Catalysis Letters 49 (1997) 235-243

235

Physico-chemical properties of WO3/TiO, systems employed
for 4-nitrophenol photodegradation in aqueous medium
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A series of polycrystalline WO,/ TiO, samples were prepared by means of a conventional impregnation method. The samples
were characterized by means of X-ray diffraction, Vis-UV diffuse reflectance and Raman spectroscopies, nitrogen adsorption at 77
K for determining specific surface areas and surface texture, scanning electron microscopy, and FT-IR monitoring of pyridine
adsorption for measuring the surface acidity. Catalytic activity of the samples has been assessed by carrying out as a ““probe” reac-
tion the photodegradation of 4-nitrophenol in aqueous medium. The results obtained indicate that incorporation of tungsten on
titania leads to formation of different surface species, depending on the tungsten loading. Tungsta microcrystals were detected by
X-ray diffraction when the nominal molar W/Ti ratio reached a value of 8.0%. FT-IR investigation indicated that the presence of
tungsten induces formation of Brgnsted and Lewis surface acid sites. The photoactivity results confirm the beneficial effect of tung-
sten in TiO; for 4-nitrophenol photodegradation in aqueous medium. The reaction rates are higher than those reported in literature
for another set of samples and maximum photoactivity was achieved for a sample containing 1.96 moles of W per 100 moles of Ti.

Keywords: 4-nitrophenol photodegradation, WO,/ TiO; polycrystalline catalysts, Raman and FT-IR study, Brgnsted and Lewis
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1. Introduction

Addition of WO;3 to TiO; leads to polycrystalline
powders used in various heterogeneous catalytic reac-
tions of industrial interest, as for instance alkene isomer-
ization and disproportionation [1-3] and catalytic
selective reduction (SCR) of NO by NHj3 [4,5].

In recent years, it has been also observed a beneficial
influence of the presence of tungsten oxide in TiO; for
the occurrence of some photocatalytic processes, such as
photo-oxidation of 1,4-dichlorobenzene [6,7] and photo-
degradation of 4-nitrophenol [8] in aqueous medium. In
this latter case the catalysts were prepared by a sol-gel
method.

Studies carried out by using different techniques, e.g.
X-ray diffraction, XPS, FT-IR spectroscopy, etc., have
shown [9] that the preparation method of a powdered
catalyst influences the structure of the supported phase
and the surface physico-chemical properties of the parti-
cles. Consequently, the observed (photo)catalytic activ-
ities can be related not only to the intrinsic electronic
features of the catalysts, but also to their structural and
surface physico-chemical properties [9,10], as deter-
mined by the preparation method.

In this paper a study on titania-supported tungsta cat-
alysts prepared by wet impregnation method and with

* To whom correspondence should be addressed.

©J.C. Baltzer AG, Science Publishers

various tungsten loading is reported, aiming mainly at
comparing some of their properties and their photoac-
tivities with those showed by similar catalysts prepared
by sol-gel method [8].

The powders were characterized by X-ray diffraction
(XRD), Vis-UV diffuse reflectance (DRS) and Raman
(RS) spectroscopies, nitrogen adsorption at 77 K for
determining the specific surface areas and investigating
the surface texture, scanning electron microscopy
(SEM) and Fourier transform infrared spectroscopy
(FT-IR) monitoring of pyridine adsorption for meas-
uring the surface acidity. Moreover, the samples were
tested as catalysts for the photodegradation of 4-nitro-
phenol carried out in aqueous medium.

2.Experimental
2.1. Catalysts preparation

Samples were prepared by the wet impregnation
method. The titania support (P-25 from Degussa,
Germany; 85% anatase, 15% rutile, Sger = 53 m? g~!)
was calcined overnight at 723 K to remove adsorbed
organic residues. The solid was subsequently impreg-
nated by using an aqueous solution of ammonium
(para)tungstate, (NHy4)10H2(W207)s, from Fluka
(Germany) and the solvent evaporated until dryness.
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The amounts of support and solution were chosen to
yield solids containing nominal atomic W/Ti ratios ran-
ging from 0.39 to 12%. The solids were dried in air in an
ovenat 373 K for 18 h, manually ground in an agate mor-
tar and calcined in air at 723 K for 4 h. Naming of the
samples is summarized in table 1, and corresponds to
W/Ti/ X, where X stands for the round closest value to
the atomic W/100Ti ratio.

2.2. X-ray diffraction

X-ray diffraction (XRD) profiles were recorded in a
Siemens D-500 instrument, using Ni-filtered Cu K,
radiation (A = 154.05 pm) interfaced to a DACO-MP
data acquisition microprocessor equipped with
Diffract/AT software.

2.3. Surface area determination and porosity

Specific surface areas (BET) for all of the samples
were measured by using a Flowsorb 2300 apparatus
(Micromeritics) following the single-point BET method
[11]. Cranston and Inkley (S¢) and external (S;) surface
areas for selected samples were determined by studying
the full adsorption—desorption isotherms at 77 K in a
conventional high-vacuum Pyrex system (residual pres-
sure 107* N m™2), pressure changes being monitored
with a MKS pressure transducer. A porosity assessment
of all of the samples was carried out with the same above
instrumentation.

2.4. Vis-UV diffusereflectance spectroscopy

Visible-ultraviolet spectra were recorded by the dif-
fuse reflectance technique using a Shimadzu UV-240
instrument, with MgO or unloaded TiO; as a reference
and a slit of 5nm.

2.5. Raman spectroscopy

Raman spectra in the 200-1200 cm~! range were

Table 1
Summary of tungsten content, specific BET (Sggr), Cranston and
Inkley (Sc), external (S) surface areas and catalytic activity of the sup-
portand W/Tisamples for 4-nitrophenol photo-oxidation

Catalyst W/Ti? SBET b Sc b St b kobs X 10%¢
TiO, P-25 - 53 58 53 3.0
W/Ti/0.4 0.39 45 n.m. n.m. 2.5
W/Ti/1.2 1.17 45 n.m. n.m. 4.7
W/Ti/2 1.96 44 n.m. n.m. 6.1
W/Ti/4 392 42 44 42 52
W/Ti/8 7.83 39 39 38 3.6
W/Ti/12 12.45 35 n.m. n.m. 34

4 Atoms W/100 atoms Ti.
b m?g~!. n.m. = notmeasured.

¢ Pseudo-first-order rate constant (s~').
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recorded on a computer-controlled Jobin Yvon
spectrometer, mod. U-1000, using the 514.5 nm line
from a Spectra Physics model 165 Ar" laser as the excit-
ing source; the spectral shift-width was typically 5cm™,
and laser source powers of ca. 400 mW, measured at the

sample, were used.
2.6. FT-IR spectroscopy for surface acidity

Adsorption of pyridine for surface acidity measure-
ments was monitored by FT-IR spectroscopy, using a
Perkin-Elmer 16PC spectrometer, connected to an Ataio
386-SX computer, using special cells with CaF, win-
dows. Samples were subjected to a conditioning treat-
ment in situ, consisting in outgassing at 673 K for 2 h
(residual pressure 103 N m~2) before performing the
adsorption studies.

2.7. Scanning electronmicroscopy

SEM analyses were performed using a model 505
Philips microscope, operating at 25 kV on specimens
upon which a thin layer of gold had been evaporated.

2.8. Photocatalytic experiments

Photoreactivity runs were performed using a 0.5¢
Pyrex batch photoreactor. A 125 W medium pressure
mercury lamp (Helios Italquartz, B-type) was axially
fixed inside the reactor. The photon flux emitted by the
lamp was ®; = 13.5mW cm 2. It was measured by using
a radiometer UVX Digital leaned against the external
wall of the photoreactor containing only pure water.

Oxygen was continuously bubbled into the suspen-
sions for 0.5 h before switching on the lamp and for the
duration of the experiments. The catalyst amount and
the 4-nitrophenol concentration used were ca. 2 g ¢!
and ~ 50 mg /™!, respectively. The initial pH of the sus-
pensions was adjusted to 4.5 by addition of H,SOy4
(Carlo Erba RPE) and the temperature inside the reactor
was about 300 K. The photoreactivity runs extended
along 3 to 7 h. Samples of 5 ml volume were withdrawn
from the suspensions every 10 or 30 min and the catalysts
were separated from the solution by filtration through
0.45 pm cellulose acetate membranes (HA, Millipore).

The quantitative determination of 4-nitrophenol was
performed by measuring its absorption at 315 nm with a
spectrophotometer Varian DMS 90. For the TOC deter-
mination a Carlo Erba TCM 480 apparatus was used.

3. Results and discussion
3.1. X-ray diffraction

X-ray diffraction diagrams of the support and of
selected samples are shown in figure 1. The support con-
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Figure 1. X-ray diffraction diagrams for (a) support TiO, P25, (b) sam-
ple W/Ti/4, (c) sample W/Ti/8, and (d) W/Ti/12. W = peaks due to
WOs.

sists of both crystallographic phases of titanium dioxide,
rutile and anatase [12]. The anatase content is ca. 85%
and was determined from the relative intensities of the
main diffraction peaks relative to (101) and (110) planes
of anatase and rutile, respectively. The diagrams for the
low-loaded samples (W/100Ti < 8) are almost coinci-
dent with that of the support, with no diffraction peak
due to tungsten-containing species, thus suggesting that
the tungsten-containing phases are well dispersed on the
support surface. The richer W samples, on the contrary,
show XRD diagrams where in addition to the peaks of
the support, weak peaks at 384 and 265 pm, correspond-
ing to triclinic WO3 phase, can be observed and the
intensities of these peaks increase as the W content
does.

3.2. Specific surface area determination and porosity
assessment

Nitrogen adsorption—desorption isotherms at 77 K
on support and selected samples are shown in figure 2.
The isotherm for the support is reversible in the whole
relative pressure range, and corresponds to type 11 in the
TUPAC classification [13]. The same type of isotherm is
displayed by samples W/Ti/4 and W/Ti/8, although the
adsorption capacity somewhat decreases and a small
hysteresis loop is observed in the 0.5-0.9 relative pres-
sure range. This hysteresis loop corresponds to type H3
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Figure 2. Nitrogen adsorption—desorption isotherms at 77 K on (a)

support TiO, P25, (b) sample W/Ti/4, and (c) sample W/Ti/8. Small

circles: adsorption data; large circles: desorption data. The curves have
been vertically displaced for clarity.

in the IUPAC classification, characteristic of mesopor-
ous samples.

The specific surface areas, as calculated following
the BET method, Sggt, are reported in table 1 and it can
be noticed that they decrease by increasing the tungsten
loading.

The cumulative surface areas, Sc, calculated accord-
ing to the method by Cranston and Inkley [14] are also
included in table 1, and coincide with the Sggr values,
within experimental error, thus confirming the lack of
micropores in these samples.

The t-plots, not shown for the sake of brevity, fit
straight lines passing through the origin, thus defini-
tively confirming the lack of microporosity. The external
surface areas, S;, calculated from the slope to the
straight line, also coincide with the Sggr values,
although for samples W/Ti/4 and W/Ti/8 an upwards
deviation of the 7-plot at high relative pressures, due to
adsorption in wide pores [15], can be observed.

Pore-size distribution plots in figure 3 show that pores
with a diameter ranging between 2 and 4 nm predomi-
nate in the support, while for W/Ti samples the pore
diameter range is wider, extending from 2 to 6 nm.

3.3. Vis-UVdiffusereflectance spectroscopy

Vis-UV spectra of the support and W/Ti/4, recorded
by the diffuse reflectance technique, are reported in
figure 4. MgO or P25 Degussa TiO, were used as refer-
ence samples.
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Figure 3. Pore size distribution curves for (a) support TiO, P25, (b)
sample W/Ti/4, and (c) sample W/Ti/8.
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Figure 4. Vis-UV/DR spectra of (a) support TiO, P25, (b) and (c) sam-
ple W/Ti/4. Reference: solid line MgO; dotted line: parent TiO,.
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When MgO is used as a reference sample, the spec-
trum of the support consists of a single, broad, asym-
metric and intense absorption from ca. 400 nm to lower
wavelengths, usually ascribed to a charge-transfer pro-
cess from the valence band (mainly formed by 2p orbitals
of the oxide anions), to the conduction band (mainly
formed by 3d t,, orbitals of the Ti** cations) [16] and the
W /Ti samples show an absorption band similar to that
recorded for the support.

When P25 Degussa TiO; is used as a reference (the
charge-transfer band due to the support is subtracted) a
weaker absorption band, with a maximum close to 380
nm is recorded for all W/ Tisamples. The intensity of this
band, ascribed [17] to a charge transfer process from
oxide orbitals to WO* orbitals, increases as the tungsten
content does.

3.4. Raman spectroscopy

The Raman spectra of selected samples are shown in
figure 5. The support shows bands at 790, 639, 517, and
398 cm~! attributable to anatase, and at 476 cm ! attri-
butable to rutile [18]. When tungsten is present, with
contents lower than those required to form the mono-
layer according to XRD data ( < 8 W per 100 Ti atoms;
see section 3.1), an additional, weak, broad band is
recorded at 964 cm~!. By increasing the tungsten con-
tent, the band due to tungsten species slightly shifts
towards higher wavenumbers, i.e. at 975 cm™! for sam-
ple W/Ti/4 and at 980 cm~! for samples W/Ti/8 and
W/Ti/12. This band can be attributed to the W=0O
stretching mode of surface dispersed bidimensional
tungsten oxide species [19].
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Figure 5. Raman spectra of sample (a) W/Ti/2, (b) W/Ti/4, (c) W/
Ti/8 and (d) W/Ti/12. Inset: low Avrange for sample W/Ti/2.
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The fact that only one band is detected indicates the
presence of mono-oxo species, because two bands, corre-
sponding to the antisymmetric and symmetric modes,
would be recorded [20], if di-oxo species were present.
Several authors [20-23] have reported the presence of a
single band between 936 and 965 cm~!, which shifts to
higher wavenumbers (1010 cm™!) when the spectrum is
recorded in situ by using dehydrated samples. These
authors ascribe this band to single [WO4] and/or [WOg]
species, depending on the tungsten loading. In our case,
the position of the band is very close to that reported for
solvated polytungstates [24], where tungsten does exist
in distorted octahedral co-ordination.

For samples W/Ti/8 and W/Ti/12, with tungsten
contents larger than that corresponding to the experi-
mental monolayer loading, in addition to the band close
to 1000 cm™!, a stronger band is recorded at 806 cm™!,
which can be attributed to crystalline WOj3 [25].

Although this band, indeed, could be ascribed to that
recorded at 790 cm~! for the titania support and found
also in the spectra of other light-loaded W/Ti samples
(the bands are very broad and consequently such an
ascription cannot be ignored), it should be stressed that
the shape of the band is narrower in the case of the high-
loaded tungsten samples and the observed shift (from
790 to 806 cm~!) is higher than the instrumental error. It
is worth noticing, moreover, that the variation of the
shape and of the position of the band can be also noticed
in the spectrum recorded for the sample W/Ti/4.

These results confirm the XRD results indicating that
the tungsten oxide monolayer is achieved for tungsten
loadings just below that corresponding to sample W/Ti/
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Figure 6. FT-IR spectra recorded after adsorption of pyridine at room
temperature on sample W/Ti/2 and outgassing at (a) room tempera-
ture, (b) 373, (c) 473, (d) 573, and (e) 673 K.
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Figure 7. FT-IR spectra recorded after adsorption of pyridine at room
temperature on sample W/Ti/8 and outgassing at (a) room tempera-
ture, (b) 373, (c) 473, (d) 573, and (e) 673 K.

8, and the “molecular” structure of the tungsten-con-
taining species mostly depends on the tungsten loading.

3.5. FT-IR spectroscopy for surface acidity

FT-IR spectra recorded after adsorption of pyridine
on samples with different W contents are rather similar.
Those corresponding to samples W/Ti/2 (as an example
of those samples with low W content) and W/Ti/8 (for
those with high W loadings) are shown in figures 6 and
7, respectively. The positions of the bands recorded, as
well as their ascription, are given in table 2. The bands at
1607-1610 and 1447 cm™! correspond to modes 8a and

Table 2
Position (cm~') and ascription of the bands in the FT-IR spectra of pyr-
idine adsorbed on the support and the samples studied

Sample Bpy? Lpy®

8a 19a 19b 8a 8b 19a 19b

TiO, - - - 1604 1575 1490 1445
1592¢

W/Ti/0.4 - - - 1607 1575 1490 1447
W/Ti/1.2 — — — 1607 1575 1490 1447
W/Ti/2 1639 1490 1537 1607 1575 1490 1447
W/Ti/4 1639 1490 1537 1610 1575 1490 1447
W/Ti/8 1639 1489 1539 1610 1577 1489 1447
W/Ti/12 1639 1489 1539 1610 1575 1490 1447

2 Protonated pyridine bonded to surface Brgnsted acid sites.
b Pyridine coordinated to surface Lewis acid sites.
¢ Physisorbed pyridine.
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19b of pyridine co-ordinated to surface Lewis acid sites,
and those recorded at 1537-1539 and 1639 cm™! are
characteristic of modes 19b and 8a of protonated pyri-
dine [26]. The presence of these bands indicates that after
incorporation of tungsten (even with loadings as low as
2% atoms), surface Brgnsted acid sites develop, in addi-
tion to surface Lewis acid sites, despite the absence of the
former in the support [26,27]. When the tungsten content

-
L o, 250 kW, 1,20 2787 (mapnilivalion|

B
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is increased, the band due to mode 8a of co-ordinated
pyridine shifts, and the intensities of the bands due to
pyridinium species increase. It can be concluded, conse-
quently, that both surface Lewis and Brgnsted acid sites
are related to the presence of tungsten species (W°*).

By outgassing at increasing temperatures a steady
decrease in the intensities of all bands was observed;
however, those due to co-ordinated pyridine remain still

Figure 8. Scanning electron micrographs of (A) pure TiO, Degussa P-25; (B) W/Ti/1.2; (C) W/Ti/8; and (D) W/Ti/12. (Continued on next
page.)
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Figure 8. (Continued.)

present at higher outgassing temperatures (673 K) than No significant morphological differences among the
those due to pyridinium species, indicating that the W/Ti samples can be noticed by the observation of the
Lewis sites are stronger than the acid ones. micrographs in figure 8. The shape of the particles for all

of the samples is very irregular and some debris attached
3.6. Scanning electron microscopy to the bigger particles are evident. By comparing the W/

Ti samples with the bare TiO, used as support it can be
Some selected micrographs of bare TiO, and of W/ noticed that the presence of tungsten favors the agglom-
Ti/1.2,W/Ti/8 and W/Ti/12 are shown in figure 8. eration of particles.
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3.7. Photocatalytic experiments

The photooxidation of 4-nitrophenol was chosen as a
probe reaction [28-30] in order to study the photoactiv-
ity of the W/ TiO, samples and to compare them with the
bare TiO, used as support and other loaded samples pre-
pared by different methods [6-8].

The photoreactivity results obtained by using the W/
Ti samples and the bare TiO, sample are reported in
table 1 as observed pseudo-first-order rate constant
values (kops). In figure 9 the ratio between 4-nitrophenol
concentration and 4-nitrophenol initial concentration
versus reaction time is reported for some selected runs.
The results indicate that the loaded samples are more
photoactive than the corresponding bare TiO, with the
exception of W/Ti/0.4, of which the photoactivity is
slightly lower than that of the support. All the other W/
Ti samples showed a photoactivity higher than that of
the bare support and among them W/Ti/2 was the most
photoactive.

These results are in agreement with the literature [6—
8] reporting a beneficial effect of the presence of tungsten
in TiO; for other sets of W/Ti samples used for photo-
oxidation of organic substrates in aqueous medium. In
particular, a set of samples prepared by using the sol-gel
method showed a similar trend for the same photoreac-
tion [8] and a maximum of photoreactivity occurred in
the presence of a sample containing ca. 1.7 atoms of W
per 100 atoms of Ti.

In the set reported in this paper the most active sam-
ple, W/Ti/2, contains a tungsten content very close to
that of the most photoactive sample prepared by the sol—
gel method, but the photoreactivity was ca. an order of
magnitude higher [8].

C/Co 0.1 ]

0.01

time (ks)

Figure 9. Ratio between 4-nitrophenol concentration at the time ¢ and
4-nitrophenol initial concentration versus illumination time. () Bare
TiOy; (@)W/Ti/0.4;(A)W/Ti/2;(®)W/Ti/8;and (V) W/Ti/12.
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This fact reflects, probably, the intrinsic photoactiv-
ity of the corresponding bare TiO, used as support and
this difference can be understood by taking into account
the well known oxidizing capacity of P25 Degussa TiO,
with respect to other commercial and home-prepared
TiO, samples [31].

It is well known, on the other hand, that the photo-
activity of TiOj is strongly influenced by the preparation
method [32,33].

The formation of W>* species by means of transfer
of photoproduced electrons from TiO; to WO (see
section 3.3) can explain the beneficial effect of tungsten
on the photoactivity of TiO; [7,8].

The lower photoreactivity with respect to bare TiO,
shown by the lightest loaded sample W/Ti/0.4 can be
explained by taking into account that tungsten species
could act as recombination centers for the e —h* pairs
recombination according to the following reactions:

_ 6 5

€ion)e T Winaig) = Wi (1)
5 6

hTio,b + Wina) = Wi (2)

A detailed discussion on this aspect can be found in
ref. [8].

In order to investigate the capacity of the W/Ti
impregnated samples to achieve complete photodegra-
dation of 4-nitrophenol, the total organic carbon was
analyzed during the runs at fixed time intervals. In
figure 10 the ratio between total and initial organic car-
bon concentration versus reaction time is reported for
the bare TiO; and some W/ Tisample. It can be observed
that the organic carbon disappeared more rapidly (after
ca. 3 hinstead of ca. 7 h) when the bare TiO, was used.

18 ’ v

09

08

0.7

0.6+ A
TOC/TOCo 0.5
0.4

0.3

02 n

0.1 [

time (ks)

Figure 10. Ratio between total organic carbon concentration (TOC)
at the time 7 and initial total organic carbon concentration (TOC,) ver-
sus illumination time. Symbols as in figure 9.
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It is also worth noting that the carbon concentration
disappeared more and more slowly by increasing the
amount of tungsten of the loaded samples and the forma-
tion and accumulation of organic intermediates during
the first steps of the photoreaction can explain the delay
of disappearance of TOC for some runs shown in
figure 10.

FT-IR results indicate the presence of different sur-
face acid-base properties for the support TiO, and W/Ti
samples.

Although it is difficult to correlate the photoreactivity
to each of the several electronic and surface physico-
chemical parameters on which it depends, the increasing
acidity shown by the W/Ti samples (the higher, the
higher the tungsten content) could play a major role in
lowering the 4-nitrophenol mineralisation rate observed
for these samples with respect to bare TiO,. The explana-
tion could be found in the less significant interaction
between the surface of the catalyst and the 4-nitrophenol
and/or the intermediates species produced in the first
oxidation steps of the reaction.

It can be concluded that the W/Ti impregnated sam-
ples are more photoactive than the corresponding bare
TiO;, when the organic substrate disappearance rate is
considered, but with respect to the complete photo-oxi-
dation of 4-nitrophenol, the bare TiO; used as support
(Degussa P-25) showed to be more photoactive than
each of the W/ Tiimpregnated samples.

For the samples prepared by the sol-gel method [8],
the bare TiO, was more or less photoactive than the
loaded samples, depending on the amount of tungsten.
Moreover, the presence of traces of carbon due to the
sol-gel preparation method carried out by using
tungsten(IV) oxychloride, the different type of pores, the
different surface hydroxylation along with many other
differences in the physico-chemical surface properties
could be responsible for the slower photoactivity of these
samples with respect to the impregnated W/ Ti ones.
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