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Abstract

The total oxidation of o-dichlorobenzene over differently loaded V,05/TiO,-based catalytic materials was studied. A series of vanadium-supported
catalysts have been prepared, by incipient wetness impregnation, on different commercial supports (bare TiO,, TiO,/WOj3; and TiO»/WO5/SiO,). The
prepared materials were characterized by XRD, H,-TPR, Raman spectroscopy and surface area measurements. All the catalysts exhibited high
oxidation activity and the content of vanadium in the system was demonstrated to be important in controlling the catalyst activity and selectivity.
Isolated and well-dispersed vanadium sites resulted beneficial for o-DCB conversion. Thus, in spite of the lower ability of SiO, to spread metal oxides
the higher resistance to sintering of silica-containing materials also at high vanadium content, favors VO, dispersion and leads to superior catalytic
performance. Nevertheless, the presence of tungsten on the support and of high amount of vanadium also lead to the formation of partial oxidation
products. In particular, dichloromaleic anhydride was formed and its production seems to be connected to the distribution of acidic sites.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Stringent environmental regulations are in place in US,
Western Europe and Japan, regarding the emissions of
polychlorinated dibenzodioxins (PCDDs) and dibenzofurans
(PCDFs) [1,2] due to the major health problems associated with
the exposure to these compounds [3]. QuaB et al. [4] report the
estimates of PCDD/F emissions in Europe for 1985 and 2005
where they indicate that, in spite of being produced by several
industrial operations, most of dioxins were produced during
municipal solid waste incineration and other combustion
processes. Several methods are available today to remove
chlorinated organic compounds from waste gas [5], the most
used technologies are adsorption on activated carbon [6], wet
scrubbing [7] and catalytic total oxidation [8,9]. However,
adsorption and absorption techniques only transfer dioxins
from the gaseous phase to solid or liquid phase, while the
catalytic decomposition causes their real destruction, with the
formation of carbon oxides and HCI. Recently, V,0s/TiO,-
based catalysts, which are commercially employed for the
reduction of NO, via NH5-SCR, have also been found to be
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active for destruction of dioxins, furans and chlorinated
organics present in gaseous stream [10-14]. The importance of
this kind of catalysts for industrial applications is demonstrated
by the number of commercial products present on the market
[15,16]. Producers of SCR catalysts and processes claim that
modified catalytic systems allow the simultaneous abatement of
dioxins and NO, in the SCR reactors [17-19]. The optimization
of commercial SCR catalysts for the combined dioxins/NO,
destruction was mainly achieved by increasing the oxidation
potential of the catalysts by higher vanadium content.
Nevertheless, information provided by commercial producers
on these new type of catalysts is very poor and deeper
knowledge is required to better understand the relationships
between catalytic performance and solid-material properties,
which are in turn necessary for further improvement of the
catalytic materials and to avoid the possible degradation of
catalytic properties during run in commercial plants. In
particular, it is known that vanadium-supported material
belongs to the most versatile catalysts used for heterogeneous
catalytic processes, among them selective oxidation [20,21],
and that its catalytic properties are strongly influenced by the
structure of the supported vanadium species [22]. Moreover,
active species distribution could change during catalyst ageing
leading to systems with different properties.
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During our studies in this area, we have investigated the
oxidation of 1,2-dichlorobenzene (0-DCB) over supported
vanadium catalysts. The aim was to elucidate the effect of
structural and redox features of differently loaded vanadium/
titanium-based catalysts as well as vanadia distribution on
catalytic performance. The structural properties and the nature
of the vanadium species present on the V,0s catalysts —
supported on commercial TiO,-based materials (bare TiO,,
TiO,/WOj3 and TiO,/WO05/SiO,) — were studied using Raman
spectroscopy, X-ray diffraction (XRD) and temperature pro-
grammed reduction (TPR). Moreover, with the finding of 2,5-
furandione-3,4-dichloro (dichloromaleic anhydride, DCMA)
during catalytic oxidation of o-dichlorobenzene, never detected
before on these type of systems, we evaluated the limits of the
destruction of chlorinated waste.

2. Experimental
2.1. Catalyst preparation

To obtain the supported catalysts, different TiO,-anatase
commercial powders were used as starting materials: Millen-
nium Chemicals DT51 (bare TiO,), Millennium Chemicals
DT52 (TiOp/WO5 =90:10 w/w) and Millennium Chemicals
DT58 (TiO,/WO05/SiO, = 81:9:10 w/w). The vanadium-con-
taining samples were prepared by the method of the incipient
wet impregnation procedure which uses an aqueous solution of
vanadium oxalate. Vanadium oxalate was synthesized from
vanadium pentoxide (V,05 > 99.6%, Aldrich) and hot (70 °C)
aqueous solution of oxalic acid (>97% Aldrich). The powders
obtained were then dried in an oven for 15 h at 120 °C, and
calcined in air at 580 °C for 6 h. Prepared catalysts are reported
in Table 1.

2.2. Characterization of catalysts

Surface areas were measured by N, physisorption apparatus
(Sorpty 1750 CE instruments) and single point BET analysis
methods, samples were pre-treated under vacuum at 200 °C.

Table 1
Specific surface area, V content, apparent VO, surface density and anatase
crystallite dimensions for studied catalysts

Catalyst Specific V,0s5 VO, surface Crystallite
surface content  density size TiO,
area (m%/ g) (wt.%) (V atoms/nm?)  anatase (nm)

TiO, 76 0 0 20

1.8-TiO, 40 1.8 3.0 30

3-TiO, 36 3.0 5.5 39

5-TiO, 30 5.0 11.0 45

TiO,/WO; 74 0 0 22

1.8-TiO,/WO5 61 1.8 2.0 27

3-TiO,/WO; 44 3.0 45 27

5-TiO,/WO; 36 5.0 9.2 36

TiO,/WO3/Si0, 91 0 0 18

1.8-TiO,/WO;/SiO, 85 1.8 1.4 20

3-TiO,/WO05/SiO, 69 3.0 29 22

5-TiOo/WO5/SiO, 56 5.0 59 27

The reduction behavior of vanadium oxide species was
studied by means of TPR using a Termoquest TPDRO
instrument. The reducing gas was composed of 5 vol.% of
H, in Ar. Before reduction the catalysts were heated to 500 °C
for 1 h in air to achieve the V>* state.

X-ray diffraction patterns were obtained in the range of 10—
80° with a diffractometer Philips PW 1710, using Ni-filtered Cu
Ka radiation (A = 1.5432 A). The average crystallite sizes of
the synthesized powders were determined from the full-width at
half-maximum (FWHM) of the XRD diffraction peaks using
the Debye—Scherrer equation.

The Raman spectra were obtained using the 514 nm line of
an Ar" ion laser, using the Renishaw Raman Spectroscopy
System 1000 with Leica DMLM microscope. The laser power
at the sample location was 50 mW; the experiments were
carried out at ambient conditions.

2.3. Catalytic testing

Catalytic experiments were carried out in a fixed bed glass
reactor at atmospheric pressure [23]. Each run used
approximately 350 mg of catalyst in the form of 30—60 mesh
(250-595 pm) particles, mixed with 1120 mg of corundum
grains of similar size for better temperature control. The total
volumetric flow through the catalyst bed was held constant at
140 ml/min (measured at atmospheric pressure and room
temperature), 10 vol.% oxygen, 90 vol.% nitrogen and
1400 ppm of o-dichlorobenzene.

Analysis of reactants and products were carried out as
follows: the products in the outlet stream were scrubbed in cold
acetone maintained at —25 °C by a mixture of dry ice and
glycol. The amounts of reagent and products condensed during
a reaction period of 15 min at steady state conditions were
analyzed with a GC (Perkin-Elmer Autosystem XL) equipped
with a PE-17 capillary column (30 m x 0.25 mm, methylpo-
lysiloxane series) and an electron capture detector (ECD) which
uses 1,2-dichloropropane as a standard reference. Additionally,
the exit-flow of the reactor trapped in acetone was injected into
a GC with a mass selective detector (Hewlett Packard G1800A)
to confirm GC data and to verify the formation of non-
chlorinated compounds. CO and CO, formed were separated on
a capillary column Elite Plot Q (30 m x 0.32 mm), attached to
a methanizer and analyzed with a flame ionization detector
(FID). Particular care was devoted to determination of the C
balance, which was found to always fall between 95 and 105%
(calculated as the comparison between converted o-dichlor-
obenzene and the sum of the product yields).

3. Results and discussion
3.1. Characterization of the catalysts

To investigate the effect of vanadium on the catalyst
morphological properties, XRD and surface area measurements
have been carried out and reported in Table 1. On this table VO,
surface density — defined as the number of vanadium atoms per
square nanometer of the catalysts — was also reported, since it
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Fig. 1. XRD analysis for different supported catalysts with 5 wt.% of vana-
dium. (a) 5-TiO,, (b) 5-TiOo/WO5 and (c) 5-TiO,/WO;/SiO,.

can provide a convenient parameter to compare materials
prepared on supports at different surface area. Obtained data
clearly show that a significant loss of surface area and growth in
crystallite dimension occur upon V,0O5 addition for all studied
supports. These phenomena were limited on WO3- and SiO,-
containing samples, thus confirming that the addition of these
compounds stabilizes the material against sintering [24,25],
retarding the collapse of surface area also for high vanadium
presence. These materials, in fact, are generally considered
intrinsically instable due to the catalytic effect of vanadium on
the anatase-to-rutile phase transformation [26]. The effect of
structure stabilization was mainly observed for silica-contain-
ing materials, where the presence of this oxide inhibits the
sintering of TiO, anatase and preserves surface area. X-ray
diffraction analysis of all samples with V,0s lower than
5 wt.% detected only the lines due to anatase polymorphic
form of TiO,. This result suggest that, despite the presence of

TiO2/WO ;3 system

Raman intensity (a.u.)

high amounts of WO5; and SiO, (support DT52, TiO,/
WO; =90:10 w/w; support DT58, TiO,/WO5/Si0, = 81:9:10
w/w), the materials are well mixed structures, where additives
have very good dispersion and are mainly present as amorphous
phases. The increase of vanadium content to 5 wt.% leads to the
appearance of crystalline V,05 on 5-TiO, sample and of the WO5
crystallographic phase on the others supported systems (Fig. 1).
The segregation of WOj; indicates a high degree of structure
degradation, in fact is generally observed just before the
beginning of the anatase to rutile transition [27].

Raman spectra of vanadium supported on titanium under
hydrated and dehydrated conditions have been extensively
investigated [28,29]. In our Raman studies, taken in air using
the pure powder, the absorption bands of anatase at 632, 514,
and 390 cm ™' can be clearly seen, associated with weak peaks
at 970-980 and 790-800 cm ' (Fig. 2A and B). The higher
frequency Raman feature is both associated with W=0O and
V=0 stretching of monomeric wolframyl and vanadyl species
that are superimposed on each other, while the band at around
800 cm ™' consists of both the overlapping contribution of a
second-order anatase feature and of the W—O-W stretching
mode of structure previous reported. The strong increase in
intensity of this last band, on increasing the vanadium content,
could be attributed both to increased intensity of the anatase
contribution due to higher crystallinity of this phase, and to the
growth of crystalline WO; already indicated by XRD analysis.
Two new Raman bands, at 990 and 694 cmfl, attributable to
microcrystalline or amorphous V,Os, appear at higher
vanadium loading and with a different distribution due to
specific support properties. On silica-containing materials these
bands are more pronounced, and present at lower vanadium
content, thus indicating a strong effect of SiO, presence on
vanadium spreading. In effect, these materials revealed not
homogeneous distribution of vanadium as well as the presence

TiO,/WO3/Si0; system
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Fig. 2. (A) Raman spectra of TiO,/WO; based catalysts. (a) V05 = 0 wt.%, (b) V,0s5 = 1.8 wt.%, (¢) V.05 =3 wt.% and (d) V,0s =5 wt.%. (B) Raman spectra of
TiO/WO3/SiO,-supported vanadium oxide catalysts. (a) V,05 =0 wt.%, (b) V,05= 1.8 wt.%, (c) V,05=3 wt.%, (d) V,05=5 wt.% and (e) V,05 microcrys-

tallines in 5-TiO»/WO5/SiO, catalyst.
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Fig. 3. H,-TPR analysis of TiO,/WO3/SiO,-supported vanadium oxide cata-
lysts. (a) V,05=5wt.%, (b) V,05=3 wt.%, (c) V,0s5s=1.8 wt.% and (d)
V205 =0 wt.%.

of micro areas containing bulk V,0Os5 starting from sample 3-
TiO,/WO5/Si0,, as shown in Fig. 2B, spectra e. This evidence
could be explained by hypothesizing that, due to lower capacity
of silica to spread vanadium oxide [30], crystalline V,0s-like
structure are obtained at relatively low vanadium coverage on
the surface fraction of the support containing SiO,.
Complementary to the Raman spectroscopic experiments, a
clear measure of the variation of the dispersed vanadium phase
among supports is provided by the TPR behavior. In Fig. 3 the
H,-TPR spectra obtained for TiO»/WO3/SiO, for increasing
vanadium loading are showed as an example. In studied
samples, two main reduction peaks were present, with a
maximum at 520-545 °C and at about 620 °C, respectively. The
low temperature peak can be attributed to the reduction of
vanadium highly dispersed and strongly interacting with the
support while the high temperature peak is usually ascribed to
the reduction of highly polymeric or crystalline vanadia [31].
Nevertheless, as already reported [32], in WO;5-containing
samples, the exact determination of active species distribution
from TPR analysis is rather difficult, due to partial reduction of
tungsta in the same region as vanadia. On respect to reported
spectra, the peak area of the first peak, mainly due to highly
dispersed vanadium, is always higher then the area of the
second peak, but with the increase of amount of vanadium to
5 wt.% lead to a significant increase of the higher temperature
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peak confirming, as indicated by Raman analysis, the formation
of significant quantity of microcrystalline V,Os.

3.2. Activity measurements

To verify the possibility to increase the oxidation potential of
the catalytic systems with the increase of the vanadium loading
without production of partial oxidation products, we studied the
conversion of o-dichlorobenzene (0-DCB). The results of 0-DCB
conversion on TiO,/WOs-supported catalysts are summarized in
Fig. 4a. This figure reports the temperature necessary to have
80% o-DCB conversion and CO, selectivity at this temperature,
as a function of theoretical VO, density. The reported lines
identify VO, surface densities corresponding to theoretical
monovanadate (2.3 VO,/nm?) or polyvanadate (7.5 VO,/nm?)
monolayers [33]. The pure TiO,/WOj3 was found to exhibit some
activity for the reaction, mainly due to the WOj; presence, but the
o-dichlorobenzene conversion shows a significant enhancement
with the introduction of vanadia. The increase in the vanadia
loading changes the system activity. In fact, the o-DCB
conversion first increases, up to V,0s 4.5 VO,/nm” and then
decreases for higher vanadium content suggesting monolayer
species to be crucial for catalyst activity.

CO and CO, were the main products determined. In particular,
the selectivity to CO, was in the range 40—60%. Unexpectedly,
despite the high selectivity to CO, at high 0-DCB conversion, as
reported in Fig. 4b, significant amount of an incompletely
oxidized product, the dichloromaleic anhydride (DCMA) was
observed on all catalysts and the formation of this by-product
seems to depend on the vanadium loading. In fact, DCMA was
formed both at low and high vanadium content but, while on low
vanadium content material, it disappeared on increasing DCB
conversion, on systems containing a high amount of vanadium, it
remained very high. Thus, with all prepared catalysts, o-DCB
seems to undergo to two parallel reactions: direct oxidation to
CO; and CO and transformation into an especially stable partial
oxidation compound, the dichloromaleic anhydride.

Since silica is commonly used to increase commercial
DeNO, catalyst lifetime [24,25], we also investigated the
contribution of this compound in the complete oxidation of o-
DCB. Fig. 5a and b report the effect of different catalyst
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Fig. 4. (a) Temperature of 80% of 0-DCB conversion () and CO, selectivity at 80% of 0o-DCB conversion (A ), as a function of theoretical VO, density for TiO,/
WO; based catalysts. (b) Product selectivities for samples at different vanadium content. V,05 = 1.8 wt.% (A), V205 =3 wt.% (@) and V,05 =5 wt.% (&) (CO,

solid line; DCMA dotted line).
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Fig. 5. Effect of different supports on the conversion of o-dichlorobenzene (a) and DCMA selectivity (b) over samples at different vanadium content (reaction

temperature 300 °C).

composition on 0-DCB conversion and DCMA selectivity.
Both the presence of additives (WO;3; and SiO,) and the
vanadium content, significantly alter the o-DCB oxidation
activity of the TiO,/V,0s-based catalysts. In particular, WO3-
containing samples (TiO,/WO; and TiO,/WO3/Si0, supports)
showed higher activity while the selectivity in DCMA increases
with the presence of WO; and increasing the vanadium loading.

Trying to correlate the physical-chemical characterization
with catalytic results, we can conclude that catalyst activity in
0-DCB decomposition has the highest value for samples where
isolated and polymerized vanadium species dominate, as
already indicated for different reactions [34]. Furthermore, it is
suggested that the vanadium and tungsten present in bulk-like
V,05 and WO; species have only a small catalytic activity,
probably because most of the ions are not accessible for the
feed. Thus, the lower liability to sintering of silica containing
materials, while preserving surface area also at high vanadium
content, favors vanadium dispersion and leads to higher
catalytic performance. The onset temperatures of the reduction
were determined from the TPR curves of all studied materials
and reported in Fig. 6 together with the temperature to obtain
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Fig. 6. Comparison between the onset temperature of reduction and the
temperature of 80% of o-dichlorobenzene conversion for different catalysts.
TiO,/WO; system (@, O) and TiO,/WO3/SiO; system (A, /). Onset tem-
perature = filled symbols and 0-DCB conversion = open symbols.

80% of 0-DCB conversion. The fact that the lower onset
temperature of reduction was obtained on 3-TiO,/WO5/SiO,
sample — which also showed the most interesting catalytic
results — seems to indicate that vanadia, bond as highly
reducible species on support, iS necessary to carry out
chlorinated organics degradation.

In addition to the type of vanadium species and to the
reducibility of the active phase, the acid—base character of the
catalyst could be responsible of the differences of different
materials, in particular respect to DCMA formation. Since the
acidity of our TiO,-based supports, determined by NH3-TPD by
Vaccari et al. [35] indicated that the relative total acidity of
these materials was TiO, < TiO,/WO5/Si0, < TiO,/WOs,
different selectivities in DCMA on our materials could be
ascribed to the change in acid-basic properties of catalysts due
to both the increased vanadium content and the different
support acidity. In particular, the presence of surface Brgnsted
acid sites, due to WO;3 and high vanadium loading [36,37]
seems to favors the formation of this product of selective
oxidation. On the contrary, Lewis sites, present on titanium
oxide and at low vanadium content [38], seem to avoid the
DCMA production. Additional studies are ongoing to clarify
the mechanism of DCMA formation.

4. Conclusion

These studies demonstrated that the V,Os-supported
titanium-based systems are active for the oxidation of o-
DCB as well as that VO, highly dispersed on the support was
the active phase. The vanadium content was found to have a
major influence on both the structural stability and catalytic
activity of prepared catalysts. In fact, catalysts with a higher
vanadium content show a significantly lower surface area. As a
consequence, in spite of the lower ability of SiO, to spread
metal oxides, the higher stability of silica containing materials,
while preserving surface area, favors vanadium dispersion and
leads to superior catalytic performance.

The formation of dichloromaleic anhydride from o-DCB
decomposition on these types of catalysts and the catalyst
activity could be strongly affected by the acidity of the catalyst;
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this indicates that — in order to develop catalysts for complete
oxidation of organic molecules — it has to be kept in mind that
vanadium oxide is also the main element present in catalysts
used for selective oxidation processes and that the stability of
possible intermediate products and acidity of the catalyst are
key factors in obtaining partial oxidation molecules versus
complete decomposition.
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