and fast
kinetics, a major bottleneck is their susceptibility to deactiva-
tion by the adsorption of chlorine and their high activation
temperature, together with stability issues. Alternatively, transi-
tion metal oxides (Cr, Co, Mn, Mo, V, W, etc.) together with rare
earth oxides of Ce and Zr possess high catalytic activity and can
withstand chlorine deactivation, together with the advantage of
being inexpensive, making them a better choice compared to
noble metals.'® This has led to the use of a plethora of biphasic
transition metal oxide-based catalysts over various supports for
the complete decomposition of PCDD/Fs."” In the dominant set
of mixed oxide catalysts used for the degradation of PCDD/Fs
and emission control, the vanadium oxides (VOx) have been
proven to be more efficient compared to other catalysts.
Besides the catalyst, the support also plays an important role,
where TiO, was observed to be the most effective support for
V,0s, whilst the addition of a WO; phase further improved the
activity and stability of the catalyst.'® Owing to the high toxicity
of PCDD/PCDFs and their high cost, ortho-dichlorobenzene
(o-DCB) is used as a model compound, which resembles
2,3,7,8-TCDD except for its O-moieties, making a good alter-
native. This ensures a similar route for adsorption over the
catalytic surface together with the formation of similar types of
intermediates. Therefore, it has been widely used as a model
compound instead of PCDDs.

The oxidation of 0-DCB over supported vanadium catalysts
was reported by Krishnamoorthy and co-workers,'®>' demon-
strating that V,05 supported on either TiO, or Al,O; is active for
the oxidation of 0o-DCB and its aromatic ring remains intact
throughout the process of adsorption on the catalyst surface.
Different surface species such as phenolates, quinonates, acet-
ates, and maleates are formed on V,0s/TiO, (VT) for the
degradation of m-DCB over VT surface sites.”> Acetates and
formates as intermediates species were also observed on the
surface of Ca-doped FeO,, which further degraded to CO,.>***
As discussed earlier, noble metals dispersed on zirconia (Pd-Co
sulfated zirconia catalysts) provided Lewis acidic sites for both
the adsorption and reaction of o-DCB.’

In their recent review, Banares et a showed that
ceria-based catalysts are widely investigated for the thermal
degradation of volatile organic compounds (VOCs), where VOC
oxidation on ceria proceeds through the Mars-van Krevelen
mechanism and lattice oxygen the in ceria plays a significant
role. Mixed oxides of ceria and titania have higher activity for
the oxidation of 1,2 dichloroethane to CO, and HCI compared
to either pure CeO, or TiO, catalysts.”® Collins et al. reported
the use of V,05-CeO, catalysts for methanol adsorption,®” and
Sauer et al. showed in their ab initio studies that CH;OH may
chemisorb at the V-O-Ce interphase bond and form V-OCH;
species, where H is transferred to the ceria surface. In the V,05—
CeO, system, ceria is directly involved in the redox process,
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given that two electrons are accommodated in the Ce-f states,
forming two Ce®" ions, whereas vanadium remains fully oxi-
dized (V°").”® Vanadium-substituted ceria, in addition to its
high activity for the oxidation of organochlorides®® and orga-
nosulfur compounds, which poison most catalysts,*® tolerates
H,S, NOx, and SO,. The strong interactions between MnOx and
CeO, produce structural and thermal stabilization, making Mn-
substituted catalysts resistant to moisture.®® The selective
catalytic reduction (SCR) of NO by NH; was reported by Chen
et al. using the surface of the M,0,/M00;/CeO, system and they
showed that the reactivity of the metal oxide catalysts follows
the order of NiO/Mo0O;/CeO, > CuO/MoQ0;/CeO, > Fe,0;/
Mo003/Ce0,.**> Similarly, WO,/CeO, catalysts with different
support morphologies were also utilised for the selective cata-
lytic reduction of NO by NH; (NH;-SCR).**

In previous studies by our group, we focused on determining
the effective intermediates that are formed on the V,05-WO;
catalyst dispersed on TiO, (VWT) to prove that lattice oxygen
plays a major role in the initiation of the reaction and assists
the oxidation process together with oxygen absorbed from the
air. However, in the absence of oxygen or air, the O-vacancies
cannot mineralize the adsorbed o0-DCB, leading to the for-
mation of certain intermediates on their surfaces. Ceria
(Ce0,) is known to exhibit better labile lattice oxygen mobility,
and thus considering this, it was employed as a support for the
same mixed oxide catalysts to discuss the role of oxygen
vacancies in driving the reaction. To understand this, herein
we focused on the different intermediates formed on V,05—
WO; dispersed on a CeO, support for the mineralization of o-
DCB in the presence and absence of air. To understand the
effect of the biphasic mixed oxide catalyst on the CeO, support,
the mechanism was investigated using V,05-CeO, and WO;-
CeO, catalysts to decipher the role of each surface individually.
Subsequently, this was extrapolated to V,05 and WO; dispersed
together over the CeO, support. Herein, given that the focus
was understanding the different intermediates on the catalyst
surface, the in situ FT-IR study was correlated with XPS studies
for the catalyst after the reaction to locate the active sites that
play a major role in the formation of the intermediates. It is
expected that this will open a new path for the degradation of
dioxin and furans, which is becoming one of the strongest
hazards in incineration processes in industry.

2. Experimental

2.1. Synthesis of catalysts

The mixed oxide catalysts were prepared via a simple modified
calcination process. Three catalysts were synthesized by this
method, namely, V,05 dispersed on CeO,, WO; dispersed on
CeO, and (V,05 + WO3) dispersed on CeO,, which were denoted
as VC, WC and VWG, respectively. For synthesis of nano CeO,,
cerium carbonate was heated at 350 °C for 3 h, resulting in the
formation of the product (CeO,) in powdered form. Further, the
catalysts were prepared via the wet impregnation method using
CeO, as the support. A stoichiometric amount of precursor

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solution for V,05 (ammonium metavanadate) and WO; (ammo-
nium tungsten oxide) was added to cerous carbonate and
further stirred for 1 h for complete mixing, followed by calcina-
tion at 350 °C for 3 h. The resulting solid mass was crushed to
get the final product. VC was prepared using 5 wt% of V,0s
dispersed on CeO,; WC had 5 wt% WO; dispersed on CeO, and
VWC possessed 5 wt% of V,05 and WO; on CeO, in a 1:1
stoichiometric ratio.

2.2. Characterization

The structural phase analysis was carried out via powder X-ray
diffraction (XRD) measurements using a Phillips analytical
diffractometer with Ni-filtered Cu K, radiation. The diffracto-
grams were recorded in the 26 range of 10°-80° (26) region. The
average crystallite size was determined from the Scherrer
equation after correcting for instrumental broadening. Laser
Raman spectra were recorded on a HORIBA JOBIN YVON,
LabRam HR 800 spectrometer (180° back-scattering geometry,
excitation source: Ar" ion laser, spectral resolution of 2 cm™*
and He-Ne laser (632.8 nm) as the excitation source). SEM
micrographs were recorded using a Seron Inc. model AIS 2100
scanning electron microscope at 20 keV. EDS analyses were
carried out using an Inca Energy 250 instrument coupled to a
Vega MV2300t/40 scanning electron microscope. Transmission
electron microscopy (TEM) images were obtained using a
200 kv FEI Tecnai T20 machine equipped with an LaBg fila-
ment. TEM samples were prepared by placing a drop of ultra-
sonically dispersed powder (in alcohol) on a carbon-coated
copper grid and drying in air. X-ray photoelectron spectroscopy
(XPS) was performed using a Thermo Fisher Scientific NEXSA
instrument operating at an anode voltage of 12 kV and filament
current of 6.50 mA (1486.6 eV Al K, dual anode source). The
data was recorded at a pass energy of 50 eV under 9 x 10~ ®
mbar vacuum. As an internal reference for the absolute binding
energy, the C-1s peak (284.5 eV) was used. All deconvolutions
were performed using the CASA software with a Voigt-type peak
having GL (75) to GL (30) without imparting any asymmetry.
The baseline was made using the Shirley function. Thermo-
gravimetric measurements were carried out using a LINSEIS
TG-DSC instrument (Model no. STA PT 1600) at 10 °C min~"
under an inert atmosphere.

2.3. In situ FT-IR studies

FTIR spectra were recorded on a Bruker V70 instrument in the
spectral range of 4000-1000 cm™* with KBr beam splitters and
MCT detectors. The external unit XAS in the Bruker V70 for the
in situ FT-IR studies possessed a SPECAC cell with an MCT
detector and performed in the spectral range of 12000-
600 cm . An external unit with a SPECAC cell was used as
the in situ FT-IR study with a volume of 80 cc attached to the
right side of the main unit. The SPECAC cell was coupled with a
high vacuum facility (turbo-molecular pump (air-cooled) and a
dry roughing pump), achieving a vacuum level of 10~® mbar
and temperature varying from 25 °C to 800 °C together with the
typical safety features. It was typically used in the transmission
mode with suitable windows (ZnSe) and with provision of at
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least three inlet and outlet ports for the evacuation and
introduction of gases. In the case of the in situ studies, the
MCT detector was used in the spectral range of typically 4000-
1000 cm ™, which will be discussed later.

The in situ FT-IR experiments were conducted as follows.
Initially, the catalysts were ground in a mechanical grinder at
least for a day, and then a self-supported pellet with a diameter
of 10 mm, thickness of 0.8 mm and weight of 5-70 mg was
made, which was subjected to 10~* mbar pressure as a function
of temperature in the range of ~100-300 °C at an increment of
100 °C for around 3-6 h to clean the surface of the pellet, as
shown in Fig. S1 (ESIf). The spectrum of each pellet was
recorded at 50 °C to understand the effect of temperature.
Fig. S1 (ESIt) shows the treatment for the V,05-CeO, catalyst as
a function of temperature and time. Further, the pellet was
cooled to room temperature under vacuum and the final
spectrum of the pellet was recorded with air as the background.
Subsequently, a background was recorded with pellet. Then,
this pellet was exposed to 40 cc of 474 ppm ortho-
dichlorobenzene (o-DCB)-air or 40 cc of o-DCB-He mixture,
prepared in a glass bulb externally, respectively. Normally,
100 scans at a resolution of 4 were co-added, and the spectra
were recorded using a similarly treated but unexposed pellet as
the background. The adsorption of 0-DCB on the pellet was
initially monitored, which was followed by the effect of tem-
perature on the adsorbed DCB on the catalysts.

3. Results

3.1. X-Ray Diffraction (XRD)

The X-ray diffraction (XRD) data for the different samples are
presented in Fig. 1. The pattern of ceria synthesized by the
calcination of cerous carbonate at 350 °C matches with JCPDS
File No. 78-0694, which has a fluorite structure with the Fm3m
(225) Fm3m space group (225).>* The XRD patterns for VC, WC
and VWC possess the same peaks as that of ceria, which is
mainly due to the fact that ~5 wt% V,05, WO; and V,05-WO;
were dispersed on the CeO, substrate, and the individual peaks
of the V,05 and WO; phases were not prominent in these XRD
patterns, suggesting their fine dispersion, respectively.

3.2. Raman spectroscopy

Cerium dioxide, CeO,, crystallizes in the cubic fluorite-type
lattice and belongs to the O, (Fm3m) space group. The group
theoretical analysis predicted only one triply degenerate
Raman-active optical phonon with F,, symmetry, which can
be viewed as the symmetric breathing mode of the oxygen
atoms around each cation, and two infrared-active phonons
with F{ symmetry, corresponding to the LO and TO modes.
Given that only the O atoms move, the frequency mode should
be nearly independent of the cation mass. The first-order
Raman spectrum of CeO, is very simple and consists of only
one Raman mode at 465 cm “.**7 Fig. 2(a) shows the
Raman spectra of CeO,, with a peak located at 465 cm
for the synthesised ceria. Fig. 2(b) sows the spectrum of
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Fig. 1 XRD patterns of the different samples: (a) ceria, (b) VC, (c) WC and
(d) VWC.

V,05-dispersed on CeO,, exhibiting a broad peak at 327 cm™".

Similarly, Fig. 2(c) shows a peak at 925 cm ™" for WO, dispersed
on CeO,. Finally, in the case of both V,05 and WO, dispersed
together on ceria, both peaks at 327 cm ™" and 925 cm ™" were
observed, as shown in Fig. 2(d). Generally, V,05 possesses
torsional and translational motions in the lower energy regime.
Similarly, the presence of a peak at 928 cm ™" for the WC sample
shows the presence of the WO; phase on the CeO, support. The
major corresponding Raman peaks for WO; [h-WO; with space
group P6/mnmy] were observed at 948, 655, 377, 253 and
192 em ™, respectively.’® A peak at 928 cm ™' (940 cm™') was
observed and the other peaks are present the same as that of
the CeO, support. In the of VWC sample (V,05 and WO,
dispersed on CeQ,), the appearance of peaks at 326.4 cm ™'
and 928 cm ™' shows the presence of both V,05 and WO, in the
sample. These studies indicate the advantage of Raman
spectroscopy over XRD to decipher the presence of a small
amount of catalyst very finely dispersed on the substrate.

3.3. TEM studies

Transmission electron microscopy (TEM) images of the differ-
ent materials are shown in Fig. (3) and the inset of the
figure shows the selected area electron diffraction (SAED) of
the materials. The particles were spheroid in shape with the
size for the VC sample of ~8 nm and VWC sample of ~3-5 nm.
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Fig. 2 Raman spectra of the different samples: (a) ceria, (b) VC, (c) WC
and (d) VWC.

Similarly, the WC sample (TEM not shown) also showed the
particle size of ~8 nm. The SAED pattern obtained for the VC
sample shows the presence of V,05 with the planes matching
with JCPDS (77-2418) of V,0s5 (details of SAED pattern given in
Table S5(A) and (B) (ESIt) and the same for the VWC sample
shows the presence of both V,05 and WOj).

3.4. N,-adsorption experiments

Table 1 presents the specific surface area for all the samples
synthesized in the present study, which reveals that ceria has
the highest surface area of 168 m> g, whereas V,05; and WO;
dispersed on CeO, exhibits the lowest surface area of 94 m?> g_l.
The average pore size and total pore volume were also found to
be maximum for the ceria sample. Fig. S2 (ESIT) illustrates the
typical nitrogen adsorption-desorption isotherm obtained for
ceria and the various catalysts dispersed on ceria.

The pore size distribution for ceria, as calculated from the
desorption isotherm employing the Barret-Joyner-Halenda
(BJH) method, shows a pore size of 38 A. As shown in the
isotherm, the hysteresis loop (type IV-IUPAC) (Fig. S2, ESIt)
demonstrates the presence of mesopores in the sample. All the
other samples also show similar hysteresis in their isotherm
plots with inflection points lying in the p/p, range of 0.45-0.7,
suggesting mesoporosity in these samples, as presented in
Table 1. The inflection observed at p/p, of ~0.9 can be
attributed to the macropores caused by interconnected

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of the different samples and the inset shows the SAED pattern for VC-catalyst and VWC- catalyst.

Table1l Textural properties of ceria and V,Os and WO3 dispersed on ceria

BET surface BJH pore  Pore volume
Sl no. Sample area (m?>g™')  size (A) (em® g™
1 Ceria 168 38.3 0.056
2 V,05-CeO, 110 38.2 0.061
3 WO,-CeO, 109 38.3 0.035
4 V,05-WO;-CeO, 94 38.3 0.043

porosity. The surface area of ceria was reduced to 94 m* g~*
with the dispersion of V,05 and WOj; on it, which suggests the
impregnation of V,05/WO; in the pores of ceria, leading to a
reduction in its surface area.

3.5. FT-IR

The FT-IR spectrum of the cerium oxide nanoparticles is shown in
Fig. S3(a) (ESIt), which clearly shows three intense peaks located
at 3418, 1612 and below 700 cm™". The weak absorption peaks at
2380 and 1430 cm ™" are attributed to the bending vibration of the
C-H bands of the residual incorporated surfactant. Furthermore,
the O-C-O stretching band is also observed in the range of 1300-
1600 cm . The absorption band at around 1634 cm ™" is attrib-
uted to the bending vibration of absorbed molecular water, which
was observed in all the specimens. The V,05-CeO, (VC) sample
shows typical bands at 1555, 1459, and 1353 cm ™! and a minor
band at 1057 cm™* for mostly V-O-V on the ceria surface. These
spectra were recorded in situ with the MCT, and therefore only
reached 1000 cm™ . In contrast, the WO5;-CeO, (WC) sample only
shows bands at 1630 and 1353 ¢cm™ ', which are quite broad
compared to that of the VC catalysts. Similarly, VWC has the
bands of ceria, V,05 and WOj; at 1511, 1341, shoulder at 1630 and

sharp band at 1057 cm ™.

3.6. Catalytic activity

The catalytic activity of the different catalysts was measured
under static conditions in the in situ FT-IR cell, where the only

© 2024 The Author(s). Published by the Royal Society of Chemistry

product obtained was CO,. The rate of the reaction or percent
conversion of 0-DCB was calculated using eqn (1). Fig. 4 shows
the percentage conversion of 0-DCB with the different catalysts,
where it is obvious that at 120 °C, the catalytic activity follows
the order of WC < VC « VWC. Table 2 shows the conversion
(%) at different temperatures (Fig. S4, ESIt) and the turn over
frequencies (TOF) for V and W of V,05 and WO; at different
temperatures, respectively. The catalysts were utilised at differ-
ent temperatures and recycled for at least three cycles. The
different rates for these catalytic activities were studied based
on the different intermediates that were formed on the surface
of the catalysts and the effective change in their surface oxida-
tion states, leading to the formation of different intermediates.

Conversion (%) = Vco,(mL)

= oo mD) 100 (1)

where V¢o, = volume of CO, produced, as calculated from the
FT-IR spectrum using the calibration curve. Aco, = stoichio-
metric amount of CO, produced by the complete oxidation
of 0-DCB according to eqn (2)

Catalyst

CeH4Cl, + 70, 6CO, + 2HCI1 + 2H,0 (2)

Temperature
Stoichiometric volume of CO, produced = 6 x volume
of 0-DCB in the static reactor

Volume of 0-DCB present = volume of 0-DCB taken X
600 ppm x 3 =50 X 600 x 10 ®cc x 3=9 x 10" % cc

Therefore, the total amount of CO, produced by the complete
oxidation of 0-DCB = 0.09 x 6 = 0.54 cc = Aco,-

The conversion (%) as a function of temperature is an
indicator of the behavior of a thermal catalyst at that particular

Mater. Adv,, 2024, 5,1301-1331 | 1305
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Fig. 4 (A) Percentage conversion of o-DCB (% CO, formation) as a
function of temperature of the three catalysts and the support: (a) VC,
(b) WC, (c) VWC and (d) ceria (support) (with error percentage). (B) Plot of
conversion (%) to the product CO, upon thermal mineralization of o-DCB
in the presence of air at 120 °C for the three different catalysts: (a) VC,
(b) WC and (c) VWC (with error percentage).

temperature. Therefore, it is quite obvious that the VC catalyst
degraded 98% o-DCB at ~200 °C. Similarly, the comparison
with the WC catalyst showed almost the same value at ~200 °C;
however, the VWC catalyst showed a value of 99.3% (almost
100% conversion) at only 120 °C, as shown in Fig. 4(A). This
quite clearly shows that VWC is the best catalyst, which almost
completely mineralized o-DCB at 120 °C, and after its activity
was almost saturated. Fig. 4(B) shows a comparison of the
kinetics of all the catalysts and the support at 120 °C. Here, it is
also evident that at around 45 min, the VWC catalyst miner-
alized o-DCB (which can be taken a representative molecule for

Table 2 Calculated TOF values for V and W at different temperatures

View Article Online

Materials Advances

dioxins and furans) completely. However, at lower tempera-
tures, it is evident that the catalytic activity followed the order
of VWC >» VC > WC. The TOF or the turnover frequency was
calculated as follows:

1 0
TOF — conversion (%)

S.A. x amount of metal )
where S.A. = surface area as calculated from the BET surface
area presented in Table 1.

Amount of metal = amount of vanadium (V)/tungsten (W)
present on the surface of the catalyst, as deduced from the
elemental concentration from the XPS survey spectrum.

Therefore, on checking, the TOF factor for vanadium (V) is
greater than that of tungsten (W), as can be observed in Table 2.
The trend of the above-mentioned thermal catalytic activity
needs to be understood for mechanistic variations to explain
the observed differences in the degradation of 0-DCB over the
three catalysts. To understand the formation of intermediates
on V,05; and WO; for the VWC catalyst, it is necessary to
initially understand the different intermediates on the VC
and WC catalysts individually. This is a reaction of two different
reactants (0-DCB and O,) adsorbed on the catalytic surface. To
initiate the oxidation reaction, it was determined whether
atmospheric-adsorbed O, is necessary from the effect of the
lattice oxygen of the catalyst (either for V,05/WO; or from the
CeO, support). The reaction of 0-DCB and air with the only
CeO, support formed a very small amount of CO, with acetate
as an intermediate (Fig. S5, ESIt). Also, to understand the effect
of lattice oxygen or the fundamental sites that initiate the
oxidative reaction, it was crucial to understand the formation
of these intermediates in the absence of an oxidative atmo-
sphere. Accordingly, in situ FT-IR was utilized as a tool for
understanding the different intermediates formed on the sur-
face of the VC, WC and the VWC catalysts in the presence of air
and in an inert atmosphere (flowing of He).

A comparison with different catalysts reported in the litera-
ture for the degradation/mineralization of dioxins and furans
(0-DCB as the main model) is presented in Table 3.

It can be observed that the VWT catalyst used on industrial
scale also mineralized 0-DCB and equivalently dioxins and
furans at ~175 °C, which is considered the best thermal
catalyst to be used at the lowest degradation temperature.
Compared to the different catalysts described in the Introduc-
tion, it is obvious that the VWC catalyst completely mineralized
0-DCB in the presence of air at ~120 °C, which is also lower
than that of VWT catalysts. Usually, the temperature of the off
gas generated post incineration is around ~120 °C, and thus
the present catalyst will not require any further temperature

Temp. [T] VC conversion (%) TOF (V) min~' WC conversion (%) TOF (W) min~' VWC conversion (%) TOF (V) min~' TOF (W) min "

100 °C 90 18.36 91
120 °C 94 18.99 91
175 °C 95 19.25 95
200 °C 98 19.84 98
1306 | Mater. Adv,, 2024, 5, 1301-1331

6.36 98 16.08 11.88
6.38 99 16.35 12.08
6.64 99 16.36 12.09
6.83 100 16.40 12.11

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of the present and different reported catalysts for the degradation of 0-DCB, and consequently dioxins and furans
Temperature for complete conversion
Type of catalyst Best catalyst ~ (°C) Intermediates Ref.
Transition metal oxides/TiO, Cr,0;3 550 Carboxylates, phenolates, 39
(support) V,05 650 maleates
transition metal oxides/porous C CrO; 250 Non chloro complexes 40
MnO,/TiO,-Al,05 250 Not known 41
V,05-W,05/TiO, (VWT-catalyst) 175-200 Non chloro complexes 42
Perovskites YCrO; 500-600 Non chloro complexes 10
Pt/support Pt/SiO, 350 Non chloro complexes 43
Mixed oxide/CeO, V,05-WO3;/ 120 Maleates, carboxylates, BDC, MDC Present
CeO, study

gradient to completely degrade the dioxins and furans released
during the incineration process.

Similarly, in another review, Bafares et al. discussed the
degradation of VOCs over a different form of CeO,, which only
showed the thermal degradation of toluene by CeO, at
~250 °C.>>?% In another review, Hossain et al. presented the
catalytic oxidation of volatile organic carbons, where cerium-
based catalysts were tested for the catalytic oxidation of a range
of chlorinated VOCs.** Dai et al. investigated the catalytic

o-DCB
Cl

Dechlorination -CI. l

o)
OH @EOH
OH
| OH
o

activity of CeO, for the oxidation of various chlorinated
VOCs® such as trichloroethylene at ~205 °C,*® where the
CeO,-based catalysts showed high activity, which was attribu-
ted to the high mobility of oxygen and basicity and oxygen-
supplying ability of Ce0,.*® However, cerium-based catalysts
are more suitable for the degradation of non-chlorinated VOCs,
given that they can be deactivated by the adsorption of HCI or
Cl,.*” Therefore, it is imperative to understand the reaction
intermediates and the reaction mechanism to understand why

(Representative Molecule for D&F)

cl
(0,/ He)
Surface- OH.

cl Cl

Q @0;4 cl
o~ o

VC, WC, VWC | Catalyst Surface

[Adsorption Intermediates]

Ring Opening Reaction AT
Surface- OH.
(e}
OH
CH, CHy s
Y
o O/\OH O)\O-CH3 o~ oA
(e}
Carbonates
Maleic Acid Acetic Acid/ Ester BDC
Carboxylate MDC
N Reaction Intermediates (0,/ He)
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BDC= Bidentate Carbonates
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Scheme 1
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Intermediates (at a glance) found on the surface of the VC, WC and VWC catalysts.
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the present catalysts mineralized o-DCB at such a low tempera-
ture. The different reaction intermediates that were formed on
the different catalysts, i.e., VC, WC and VWC, in the presence
and absence of O,/air were investigated using in situ FT-IR as a
tool. Scheme 1 shows all the intermediates observed in this
process on the catalytic surfaces.

3.7. In situ FT-IR studies

3.7.1. 0-DCB air degradation on VC catalyst

3.7.1.1. Adsorption of o-DCB-air on surface of VC catalyst.
Fig. 5 shows the FT-IR bands for the vapour-phase ortho-
dichlorobenzene (0-DCB) in the range of 4000-1000 cm .
0-DCB exhibited prominent bands at 3080, 1587, 1462, 1132,
and 1039 cm " Also, weak bands were present at 3147, 1478,
and 1612 cm ' together with a weak band at 1259 and a
shoulder at 1177 em™". The bands at 3147 and 3080 cm ™" are
characteristic of the C-H stretching frequencies.*®

The bands at 1612, 1582, 1579, 1467 and 1478 cm ™ * corre-
spond to the =C—C < and ring stretching components. Gen-
erally, the =C=C< stretching vibrations in aromatic
compounds are observed in the region of 1430-1650 cm '
and the ring C-C stretching vibrations normally appear in the
range of 1590-1430 cm ™ *.***° The peaks at 1132 and 1039 cm ™"
can be attributed to the C-H in-plane bending vibrations of the
present compound. The doublet at 483 and 434 cm™ " corre-
sponds to the C-C-C in-plane bending for the liquid o-DCB.
0-DCB in the vapour state formed at room temperature showed
the same typical peaks as that of liquid 0-DCB with a lower
intensity, showing the major peaks at 3078, 1458, 1132 and
1035 cm™ " with weak peaks at 1478 and 1132 cm ™. The peaks
were limited to 1000 cm™ ' (vapour-state 0-DCB-air mixture)
given that the spectra were recorded using an MCT detector.

Pellet on Pellet (a)
—— Adsorption -15 min (b) = §
0-DCB-40 cc (Intensity x10)(c) 8 =
-
8 g
@ S
o
<
©
2
<}
@ J
o
< /\d ‘
i
=]
S
. : . : : : .
4000 3500 3000 1000

T T T
2500 2000 1500
Wavenumber (cm™)

Fig. 5 Adsorption of 40 cc of mixture (0-DCB and air) on the VC catalyst
at room temperature. The catalyst was pre-treated at 300 °C at 10~ mbar
pressure for 5-8 h and then was cooled to room temperature
and exposed to 40 cc of 0-DCB and air mixture. FT-IR spectra of 40 cc
0-DCB and air mixture, where (a) adsorption on the V,05-CeO, surface,
(b) gas-phase 0-DCB and air and (c) pellet on pellet.
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The adsorption of 0-DCB in air on the surface of VC is
depicted in the Fig. 5(b), where new negative bands appeared at
3650 and 3705 cm ™. In addition, new bands emerged at 3022,
1631, 1458, 1323, 1126, 1035, and 1019 cm™'. The band at
1612 cm ™ shifted to 1631 cm™ ', which signifies the formation
of surface enolates on the surface of VC by nucleophilic sub-
stitution, in which both Cl atoms of 0-DCB were abstracted by
the surface -OH group to form enolates on the surface of V,05/
CeO, (VC).>" The other bands at 1541 and 1468 cm ' corre-
spond to the =C—C<=_ stretch of the phenolates, which are
mainly formed by the abstraction of a single Cl atom from
0-DCB by the surface -OH groups of V,05 in the presence of the
O~ anion.”®>* The peak at 1121 cm ™" also shows the in-plane
bending of the phenolates, as observed previously in the
literature.>® Negative bands were observed at 3660 cm ' and
at 3705 cm™ ', The negative IR-bands can be understood from
the IR spectra of the pellet of the V,05-CeO, (VC) catalyst, as
described in Fig. S1 (ESI).

The peak at 3660 cm ™ * corresponds to the ~OH group on the
surface of V,O5 and that at 3705 cm ™' is attributed to the -OH
group of the CeO, catalyst. These negative bands show the
utilization of the -OH molecules attached to the surface of the
VC catalyst, i.e., mostly the -OH moieties bound to V of V,05 of
the VC catalyst.”> The peak for the CeO, ~OH group is inferred
to be at 3705 cm ™', as observed previously by the Zou group *°.
Therefore, it can be stated that both the -OH group of the
support and that of the V,05 catalyst dispersed on CeO, were
utilised in the process of 0-DCB adsorption. The broad peak at
3022 em™' resulting from the adsorption of 0-DCB on the
surface of VC can be attributed to the -surface -OH groups
present on the phenolate entities,*® as shown in Scheme 2.

3.7.1.2. Reaction of 0o-DCB-air mixture on surface of VC as a
function of temperature. After the adsorption of o-DCB as
enolates and phenolates on the surface of VC, the effective
reaction as a function of temperature in the range of 100 °C to
300 °C was studied to understand the different intermediates
formed as a function of temperature and the final products
formed upon the oxidation of 0-DCB with air on the VC catalyst.
The different vibrational bands that appeared as a function of
temperature are presented in Fig. 6 and discussed as follows.
The different bands the appeared at 100 °C (Fig. 6(Aa))
are located at 3595 cm™ ' together with a negative band at
~3400 cm ™' and two peaks at 2360 and 2341 cm ™, as shown
in the inset of Fig. 6(A). In Fig. 6(Ba), vibrational bands can be
observed at 1590, 1531, 1454, 1434, 1299, 1126 and 1015 cm ™.
The band at 3595 cm ™' represents the asymmetric stretching of
gaseous CO, and the bands located at 2360 and 2341 cm™*
represent the asymmetric bending for gaseous CO, at 100 °C.
These observations clearly show the formation of CO, upon the
oxidation of the o-DCB-air mixture on the VC catalyst. The
band at 1590 cm ' (Fig. 6(Ba)) corresponds to the symmetric
stretch of the surface carboxylates (¥COO -sym), as observed
previously in the literature for the adsorption/reaction of o-DCB
on Pd-Co sulphated ZrO, catalysts.” The bands at 1531 and
1434 cm™ " are assigned to surface maleate species, as has been

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Reaction of 0o-DCB and air mixture (40 cc) with the VC catalyst as a function of temperature at: (a) pellet on pellet, (b) 100 °C, (c) 120 °C, (d) 175 °C, (e)
200 °C, (f) 250 °C and (g) 300 °C. Panel (A) shows the vibrational bands in the range 4000—2500 cm™* and panel (B) shows the vibrational bands in the range of
2100-1000 cm™ and the inset in panel (A) shows the vibrational bands in the range 2600-2100 cm™ (related to the formation of —CO, product).

previously reported,”” where the latter is assigned to the asym-
metric C-O stretch of maleates, as shown in Table 4. These
bands together with the above-mentioned bands representing

© 2024 The Author(s). Published by the Royal Society of Chemistry

carboxylates establish the oxidation of 0-DCB together with the
bond breaking of the activated aromatic ring under these

conditions.® The band at 1431 cm™!

is assigned to the
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carboxylate species of the acetate type,>® which was observed
for the adsorption of trichloroethylene on a Cr-Y sample. Also,
the bands for the asymmetric and symmetric stretching vibra-
tions of COO™ of surface acetates were assigned. The vibra-
tional bands at 1290, 1251 and 1126 cm ™" are assigned to the
unreacted phenolates present on the VC catalyst at 100 °C,
where the band at 1290 cm ™' represents the stretching vibra-
tion of a chloro ethylene species®® and the bands at 1252 and
1126 cm™ " are attributed to the in-plane bending of the C-H
bond of phenolates.’**° Generally, the band at 1015 cm ™" is
assigned to the chlorinated acetates, as observed by the Ban-
dera group.”

As the temperature increased to 120 °C, some more bands
were observed in the higher wavenumber region. However, the
intensity of certain bands increased, whereas for several other
bands, their intensity decreased substantially. New bands were
observed at 3730 and 3702 cm™ ' (assigned to C-O antisym-
metric stretch of gas-phase CO,), together with an increment in
the intensity of the peaks at 2360 and 2341 cm ™' (assigned for
CO, bend). These results substantiate the further formation of
CO, at 120 °C compared to that of 100 °C. The peaks at
1590 cm™ " (assigned to surface carbonates) shifted to 1585 cm™"
and their intensity decreased, showing the participation of
these intermediates in the formation of the product. The
vibrational peaks at 1536 and 1454 cm ™" (representing surface
maleates) showed an increase in intensity, while peaks at 1299
and 1254 cm™ ' (indicating the formation of maleate intermedi-
ates) mostly from phenolate species were observed, as pre-
sented in Table 4. The intensity of the peaks corresponding
to surface carboxylates was substantially reduced, whereas the
intensity of the peak at 1126 cm ' (surface phenolates) also
decreased. The intensity of the band at 1012 cm ' (chloro
acetates) increased with an increase in temperature. With a
further increase in temperature from 120 °C to 175 °C and
200 °C, several new peaks appeared. At 175 °C and 200 °C, a
new peak appeared at 1350 cm ™' and the intensity of the negative
peak at 1688 cm ™' increased. However, the bands at 1581, 1464,
1451, 1126, and 1254 cm™ ' almost disappeared. The vibrational
bands at 1533 and 1015 cm ™' together with that in the stretching
region of 3730, 3702, 3627, and 3695 cm™ " increased in intensity
and the peak at 1291 cm ' shifted to 1288 cm ™. The peak at
1350 cm™ ' (assigned to acetate -CHj stretching) corresponds to
m-DCB adsorbed on the V,05-TiO, catalyst.®"*® Therefore, at
around 175 °C and 200 °C, the further formation of the gas-
phase product of CO, occurred, as is evident from the increase in
the intensity of the peaks at 3730, 3702, 3627, and 3695 cm ™ *
together with the bending peaks of CO, at 2380, 2342, and
2303 cm'. The intermediate species of surface maleates were
further formed, as shown by the increase in the intensity of the
band at 1533 cm™'. The lower intensity of the bands corres-
ponding to the intermediates such as surface carboxylates (1581,
1431, and 1464 cm ') indicates that the formation of new
products and surface phenolates (1126 and 1264 cm™ ') was
exhausted completely. The negative band at 1688 cm™' shows
the usage of the enolates, which were mostly converted from
phenolates. Once the high temperature of 250 °C and 300 °C was

1310 | Mater. Adv.,, 2024, 5,1301-1331
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reached, the different vibrational bands corresponding to the
surface maleates (1531 cm ') had the maximum intensity, which
was also observed for the surface acetates (1346 cm ™).

The intensity of bands for gaseous CO, (2380, 2342, 2304, 3730,
3702, 3627, and 3695 cm ') also increased almost to the limit of
saturation, as can be seen in Table 4. The strong negative band for
the surface enolates (1622 cm™") corresponding to other inter-
mediates also increased in intensity, as shown in Scheme 3.

3.7.1.3. Kinetics of 0-DCB-air mixture on the surface of VC at
120 °C. The reaction at 120 °C was performed post-adsorption as a
function of time for one hour on the VC catalyst for the degradation
of an 0-DCB and air mixture. The different vibrational bands
obtained at different intervals are shown in Fig. 7. At 0 min, the
different peaks observed in the stretching region, as shown in
Fig. 7(A1), are located at 3730, 3700, 3627, and 3594 cm ',
indicating the formation of CO,, as described in Table 4. Also, a
negative band emerged at 3161 cm ™, showing the utilisation of the
surface -OH groups present in the VC catalyst.

The inset of Fig. 7(A) shows the bending band of CO,, which
made it possible to monitor the formation of gaseous CO, as a
function of time given that it is the final oxidation product
formed from the oxidation of 0-DCB on the surface of VC. The
different vibrational bands mainly at 1530, 1456, 1443, 1358,
1295, 1124, and 1017 cm ™" are shown in Fig. 7(B). The intensity
of these bands varied as a function of time at a given tempera-
ture. The vibrational bands at 3730, 3700, 3627, and 3594 cm ™"
(symmetric stretch - CO,) and 2360 and 2341 cm ™' (represent-
ing bending mode of CO,) showed the formation of CO, as a
function of time. The broad negative peak centred at 3161 cm ™ *
is attributed to the surface hydroxyl groups present on the
surface of V,05 and CeO,, which were utilised during the
reaction process. The other bands in the bending region, as
shown in Fig. 7(B), are located at 1530 and 1456 cm ™" (corres-
ponding to maleates)®”® and 1443 and 1358 ¢cm ™' (corres-
ponding to acetates),>®®%>% a5 shown in Table 4.
Alternatively, the peak at 1295 cm ™' is a bit ambiguous. Den
et al. attributed it to enolates species for a Ce-doped TiO,
system,”" whereas Greene et al. reported that it corresponded
to C-H rocking for the C-Cl bond (chloro ethylene adsorption
on zeolites).>® However, the band at 1017 cm ™" represents the
CH, rocking for the chloro ethylenes. Therefore, the bands at
1017 cm ™" and 1295 cm ™" are due to chloro ethylenes and not
enolates. Also, as a function of time at 120 °C, the intensity of
these particular bands was observed to increase, showing the
formation of chloro ethylenes coupled with the degradation of
enolates as a function of temperature. Furthermore, the inten-
sity of the peak at 1124 cm ' (representing CICH,CHO)>*
increased (Fig. 7(B)), showing the formation of these intermedi-
ates. Also, strong negative bands appeared at 1630 cm ™"
(representing enolate), 1157 and 1195 cm ™' (corresponding to
phenolates) and 1374 cm ™' (assigned to vibrations of 0-DCB
adsorbed on Lewis acid sites of Zr0,),” showing the utilisation
of these intermediates in the oxidative reaction at 120 °C. Thus,
the kinetics at 120 °C, a representative temperature for the
oxidation of 0-DCB on the VC sample, is shown in Scheme 3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Different intermediates and their assignments for VC = V,05-CeO,; WC = WO3-CeO,; VWC = V,05-WO3z-CeO,: A = adsorption; A, = o-
DCB-air adsorption; Aye = 0-DCB—-He adsorption; Rye = reaction in He atmosphere; Ry, = reaction in O, atmosphere and if not mentioned, in both

atmospheres

Intermediates on cataly-

Concerned cataly-

% tic surface Assignment Wavenumber (cm ™) tic surface Ref.
(]
5 Phenolate C—C (stretch) 1541, 1468, 1252, 1158, 1121 (VC, VWC)-Rairmie  25,39,42-
B 1259, 1163 and 1330, 1290, 1126 44,49,50,52
5 C-H (in plane bending) 3022, 1453, 1433 (VC, WC, VWC)-
g C-O (stretch) 1295, 1255 Adairie
g Enolates/catecholate =C—C< 2931, 2897, 2858 (triplet) (VC, WC, VWC)-  5,39-42,48,52,53
v RAir/He
g © C-H-stretch 1646, 1630, 1623, 1612, 1573, 1457, 1432,  (VC, WC, VWC)-
8 g . o 1295, 1255, 1234, 1119 Adairie
ﬁ E Benzoquinonate =C=0 quinonic 1319 VWC-Ad,ir/te 60-62
N & Aldehyde (=C=0) 1323
Q Q n-Ring complex n-cloud of the benzene ring paral- 1589, 1455, 1614, 1640 WC-Adye 42,60
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S < Maleate =C—O0 bend 1630, 1522, 1531, 1508, 1454, 1434 (WC, VWC)-Rpirme 48,52,53
= O /
§ s 1411 (WC, VWC)-Ad iy
c QO
o = He
3 E Carboxylate/acetate =C=0 bend carboxylate 1590, 1557, 1534, 1522, 1037 (VC, WC, VWC)-  7,40-
T o Rir/e 42,48,49,51,52,54—
2 s vCOO™ sym 1557, 1464, 1431, 1378 (VC, WC, VWC)- 57
g = AdAir/He
A § vCOO™ asym 1350, 1295, 1279, 1254
g o Carbonate (bidentate/  C-O bend 1710, 1620, 1591, 1400, 1371, 1356, 1288, (VC, WC, VWC)-  44,48,57-59
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Scheme 3 Degradation of phenolates through different intermediates to CO, using the VC catalyst.

3.7.1.4. Reaction of 0-DCB-He mixture on surface of VC as a
function of temperature. To understand the effect of the lattice
oxygen on the reaction mechanism, the reaction for the
degradation of 0-DCB on the surface of VC was carried out by
replacing air with He.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The formation of different intermediates with 0-DCB in the
absence of oxygen is definite evidence for the participation of labile
lattice oxygen in the initiation of the reaction. Fig. 8 shows the
reaction of 0-DCB and He on the surface of VC. Initially, Fig. 8(b)
shows the adsorption of 0-DCB and He on the surface of VC.
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Subsequently, new peaks appeared at 3072, 1623, 1572,
1458, 1432, 1256 and 1127 cm™'. The peak at 3072 cm ™"
corresponds to the formation of surface -OH groups, which
are generated due to the adsorption of 0-DCB and He on the
surface of VC. The peak at 1623 cm ' is characteristic of
the surface enolates,> while the peaks at 1572, 1458, 1432,
1256 and 1127 cm™ " are ascribed to phenolates,>*>* as shown
in Table 4. Therefore, the VC catalyst showed the formation of
enolates and phenolates even in the absence of air, where the
phenolates are higher in concentration compared to enolates.

The spectra for the reaction for the degradation of 0-DCB on
the VC catalyst in an He-atmosphere at 100 °C is shown in
Fig. 8(Ac) and (Bc). A new band appeared at 3722 cm ™" together
with several negative peaks at 3644, 3583, and 3286 cm *

~1 (related to the formation of the CO, product).

(representing  surface-OH) in the stretching region
(Fig. 8(Ac)), indicating the usage of the surface -OH groups
on V,0s5 in conjunction with that of the CeO, support. The
peaks at 3722, 3622, and 3512 cm ™ ' represent gaseous CO,. The
bending region shows negative peaks at 1620, 1574 and
1554 cm ™, corresponding to enolates, phenolates and acetates,
respectively.®> New vibrational bands were observed at 1534,
1452, and 1357 cm™ ' together with a strong peak at 1024 cm ™"
and a shoulder at 1064 cm™'. Here, the vibrational bands at
1534 and 1452 cm ™" represent carboxylates (latter LCOO™ sym)®
and the band at 1357 cm ' is assigned to carbonates,®
showing the formation of these intermediates. However, the
intensity of the peak observed at 1123 cm ™" upon adsorption,
which is assigned to phenolates, decreased considerably. The
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Fig. 8 Reaction of 40 cc 0-DCB and He mixture on the VC catalyst, where the panel (A) shows the vibrational bands in the range 4000-2500 cm~* and
panel (B) shows the vibrational bands at 2100-1000 cm™. The inset in panel (A) shows the vibrational bands in the range of 2600-2100 cm™, which are
related to the formation of the CO, product as a function of temperature at (a) pellet on pellet, (b) adsorption, (c) 100 °C, (d) 120 °C, (e) 175 °C, (f) 200 °C

and (g) 250 °C.
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shoulder at 1064 cm™ and a strong peak at 1024 cm~
represent the chloro ethylenes, which are mainly formed by
ring opening. Fig. 8(A) (inset) shows vibrational bands at 2380,
2342, and 2303 cm ' at 100 °C, representing the gas-phase
formation of CO, [in non-oxidative atmosphere, ie., He-
atmosphere (NOA)]. This degradation of 0-DCB to CO, in NOA
unequivocally shows the effect of the lattice oxygen, which is
mostly from the support given that a similar trend was not
observed for other mixed oxide catalysts previously (V,05-TiO,,
WO;-TiO,, etc.).

The vibrational bands for the above-mentioned reaction at
120 °C are portrayed in Fig. 8(Ad) and (Bd). The major peaks in
Fig. (8Ad) are located at 3722 and 3685 cm™ ', with a negative
band at 3685 cm ™. In Fig. 8(Bd), there are a few new negative
peaks at 1455, 1436 and 1127 cm ' together with the earlier
negative peaks at 1620, 1589, and 1559 cm '. The intensity
of the vibrational bands at 1531, 1356, 1387, 1256, 1060
and 1023 cm ™" was higher compared to that at 100 °C. Also,
the new negative peak 1455 cm ' (representing carboxylates)
almost disappeared, indicating the formation of carbonates
and CO,.

The negative band at 1436 cm ™" appeared for the first time.
The bands at 1437, 1559, and 1455 cm ™" correspond to the
phenolates. Similarly, the negative band at 1127 cm™" (repre-
senting the phenolates) also became more negative, showing
the utilisation of these intermediates. The position of the other
bands was the same as that at 100 °C and only their intensity

View Article Online

Paper

increased. Heating at different temperatures also generated
similar bands as described earlier at different intensity levels.
Therefore, in the presence of He, no formation of surface
intermediates such as maleates occurred and the adsorbed
phenolate/enolate formed CO, via intermediates such as acet-
ates/carboxylate and carbonate, as shown in Scheme 4.

3.7.2. 0-DCB-air degradation on WC catalyst

3.7.2.1. Adsorption of 0-DCB and air on surface of WC. Upon
the adsorption of 0-DCB on the surface of WC, several new
peaks appeared, as shown in Fig. 9, at 1640, 1589, 1529, 1445,
1434, 1387, 1367, 1293, 1126, 1053 and 1034 cm ™~ *. New bands
were also found in the stretching region at 3577 and 2897 cm™ .
The band at 1640 cm ™" is attributed to surface enolates® and
the shoulder at 1589 cm ™' is assigned to the formation of
a m-complex, as reported in the literature by the Deng group.”
The vibrational bands at 1445, 1126, and 1293 cm ' are
attributed to phenolates,® the band at 1387 cm ™" is assigned
to 0-DCB adsorbed on the Lewis acid sites® and the peaks at
1053 and 1034 cm ' are assigned to chloro phenols,® as
tabulated in Table 4.

The lower intensity peaks at 1529 and 1434 cm™
mostly carboxylate-type species,
adsorption on the surface of WC. The peak at 2987 cm™
probably shows the formation of surface oxygen in the form
of O®” ions (surface basic lattice oxygen O®~ clusters may be
responsible for acid-base-type interactions and yielded from
the cleavage of the adsorbed o-DCB ring as n-ring on the ceria

1 show

indicating their reactive
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Scheme 4 Formation of different intermediates on the surface of VC upon the reaction of 0-DCB and He mixture.
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then exposed to 40 cc of o-DCB and air mixture.

surface).”> These surface basic O~ clusters mainly produce
carboxylate-like species (maleates), as shown in Scheme 5.

3.7.2.2. Reaction of 0o-DCB-air mixture on the surface of WC as
a function of temperature. Post-adsorption, the different
intermediates were identified as a function of temperature on
the surface of WC, as displayed in Fig. 10. Bands in the
stretching region at 3734, 3699, 3627, 3591, 3235, 3017, 2930
and 2858 cm ™' were observed upon heating at 100 °C
(Fig. 10(Aa)). The bands at 3734, 3699, 3627 and 3591 cm '

represent gas-phase CO, (formed upon oxidation) and the peak
at 3235 cm™' mainly indicates surface -OH groups (formed
during the reaction). The strong triplet bands at 3017, 2927 and
2972 ecm ! are assigned to the enolate =C=C= and C-H
stretch. The other vibrational bands observed in the bending
region (Fig. 10(Ba)) were located at 1614, 1591, 1557, 1530,
1508, 1400 1274, 1127, and 1035, with a shoulder at 1057 cm ™.
The bands at 1614, 1640 and at 1589 cm ™ " are assigned to the 7t
aromatic ring parallel to the surface of the catalyst.®” Also,
bands were observed at 1557 cm™ " (acetates),”®®>%¢ 1530 cm ™"

i 0, o o
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Scheme 5 Adsorption of 0o-DCB and air on the surface of WC.
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CO, product).

(carboxylates),>* 1508 and 1445 cm ™' (maleates) and 1400 cm ™"

(bidentate carbonates).>® The bands at 1279 and 1127 ¢cm '
(phenolates) appeared at the temperature of 100 °C.

However, at a higher temperature, the peak at 1279 cm™
became a doublet with a different intensity ratio, as discussed
later in this section. The intensity of the peaks at 1056 and
1038 cm ™" (chloro phenolates) decreased sharply as a function
of temperature,””*® as shown in Table 4.

At higher temperatures on the WC catalyst, the intensity of
the peaks in the stretching region decreased as a function of
temperature. The intensity of the pair of doublet peaks at 3734/
3699 and 3627/3591 cm™" (gaseous CO,) increased in with an
increase in temperature [Fig. 10A(d) and (e)]. Alternatively, the
intensity of the peak at 3235 cm ' (surface-OH groups)
decreased as a function of temperature, showing their usage.
However, the effect of temperature on the bands in the range of
2100-1000 cm ™", as shown in Fig. 10(B), was more significant.
A peak at 1620 cm " and new peak at 1591 cm ™' were observed
at the temperatures of 200 °C and 250 °C (mainly bidentate
carbonates).®>®*”® Also, the formation of a doublet was
observed from the bands at 1530, 1542 and 1540 cm ™!, which
are mainly assigned to adsorbed bicarbonates, as seen on the
surface of rutile TiO,.”*

The intensity of the band at 1400 cm ™' decreased as a
function of temperature and the band located at 1274 cm™*
again gave rise to two peaks at 1288 and 1239 cm ™' at higher
temperature (200-250 °C). The peak at 1288 cm ™' is assigned to
bidentate carbonates and the peak at 1239 cm ™" is assigned to
bicarbonates, as observed in the literature.®®®® There was a
shift and strong decrease in the intensity of the band at
1127 ecm™ ' (phenolates), showing the use of the phenolate
moieties on the surface of the WC catalyst at higher tempera-
tures. The intensity of the peak at 1037 cm ™' (chloro-acetate)

significantly decreased and a new peak appeared at 1047 cm ™,

1

© 2024 The Author(s). Published by the Royal Society of Chemistry

which is attributed to the surface-bound bicarbonate species.*
Therefore, the oxidation of the adsorbed intermediates on the
surface of WC leads to the formation of acetates, carboxylates,
bicarbonates, bidentate carbonates, and ultimately CO,, as
depicted in Scheme 6.

3.7.2.3. Kinetics of o-DCB-air mixture on surface of WC at
120 °C. To understand the different intermediates as a function
of time on the WC-catalytic surface, an o-DCB and air mixture
was treated at 120 °C as a function of time, as depicted in
Fig. 11(A) and (B). Vibrational bands (Fig. 11(A)) appeared
and increased in intensity with time at 3730, 3705, 3627 and
3593 cm !, where the latter two bands represent gas-phase
CO.,.

In the bending part (Fig. 11(B)), vibrational bands were
observed at 1557, 1542, 1455, 1431, 1357, 1371, 1227, 1127,
1051 and 1030 cm™ ' together with negative bands at 1659,
1642, and 1248 cm '. The negative band at 1659 cm ' is
assigned to benzoquinonates, while the band at 1642 cm "
(enolates) shows the utilization of these intermediates on the
surface of WC as a function of time at 120 °C. However, the
negative band at 1248 cm™ " (bicarbonates) shows the use of
bicarbonates, where mostly bidentate carbonates are formed
from these bicarbonates. The bands at 1557 and 1437 cm ™"
(surface acetates)’” and 1455 cm ™ (surface maleates) appeared
post-adsorption and decreased in intensity with time. The
bands at 1357, 1371, and 1227 cm ' represent carbonates
and bidentate carbonates, while the bands at 1051 and
1030 cm ! represent Cl -sensitive acetates.

The intensity of the gas-phase CO, bands increased as a
function of time and became saturated after 60 min (inset
Fig. 11(A)). This clearly shows the formation of CO,, even in the
reaction as a function of time at 150 °C. The intermediates
formed in this kinetic experiment are similar with that

Mater. Adv,, 2024, 5,1301-1331 | 1315
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formation of CO,).

observed as a function of temperature, and thus follow the
same trend shown in Scheme 6.

3.7.2.4. Reaction of 0-DCB-He mixture on the surface of WC
as a function of temperature. Similar to the surface of VC, the
surface of WC also led to the complete mineralization of 0-DCB
upon thermal degradation in the absence of O, (presence of
He + 0-DCB mixture) [Fig. 12(A) and (B)]. The adsorption of the

1316 | Mater. Adv,, 2024, 5,1301-1331

0-DCB and He mixture is represented in Fig. 12(Aa) and (Ba).
Typically, upon adsorption, peaks appeared at 3723, 3627, and
3519 cm ™' together with a triplet at 2931, 2897 and 2858 cm ™.
The vibrational bands obtained in the bending region were
observed at 1646, 1453, 1433, 1382, 1295, 1255, 1176, 1123, and
1035 cm ™', as shown in Fig. 12(Ba). The initial peaks at 3723,
3627 and 3519 cm™ " correspond to surface ~OH and the triplet
at 2931, 2897 and 2858 cm ' represents surface-adsorbed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the formation of the CO, product).

enolates; however, peculiarly these peaks were missing for the
adsorption of an 0-DCB and air mixture on the surface of WC.

In the presence of O,, several active surface hydroxyl groups
are formed, which mainly eliminate two H and Cl from the
surface and 0-DCB, respectively, to form catecholate/enolate as
adsorbed species on the surface. However, as the ring opening
reaction occurs in the absence of O,, it paves the way for the
Mars-Van Krevelen-type mechanism (MVK), where mostly the
labile surface defects contribute to the diffusion of lattice
oxygen (shown in Scheme 12), effectively enabling the for-
mation of the enolate. However, this enolate may be formed
at two different O-vacancy sites (CeO, and WO;) simultaneously
compared to only the WO; surface observed in the literature,
and consequently there was a shift of 30 cm™" in the enolate
triplet-band. The peak at 1646 cm ™" represents enolates® and
the peaks at 1453, 1433, 1295 and 1255 cm™ ' represent pheno-
lates. The strong band at 1385 cm ™" is assigned to the adsorbed
0-DCB?, the doublets at 1330 and 1291 and 1170 and 1133 cm™*
are assigned to the phenolate C-O stretch and C-H bending,

5153 and the small shoulder at 1046 cm ' is

respectively
assigned to the Cl-sensitive phenolates.®®> Therefore, 0-DCB is
adsorbed as phenolates and enolates in the presence of He on
the surface of WC. The reaction of the adsorbed 0-DCB in an He
atmosphere at 100 °C is shown in Fig. 12(A) and (Bb). The
vibrational peaks appeared at 3723, 3627, and 3519 cm '
together that a triplet at 2931, 2897 and 2858 cm™". The other
peaks were observed at 1539, 1452, 1433, 1356, 1255, 1123, and
1032 cm™ ' with negative peaks at 1634, 1565 and 1375 cm ™ .
The vibrational bands at 1539 and 1433 cm ™' represent surface
carboxylates, at 1452 cm™ ' represent surface maleates,”” 1356
and 1032 cm™' represent surface acetates and at 1255 and
1123 cm™ " show unreacted phenolates. These unreacted phe-

nolates are utilised at higher temperatures. The negative bands

© 2024 The Author(s). Published by the Royal Society of Chemistry

at 1634 cm ' (enolates), 1375 cm ' (adsorbed 0-DCB) and
1565 cm™ ' (phenolates) show that these intermediates were
used to form other surface intermediates such as maleates and
acetates. The reaction carried out at 120 °C led to different
peaks at 3723, 3627, and 3519 cm™ ' together with a triplet at
2931, 2897 and 2858 cm ™', as shown in Fig. 12(Ac) and (Bc).
Other peaks were observed at 1539, 1452, 1433, 1356, 1255,
1123, and 1032 cm™ ' together with negative peaks at 1634,
1565, and 1375 and a broad peak at 1211 cm ™. All these peaks
were previously present at 100 °C and only their intensities
varied. The intensity of the vibrational bands in the stretching
region at 3723, 3627, and 3519 cm ™ together with the triplet at
2931, 2897 and 2858 cm ™' decreased and the intensity of the
negative band at 1535 cm ™ increased. The broad negative band
at 1211 cm™ ' represents the phenolates, which must be utilised
in the process. Upon reaching 200 °C, besides the peaks
obtained at 100 °C and 120 °C, only a new negative peak
appeared at 1031 cm ™, corresponding to acetates, which were
further utilised to for other intermediates such as carbonates.
The same vibrational peaks were observed at 250 °C and 300 °C
with a reduction in their intensities. Simultaneously, the inset
of Fig. 12(A) shows peaks at 2380, 2342, and 2303 cm ™', which
are mainly assigned to the asymmetric bending of CO,, which
systematically increased as a function of temperature. Thus, the
results show that o-DCB was completely mineralised to CO,
through different intermediates even in the absence of O,. The
reaction pathways for the oxidation of o-DCB in an He-
atmosphere on the surface of WC is shown in Scheme 7.
3.7.3. o0-DCB-air degradation on the surface of VWC
catalyst. Similarly, the degradation of 0-DCB was carried out
on the biphasic catalyst of VWC in presence of air or He to
understand the influence of either the WO; or V,05 phase as
the primary catalyst together with the synergistic effect of CeO,.
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The reaction of 0-DCB and air on the VWC catalyst is portrayed
in Fig. 13 at a given temperature, where this catalyst produced
the highest amount of CO, as a function of time.

Initially, to understand the adsorption of o-DCB on the
surface of VWC in presence of O,, the observed vibrational
bands are shown in Fig. 13(Ag) and (Bg). The major band
appeared at 3140 cm ™' as a broad band together with other
bands at 1640, 1578, 1534, 1458, 1439, 1363, 1323, 1125, 1061,
and 1037 cm™". The band at 3140 cm ™" (surface ~-OH groups)
was found to be quite different from either the WC or VC
surface. Although the band at 1640 cm™" (enolates)®® shows the
formation of enolates, the most surprising was the absence of
the triplet at 2985, 2927 and 2972 cm ' reported in the
literature,® which is substantially explained in the discussion
in the next section. The vibrational band at 1578 cm ' (n-
complex)’" was previously observed on the surface of WC for
the adsorption of 0-DCB in presence of air. The bands at 1522,
1458 and 1434 cm ' are assigned to the surface maleate
species, as presented in Table 4.°” The band at 1125 cm '
represents phenolates and the bands at 1061 and 1037 cm™
represent chloro phenolates.>® However, the peak at 1363 cm™
represents undissociated o-DCB molecules, as observed on
Ce0,-TiO, mixed oxide catalysts.®>”" The peak at 1323 cm ™"
is assigned to benzoquinonates.”"”® Surprisingly, two bands
were observed at 1534 and 1458 cm™ ' (surface maleates),””**
which were observed by previous groups on the surface of TiO,.

This was also observed for o-DCB-air adsorption on the
surface of WC. Therefore, the overall adsorption of 0-DCB on
the surface of VWC shows the effect of both VC and WC, as
presented in Scheme 8.

1
1
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Typically, at a temperature of 100 °C, different peaks
appeared at 3728 and 3631 cm ' in the stretching region
together with the peaks at 2380, 2342, and 2303 cm ™", which
are mainly assigned to the asymmetric bending of CO,, and the
intensity of these bands increased as a function of temperature.
These results indicate that the CO, product is formed as a
function of temperature. The other typical bands were observed
at 1630, 1588, 1556, 1516, 1457, 1392, 1357, 1272, 1124, and
1029 cm . Also, certain negative bands appeared at 3272 and
1656 cm ™ '. The peaks at 1630 and 1510 cm ™' are assigned to
maleates,’”’®* which were formed from the surface phenolates
even at a higher temperature. As shown previously in the
literature, the peaks at 1452 and 1584 cm™ ' are ascribed to
carboxylates® and the peak at 1554 cm ™" shows the formation
of acetates,”®®>% as shown in Table 4. New peaks appeared at
1392 and 1272 cm ™', where previously the peak at 1398 cm™*
was assigned to adsorbed o-DCB. However, at 100 °C, 0-DCB
cannot form new intermediates, and therefore this peak repre-
sents a new intermediate and not adsorbed 0-DCB. Bhattachar-
yya et al. studied the reactive adsorption of CO, over TiO,
nanotubes and observed the formation of bidentate carbonates
at 1378 and 1277 cm™ ', which is appropriate in the present
study also.’® Therefore, the peaks at 1378 and 1277 cm '
represent bidentate carbonates. The peaks at 1123, 1034 and
1029 cm ™' represent unreactive phenolates adsorbed on the
surface of VWC (Table 4). Therefore, at 100 °C, the surface
intermediates observed are maleates (also formed in the
adsorption process), carboxylates/acetates, bidentate carbo-
nates and certain adsorbed phenolates. The inset of Fig. 13(A)
shows the bands at 2380, 2342, and 2303 cm ™" (asymmetric

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Adsorption of 0-DCB and air on the surface of VWC.

bending of CO,) and bands at 3728 and 3633 cm ' (C-O
stretch) can be seen in Fig. 13(A), representing the formation
of gaseous CO,. Upon increasing the temperature to 120 °C, a
new doublet was seen at 1367 and 1358 cm ™. The peak formed
at 1588 cm ™! split into a pair of peaks at 1610 and 1583 cm ™ *,
and similarly the peak at 1272 cm™ ' was converted to a doublet
at 1290 and 1254 cm~'. The other peaks at 1542, 1456, and
1395 cm™ ' remained unaltered. The intensity of the negative
bands at 3275 and 1630, 1124, and 1028 cm™ ' decreased,

© 2024 The Author(s). Published by the Royal Society of Chemistry

Enolates

whereas the increased of the bands at 3734, 3701, 3629, and
3594 cm ' and 2380, 2342, and 2303 cm™ " representing gas-
eous CO, increased. Also, new doublet bands appeared at
1367 and 1358 cm ' (monodentate carbonates).®® The other
two doublets at 1290 and 1254 cm ' represent bidentate
carbonates perhaps with two different metal centres, while
the other two doublets at 1610 and 1584 cm™ ' represent
bidentate carbonates again formed from the band at
1588 cm ' (representing carboxylates) (Table 4), as shown in
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Scheme 8. Therefore, at 120 °C, the carboxylates form bidentate
carbonates (BDC), and consequently the bidentate carbonates
form monodentate carbonates (MDC), clearly indicating the
formation of BDC on the two different metal centres. At the
higher temperatures of 200 °C, 250 °C and 300 °C, the vibra-
tional bands remained the same with the only difference in the
intensity of certain bands, which increased/decreased as a
function of temperature. The peaks obtained were same as that
at 120 °C with a new negative peak at 1630 cm ', which
increased in negative intensity as a function of temperature,
showing the usage of the surface enolate species. The intensity
of the peak at 1540 cm ™" increased and the peaks at 1453 and
1395 cm™" almost disappeared, indicating the usage of these
species. The intensity of the peaks at 1357 and 1367 cm '
increased, while that at 1293 and 1217 ecm ' considerably
decreased. The intensity of the negative peaks at 1124 and
1032 em ™' increased as a function of temperature. The peaks
corresponding to gaseous CO, (3734, 3701, 3629, 3594 and
2380, 2342, and 2303 cm ') initially increased with tempera-
ture up to 250 °C, and then became saturated at 300 °C.
Therefore, the thermal mineralization of o-DCB and air on
the surface of VWC as a function of temperature is illustrated
in Scheme 9.

3.7.4. 0-DCB degradation on the surface of VWC catalyst in
air as a function of time at 120 °C. The degradation of 0-DCB on
the surface of VWC at 120 °C as a function of time is displayed
in Fig. 14(A) and (B).

The vibrational peaks were observed at 3734, 3701, 3629,
3594 and 2380, 2342, and 2303 cm ™ ', representing gaseous CO,

View Article Online

Materials Advances

in the stretching region, as shown in Fig. 14(A). and the inset
shows a negative peak at 3335 cm™’, the intensity of which
increased as a function of time. In the bending region, similar
peaks as observed earlier, as shown in Fig. 14(Bc), appeared at
1590, 1540, 1465, 1396, 1356, 1298, 1251, 1211 and 1011 cm™*
with a negative peak at 1640 cm ™. The intensity of these peaks
varied as a function of time; however, given that no new peaks
emerged, the process follows the same mechanism as given in
Scheme 9.

3.7.5. Degradation of 0-DCB-He on surface of VWC catalyst
as a function of temperature. The vibrational bands for the
adsorption and reaction of 0-DCB under inert conditions/and
in an He mixture on the surface of VWC are shown in Fig. 15(A)
and (B). The adsorption of 0-DCB and He is shown in
Fig. 15(Ag) and (Bg), where different bands were observed at
3196 cm ™' in the stretch region and in the bending region at
1637, 1573, 1630, 1457, 1432, 1377, 1319, 1197, 1119, and
1035 cm™ ' together with a negative band at 1549 cm™ . The
band at 3196 cm ™" represents the surface -OH group, the band
at 1637 cm™ ' is assigned to surface enolates, the bands at 1573,
1457, and 1432 cm™ " represent phenolates and the bands at
1197, 1119, and 1035 cm™ ' correspond to chloro-sensitive
phenolate, as shown in Table 4.

The band at 1377 ecm ' represents the adsorbed o-DCB
moiety at the Lewis acid sites and that at 1319 cm ™" represents
benzoquinonates. Therefore, upon the adsorption of o-DCB-
He, it forms phenolates, enolates and benzoquinonates, which
are mostly adsorbed over the two different metal sites of V
and W, leading to high torsional energy of the benzoquinonate
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Scheme 9 Reaction of adsorbed o-DCB and air on the surface of VWC.
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moiety. This torsional energy leads to the ring opening of the o-
benzoquinonate to form maleate upon rearrangement. The
vibrational peaks at 100 °C are located at 3734, 3701, 3629,
and 3594 cm ™' (Fig. 15(Ab)) and 2380, 2342, and 2303 cm ™"
[Fig. 15(Ab) (inset)], representing gaseous CO, in the stretch
region in Fig. 15(Ab) with a negative broad peak at 3736 cm ™.
The vibrational bands in the bending region are located at
1591, 1540, 1451, 1431, 1411, 1357, 1250, 1168, 1123, and
1010 cm ' with a negative band at 1631 cm™' at 100 °C
(Fig. 15(Bb)). The bands present at 1591 cm™ " represents sur-
face carboxylates (VCOO™ - sym),” the bands at 1540 and 1451,
and 1411 cm™ " are assigned to surface maleates,””** band at

© 2024 The Author(s). Published by the Royal Society of Chemistry

1431 cm ' is assigned to carboxylate species,”® peak at
1358 cm ™ is assigned to acetates®®”* and the bands at 1250,
1168, 1123, and 1010 cm™ ' correspond to unreacted pheno-
lates, as shown in Table 4. The negative band at 1630 cm ™"
(enolates) shows the usage of adsorbed enolate species on the
surface, as shown in Scheme 10.

At 120 °C, different peaks were observed at 3734, 3701, 3629,
and 3594 cm ' (Fig. 15(Ac)) and 2380, 2342, and 2303 cm ™’
[Fig. 15(Ac) (inset)] (representing gaseous CO,) in the stretching
region. In the bending region, the peaks appeared at 1710,
1535, 1444, 1431, 1411, 1357, 1234, and 1119 cm™' with
negative bands at 1637 and 1565 cm ™" at 100 °C (Fig. 15(Bb)).

Mater. Adv,, 2024, 5,1301-1331 | 1321
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The peak at 1710 cm ™" is assigned to bidentate carbonates,”®
which increased in intensity. Also, the intensity of the peaks
observed at 1534 cm ™' (carboxylates),>® a triplet at 1444, 1430
and 1411 cm ™' (maleates) decreased, while the bands at 1234
and 1119 cm™ ' (phenolates) formed negative band at higher
temperatures (Table 4). Upon reaching the higher temperatures
of 200 °C, 250 °C and 300 °C, the vibrational bands obtained
were almost the same as that found at 120 °C, where there was
only an alteration in the intensity of certain bands. The
previous bands observed at 1119 cm™" became negative and
the intensity of the triplet band at 1444, 1430 and 1411 cm ™"
increased. The intensity of the negative bands at 3290, 1622 and
1561 cm ' increased, thereby showing the usage of these
intermediates. The other bands were almost similar. Therefore,
the adsorption and reaction of o-DCB-He on the surface of
VWC lead to the formation of maleates, carboxylates, bicarbo-
nates and finally gaseous CO,, showing the complete oxidation
of 0-DCB in a non-oxidative atmosphere, which also indicates a
strong MKV-type reaction, as shown in Scheme 11.

4. XPS-studies

The XPS studies were performed on the VC, WC and VWC
catalysts before and after the o-DCB reaction in the presence of
air to understand the role of the surface cation in the oxidative
reaction together with the role of the CeO, support, in which

1322 | Mater. Adv., 2024, 5,1301-1331
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these oxides are dispersed on. This study was mainly extended
to each oxide (VC, WC and VWC) to decipher the real role of the
cations in the biphasic catalyst of VWC. Fig. 16 shows the XPS
spectra of V-2p, Ce-3d, O-1s and C-1s for the fresh catalyst, VC
sample and VC catalyst after being used in the catalytic oxida-
tion of 0-DCB in the presence of air. As shown in Fig. 16(Aa), the
V-2p3, and 2p,, peaks are located at binding energies of
516.2 and 523.8 eV (Ae = 7.6 eV), respectively, showing the state
of V** in V,0s, as observed previously in the literature.”>”®
However, Fig. 16(Ab) shows the same V-2p spectra for the used
sample after the in situ reaction in the FT-IR setup. The V-2p
spectra could be deconvoluted into two peaks for 2pjz,
(516.8 and 515.3 eV) and 2p,,, (524.4 and 522.9 eV), which are
associated with the V°* and V** states, respectively.”>’® There-
fore, the V** form was partially reduced to V** during the
formation of the different oxidation products, as observed in
Scheme 2 and Scheme 3.

Therefore, it can unambiguously be inferred that in the VC
catalyst, V is one of the active centres, where the intermediates
are both adsorbed and oxidised, thus reducing vanadium.
Fig. 16B(a) and (b) show the XPS spectra for the support
Ce-3d for fresh and used VC after the reaction, respectively.
The Ce-3d spectrum is complex due to the fact that the Ce-3d
orbitals are severely influenced by the hybridization of the Ce-4f
orbitals with the O-2p valence band, as previously established
by Burroughs et al,”* Pfau and Schierbaum”’ and Creaser
et al.”® Briefly, 10 peaks were obtained for Ce, which could be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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divided into Ce 3ds/, (v°, v, v,v”, andv'"") and 3d;,, (&°, u, v, u”,
and u'""), respectively. Here, the peaks corresponding to v°, v/
and u,, u’ represent Ce**, while the other six peaks correspond
to Ce*. The percentage of Ce*" was calculated using the
deconvoluted peak areas of the above-mentioned peaks, as
reported in the literature”>”®”>®® and the results are shown
in Table S1 (ESIT). However, it is clear from the discussion that
Ce*" increased after the oxidation reaction of 0-DCB and air on
the CeO, support surface, clearly indicating that the CeO,
support was utilised for the adsorption and providing O*>~ for
the reaction.

Fig. 17 shows the XPS data for the WC sample, where
Fig. 17(A) shows the W-4f,, and W-4f;,, peaks at 35.2 and
37.4 eV for the WC sample and 34.8 and 37.0 eV for the spent
WC, respectively, showing the presence of W°" in the WO;
samples, as observed in the literature.®’®* Although there was
reduction in the content of W*" in the spent catalyst (lower B.E),
it is almost to the extent of W>" reported earlier.*>** The Ce in
the WC sample is shown in Fig. 17(B), where Ce** was calcu-
lated in the same way as described earlier in Fig. 16(B). Here,
the content of Ce*" was determined to be about 34% and in the
WC-used sample it increased to 46%, which again shows the
formation of Ce*" upon the oxidation reaction. This result
indicates that in the WC catalysts, the reactant and intermedi-
ates are either adsorbed or react on the Ce*" surface, leading to
the formation of Ce®". Similarly, the W®" is also utilised by the
different intermediates, as shown in Schemes 4 and 5. The O-1s
spectrum, as shown in Fig. 17C, shows the most exceptional
result in this series. The different O-1s peaks were located at
528.9, 529.5, 530.8 and 532.4 eV, where the first two peaks

© 2024 The Author(s). Published by the Royal Society of Chemistry

represent O-Ce**/Ce®*" and O-W°* (529.5 eV) and the other peak
at 530.8 the surface -OH species and the peak at 532.4 eV
represents the O-vacancy. In the WC used-sample, the respec-
tive O-vacancy peak at 532.7 eV increased substantially in peak
area. The formation of O-vacancy can be related to the for-
mation of bicarbonates, which definitely requires an H*® source.
The moisture produced during the formation of the intermedi-
ates such as carboxylates from the maleates will mostly dis-
sociate over an O-vacancy to form —-OH and H, which in turn are
mostly utilised for the formation of bicarbonates. The further
formation of O-vacancies may be associated with the formation
of Ce*" on the surface of WC. The C-1s spectrum in Fig. 17D
shows the similar formation of peaks at 284.5 eV (on both WC
and WC used), representing adventitious C. The other peaks
observed in the C-1s spectrum of the WC used sample at 285.6,
288.2 and 288.9 eV represents enols, ketone/aldehyde, and
carboxylate/carbonate, respectively, as shown in Schemes 4
and 5. Mostly, the high concentration of O-vacancies
(Table S3, ESIY) is responsible for the formation of the H to
produce the bicarbonates compared to that on the surface of
VC and VWC. Therefore, the XPS data is generally consistent
with the FT-IR data for the intermediates produced.

The XPS spectra for the VWC and spent-catalyst VWC
samples are displayed in Fig. 18. Initially, Fig. 18(A) shows
the V-2p XPS data, where the V 2p;, and V 2p,), peaks are
located at 516.6 and 523.8 eV representing V>* of V,0s, as
observed earlier for the other set of samples. However, in the
case of the VWC sample, the there are two oxidation states of
V>* (516.7 and 523.9 eV) and the deconvoluted V** (515.6 and
522.8 eV) for the VWC used sample. This suggests that the

Mater. Adv., 2024, 5,1301-1331 | 1323
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Fig. 16 X-ray photoelectron spectra for (A) V-2p, (B) Ce-3d, (C) O-1s, and (D) C-1s with (a) V,05-CeO, (VC) and (b) used sample after the catalytic

reaction (VC-used).

adsorbates and the intermediates are adsorbed on V>*, which in
turn is reduced for the other oxidative reactions. The Ce-3d
spectrum, as shown in Fig. 18(C), shows the same effect as
discussed in Fig. 16(C), where Ce can be divided into 10 peaks
for Ce 3ds/, and 3dj,,, where the particular peaks of v°, v/, u°,
and «’ represent that of Ce*" and the other six peaks correspond

1324 | Mater. Adv,, 2024, 5,1301-133]1

to Ce*". The percentage of Ce*" in CeO, for VWC and VWC used
is 31% and 52% (Table S1, ESIY), respectively, which shows that
a good amount of Ce*" is formed during the oxidation reaction.
The O-1s spectrum is presented in Fig. 18(D), showing five
deconvoluted peaks at 529.1, 529.4, 529.7, 531.2, and 532.6 eV,
where the initial three peaks represent O-Ce** (Ce0,), O-V>*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 X-ray photoelectron spectra for WOz—-CeO, (WC) and sample used after the catalytic reaction (WC-used): (A) W-4f, (B) Ce-3d, (C) O-1s and (D)

C-1s.

(V,05), and O-W®" (WO3), respectively, in the biphasic mixed
oxides (V,0s, WO3) dispersed on the ceria support. The other
two peaks in O-1s spectrum correspond to the surface -OH
groups and the peak with highest binding energy (532.6 eV)
suggests the presence of O-vacancies (Table S3, ESIT).

© 2024 The Author(s). Published by the Royal Society of Chemistry

The C-1s spectrum, as shown in Fig. 18(E), for the VWC
sample shows the presence of a peak at 284.5 eV for adventi-
tious C, whereas the C-1s spectrum for the VWC used sample
shows peaks at 284.5, 285.6, 288.3, and 290.8 eV, where the first
peak represents the adventitious C and the other peaks

Mater. Adv., 2024, 5,1301-1331 | 1325
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represent enols, maleates/carboxylates and carbonates, respec- 37.3 eV for W 4f,,, and W 4f;,, representing W°" in WO,
tively. The W-4f spectrum in Fig. 18(B) shows peaks at 35.1 and  described earlier. However, for the VWC samples, there was an
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Scheme 12 Scheme showing the overall conclusion of XPS data. W, V, Ce of V,0s, WOz and CeO, together with o-DCB, enolate, phenolate and
intermediates, such as acetate, are completely representative and used only for depiction.

increment in the binding energy of the W-4f peaks in the VWC
used sample, suggesting the loss of electron density from W°".

The overall mechanism inferred by the XPS understanding is
represented by the model shown in Scheme 12.

5. Discussion

The above-mentioned results for the in situ FT-IR and inter-
mediates derived from the corresponding IR dataset portrayed
in the different schemes and the XPS data of the catalysts
before and after the o-DCB oxidation process raise certain
pertinent questions, as follows: (a) in the case of WC presented
in Scheme 5, the formation of bicarbonates from the carbox-
ylates is observed. Now, the formation of bicarbonates requires
H* as a source. How is it obtained on the surface of WC? This
needs to be understood. (b) One of the findings in almost all
the catalysts (VC, WC and VWC) is the formation of CO, from
0-DCB, even in the absence of O,. Although this strongly points
towards the Mars-Van Krevelen mechanism (MVK), where the
use of lattice oxygen leads to the initiation and formation of the
intermediates in the absence of O,, the extent of complete
oxidation needs to be understood. (c) The XPS studies con-
firmed the presence of surface V**/W>*/Ce*" together with sur-
face O-vacancies. However, their role in the formation of the
different surface intermediates needs to be understood. (e) In

© 2024 The Author(s). Published by the Royal Society of Chemistry

the process of initial adsorption, the VC surface shows the
presence of enolate/phenolate in the presence of O, and mainly
phenolate in the absence of O,. The WC surface showed
reactive adsorption in the presence of O, where upon adsorp-
tion it forms a m-ring complex, enolate/phenolate, benzoquino-
nate and maleate, whereas in the absence of O,, only enolate/
phenolate are formed. Alternatively, the VWC surface shows
reactive adsorption both in the presence and absence of O, to
form a n-ring complex, enolate/phenolate, benzoquinonate and
maleate. Thus, it will be quite interesting to understand these
scenarios. (f) Why in the XPS studies usually in WC, W®
transformed into W', whereas in VWC, V goes from V°* to
V** and Ce*" to Ce*" but for W®" the oxidation state remains
almost unchanged?

According to Scheme 5, it is quite pertinent that the for-
mation of bicarbonate as an intermediate from carboxylates
occurs, which requires a source of H* or dissociation of H,O
over the surface to further form surface -OH groups and H°.
The presence of substantial O-vacancies (Fig. 17(C)) in the WC
catalyst (Table S3, ESIT) may give rise to sites where either the
dissociation of H,O produced as an oxidation product of the
previous intermediates occurs or may be formed by the abstrac-
tion of an H* from the carboxylates themselves over O-vacancy
surface sites. This results in an increase in the content of
surface ~-OH groups (Fig. 17C), which was previously observed
for the hydroxyl radical in photocatalytic mechanism,* and

Mater. Adv,, 2024, 5,1301-1331 | 1327
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also for the hydrogenation reaction of CO, on the surface of
ceria.®® Therefore, the O-vacancy on the support and WO,
catalyst can be a result of this effect. There is another sub-
stantial question that also needs attention. The O-1s XPS
spectra (Fig. 17C) also show that there is an increase in the
O-vacancy concentration with the WC-used catalyst. According
to the above-mentioned explanation, there should have been a
decrease in the O-vacancy sites as they are being used in the
process of formation of H® used for the formation of bicarbo-
nates. However, the substantial formation of Ce*" was observed
in the CeO, support (Fig. 17(B)), leading to the formation of
O-vacancy together with the same effect for the formation of W>*
(Fig. 17(A)) in the spent-catalyst in WO;, which also leads to the
formation of the O-vacancy. Therefore, the net result shows an
increase in the concentration of O-vacancies (Table S3, ESIY).

The next question that needs attention is the oxidation of
0-DCB on VC, WC and VWC in the absence of 0O,. CeO,
possessing labile lattice oxygen was subjected to the inherent
O-vacancies present in its structure, which is responsible for
the Mars-Van Krevelen (MKV) mechanism. This mechanism
shows the use of the lattice O-vacancy for the initiation of an
oxidative reaction rather than the use of O-adsorbed and other
reactant adsorbed sites. The MKV mechanism mainly evolves
where the rate of the reaction is dependent on the M-O (metal
oxygen) bond/M-X (X = O, Cl, S) or also depends more on the
presence of M-Vo.*” The oxidation of benzaldehyde, the reverse
reaction, can proceed with only the oxide lattice oxygen, as has
been seen in the literature previously by Kiado’s group by IR
studies.®®® Similarly, the in situ IR spectra of adsorbed acetic
acid were studied and they provided an indication that acetic
acid interacts with oxygen vacancies upon the formation of an
asymmetric bidentate adsorption complex, which was shown
earlier by the Ponec group,”® where the formation of the
adsorption intermediates can be loosely visualised as shown
in Scheme 13.

However, here, the MKV proceeds to the maximum extent
of complete oxidation mostly due to the larger availability of
O-vacancies, which increase as a function of both adsorption
and reaction with the intermediates, facilitating the larger

Phenolate MKV Reaction

View Article Online

Materials Advances

enthalpy supplied for the complete oxidative process. This is
absent in the supports such as TiO, and SiO, for the same type
of reaction. TiO, as a support leads to the formation of the
intermediates but not the complete oxidation to CO, in an He
atmosphere as observed by our group recently. In contrast, the
CeO, support with more O-vacancies and tendency to evolve O,
mostly results in the complete oxidation in an He-atmosphere.

The catalytic reactions for the different catalysts VC, WC and
VWC were performed at 100 °C, 150 °C, 175 °C, 200 °C, where
the desorption temperature was understood by in situ FT-IR, as
presented in Table S4 (ESIt). Also these catalysts could be
recycled for at least two to three cycles. Therefore, the XPS
studies, as depicted in Scheme 12, shows the formation of V**
from V°* in V,05 (VC and VWC), W** from W*" (WC) and Ce**
from Ce*" (VC, WC, and VWC), which are mostly formed either
in the process of the oxidative intermediate or to stabilize a
particular oxidative intermediate. In this process, the formation
of the corresponding O-vacancy (Table S3, ESI{) also occurs to
preserve the charge neutrality. However, according to the
desorption temperature, it is quite pertinent to say that the
reduced catalyst is oxidised back in the presence of O, together
with the intermediates present on its surface to regain the
catalyst.

The reactive adsorption on the surface of WC in the presence
of air can be attributed to the fact that the enolates are
transformed to maleates. This may occur through the benzo-
quinonate intermediate that is found in the VWC catalyst,
which is mostly is a conjugative stable structure. However, in
VWG, the reactive adsorption both in the presence and absence
of O, can be explained by the fact that 0-DCB id adsorbed on
the surface on two different metal sites, V°" and W°", as shown
in Scheme 9. This will lead to considerable strain in the ring
structure of benzoquinonate, leading to formation of maleate,
which was also observed in the He atmosphere. In VWC, two
sites exist, V>* and W®", together with that of the CeO, support,
in which Ce**/Ce*" co-exist. The reduction potential of V>*/V**
is lower than that of W*/W°" and in the presence of both
oxides, the preferential reduction of V>* in SCR catalysts was
previously observed.”* Therefore, in the VC, WC and VWC

0]

Enolate MKV Reaction

Adsorption by MKV

Scheme 13 Adsorption on the O-vacancy sites in catalysts leading to the MKV-type reaction.
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series of catalysts, it was found that these catalysts mineralize o-
DCB to CO, in the presence or absence of air notably through
different intermediates, which are described in the different
scheme (Schemes 2-11) and the surface species are described
in Scheme 12, where the correlation between them can be
understood.

The order of the catalytic activity could be understood from
the above understanding of the different intermediates formed
on the surface of the different VC, WC and VWC catalysts. Ceria
was used as a support, which primarily acts as a synergistic
support and is definitely beneficial for the process of adsorp-
tion utilising its own hydroxyl groups. Also, the XPS studies
revealed that CeO, possesses more Ce*" after the process of
reaction/adsorption, which shows the adsorption or reaction
using Ce* sites mainly. Also, the O-vacancy sites present in
ceria are utilised in the process of oxidation together with
adsorbed O,, which can be easily observed from the reaction
in an He-atmosphere. The reaction rate (Fig. 4) can be under-
stood based on the different surface intermediates formed.
VWC upon adsorption only forms reactive adsorption, resulting
in formation of maleates, which clearly indicates the ring
strain, where the adsorbed enolate/benzoquinonates species
as the adsorbed species are adsorbed over both V and W,
causing the ring strain (Scheme 7) and leading to ring opening
during the adsorption from maleates. These maleate form
carboxylates, bidentate carbonates (BDC) and monodentate
carbonates (MDCs), leading to the formation of CO,. The
formation of MDCs was neither observed on the surface of
VC nor WC, which also did not show faster transition from the
intermediates to CO, formation with faster kinetics. Both the
adsorption and formation of MDCs, which are more labile and
easily form CO, compared to BDCs, can explain why the surface
of VWC resulted in the formation of CO, both at a lower
temperature (120 °C) and at a faster rate. Also, VWC was shown
to possess O-vacancies to a greater extent, which mostly
explains the formation of MDCs from BDCs. In contrast, the
comparison between the WC and VC surfaces is not very helpful
to explain their catalytic activities. The WC surface shows the
formation of bicarbonates, which is not observed in the other
surfaces. Schemes 1 and 2 show the formation of different
adsorbed and intermediates in the reaction on the surface of
VC, which has a lower number of intermediates that are less
adsorbed on its surface. Also, in the process of adsorption, only
the formation of phenolates and enolates was accounted for,
whereas in the case of WC, the formation of n-ring intermedi-
ates together with phenolates and enolates was observed. The
enolates mainly form the different intermediates, which will be
lower in the WC surface, resulting in its lower activity. Also, in
the VC surface, the intermediates are adsorbed over the V**
surface (Scheme 11), which results in the formation of V** sites.
Therefore, the oxidation of the different intermediates over the
V®* surface and the transfer of electrons will be faster on VC
compared to WO; in WC, where W®" does not completely
reduce to W>*. This signifies that although the W°" sites are
responsible for the adsorption and oxidation, they do not
completely reduce to the state of W>* themselves, although

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the electron density over their part is mainly used in the
process of the oxidation reaction. This can also be a strong
reason for VC being more reactive compared to WC.

6. Conclusion

The complete mineralization of 0-DCB (a representative mole-
cule for dioxins and furans) occurred at ~120 °C under static
conditions, which is much lower than that of the present
generic industrial catalysts (effective at ~175 °C). To the best
of our knowledge, VWC is the most active catalyst (working at
120 °C) reported to date for the mineralization of 0o-DCB, which
can subsequently be utilized for the mineralization of dioxins
and furans. The rate of the prepared catalysts followed the
order of VWC » VC > WC. The TOF value showed that the V>*-
sites are better as compared to the W®" sites. The reaction rates
were understood at different temperatures based on the differ-
ent surface intermediates formed over the three catalysts. VC,
WC and VWC showed different mechanisms for the minerali-
zation of 0-DCB with different sites for adsorption and reaction.
WC and VWC showed reactive adsorption of 0-DCB and air/He,
showing formation of maleates. Different sets of intermediates
were formed over these catalysts in the presence and absence of
oxygen, which highlights the effect of O-vacancies from the
support and catalysts. In the VC catalyst, the adsorption and the
reaction center was V°*, which was reduced to V*' in the
reaction process; WC showed W®" as the active sites, which
was reduced to W>' in the reaction process; however, because
VWC had different reaction centres, V°" was reduced to V** but
W°" is not reduced to that extent of W**. In the absence of
oxygen, 0-DCB was also mineralized to CO,, showing the strong
effect of the labile lattice oxygen and definite Mars-Van Kreve-
len (MKV)-type mechanism. The overall reaction mechanism
for the best catalyst VWC showed the formation of maleates,
carboxylates/acetates, carbonates, and ultimately monodentate
carbonate to form CO,. The adsorption of the v aromatic
(m-ring) occurred over two different metal sites, V and W,
dispersed over different planes of CeO,, resulting in strong
ring strain and mostly faster ring opening and faster kinetics.
Also, CeO, exhibited a strong effect, where the post-adsorption
Ce** concentration together with O-vacancies increased, show-
ing the definite effect of lattice oxygen in the reaction inter-
mediate process.
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