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An integrated work concerning the interfacial chemistry of the impregnation step involved in the
preparation of tungsten(VI) supported titania catalysts is presented. Specifically, we investigated the
mode of interfacial deposition of the W(VI) oxo-species at the “titania/impregnation solution” interface,
the W(VI) interfacial speciation and the structure of the deposited species. Several methodologies based
on potentiometric titrations, microelectrophoresis and macroscopic adsorption measurements have been
used in conjunction with laser Raman spectroscopy and a modeling of the interfacial deposition process.
The modeling was based on a recently established ionization model for the titania surface and a modern
picture for the “titania/electrolytic solution” interface in the absence of the W(VI) oxo-species. It was
found that the monomers, WO2−

4 , are exclusively deposited at the interface at relatively low W(VI)
concentrations of the impregnation solution (�10−3 M) and over the whole pH range studied (9–4).
Three different monomers are formed: an inner sphere mono-substituted complex with the terminal
surface oxygen atoms of titania (predominant species), a surface species where the WO2−

4 ions are
retained above a bridging surface hydroxyl through a hydrogen bond and an inner sphere di-substituted
complex with two terminal surface oxygen atoms of titania. Their relative surface concentration depends
strongly on the pH of the impregnation solution. At relatively high W(VI) concentrations of the
impregnation solution (>10−3 M) the polymers W7O6−

24 , HW7O5−
24 and H2W12O10−

42 are deposited, in
addition, in the pH range 7–4. These species are adsorbed through electrostatic forces on adsorption
sites that involve 5–7 bridging and 5–7 terminal neighboring (hydr)oxo groups. It was generally found
a preferential deposition of the monomers, WO2−

4 , with respect to the polymer ones. The mode of
interfacial deposition, the interfacial speciation and the structure of the deposited W(VI) oxo-species,
would be very useful for a tailor made preparation of the tungsten supported titania catalysts.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Tungsten(VI) supported titania catalysts are increasingly promis-
ing functional materials for many reactions of environmental
interest. The SCR of NOx [1–3], the removal of various pollu-
tants such as chloro-organic compounds [4], chloro/fluoro-carbons
(CFC-12) [5], dibenzodioxins and dibenzofurans [6] and the hy-
drodesulfurization reactions [7] should be mentioned. The WO3/
TiO2 catalysts are, moreover, suitable for certain photocatalytic
reactions such as the photooxidation of methane [8] and the pho-
todegradation of 4-nitrophenol [9], of methyl orange [10] and
of 1,4-dichlorobenzene [11]. Finally, tungsten(VI) supported tita-
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nia catalysts are promising functional materials for several reac-
tions of industrial interest such as the acid catalyzed dehydration
of 2-propanol and dealkylation of cymene [12] as well as the
metathesis and isomerization of alkenes [13,14].

The catalytic behavior of a supported catalyst based on a given
support depends largely on the physicochemical characteristics of
the supported active species or supported nanoparticles. Suitable
physicochemical characteristics and thus catalytic behavior for a
given reaction may be obtained by controlling the preparation
procedure, mainly the initial impregnation step [15–24]. In order to
obtain such a control and put to a scientific base the art of the
catalyst preparation it is necessary to understand at a molecular
level the fundamental processes taking place in the impregnation
step. This mainly concerns the “equilibrium deposition filtration
(EDF)” [15] and the “homogeneous deposition-precipitation (HDP)”
[25,26] techniques which favor deposition, upon the equilibration
of the suspension, at the interface developed between the surface
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of the support grains and the solution (interfacial deposition) and
to a lesser extent the conventional incipient wetness impregnation
(IWI) or wet impregnation (WI) techniques [15,16]. The close relation
between the species formed upon impregnation and the charac-
teristics of the final active phase has been explained in detail in
an extensive article recently reported by our group [15]. In spite
of its importance, the title impregnation step has not been yet
studied. The work reported so far concerned preparation by IWI
or WI and characterizations mainly after calcinations [27–31]. On
the other hand works dealing with the deposition of the W(VI)
oxo-species on other supports are not abundant in the literature
[32–37]. Most of them concern the deposition of the W(VI) oxo-
species on the γ -alumina surface.

The understanding in depth of the interfacial chemistry of the
impregnation step involved in the preparation of tungsten(VI) sup-
ported titania catalysts requires prior achievement of a mapping of the
titania (hydr)oxo-groups, considered as the receptor sites for the depo-
sition of the W(VI) oxo-species, and of the “titania/electrolyte solution”
interface as well. This has been recently reported by our group [38].
According to the surface ionization model established (Fig. 29 of
Ref. [38]), two kinds of oxo-groups with different charges and pro-
tonation constants are developed on the titania surface: the termi-
nal oxo-groups (TiO−0.35) and the bridging ones (Ti2O−0.57). Both
may undergo one protonation step transforming into (TiOH+0.65)
and (Ti2OH+0.43), respectively. The interface is divided by three
charged planes into three sub-regions (Fig. 33 of Ref. [38]). The
surface plane is located at the oxygen atoms of the (hydr) oxo-
groups. Plane 1 is located at the oxygen atoms of the first layer of
ordered water molecules surrounding the titania surface. Plane 2
is located at the center of the second layer of the ordered water
molecules. The first two regions constitute the so called “compact
layer” of the interface. The distance between the surface plane and
the plane 1 as well as the distance between the plane 1 and the
plane 2 is 1.7 Å. The third sub-region, up to bulk solution, is called
diffuse layer where the indifferent-counter ions are accumulated. A
portion of these ions is also located inside the compact layer form-
ing ion-pairs with the surface (hydr)oxo groups of opposite charge.
The shear plane divides the interface into two parts: the stagnant
one (comprised from the compact layer and the stagnant-diffuse
layer), which “accompanies” the titania aggregates when they are
moved under the influence of an electric field by applying an
electrokinetic technique, and the external part which is separated
from the moving aggregates (mobile-diffuse layer). The aforemen-
tioned picture for the titania surface and the “titania/electrolyte
solution” interface was developed by taking into account a certain
contribution of the (1 0 1), (1 0 0), (0 0 1) anatase and (1 1 0)
rutile perfect crystal faces to the whole surface area of the tita-
nia nanocrystals. Moreover, it was based on charges of the surface
oxygen atoms determined using density functional theory ab initio
calculations [38].

In this paper we present an integrated work concerning the in-
terfacial chemistry of the impregnation step involved in the prepa-
ration of tungsten supported titania catalysts. This is based on the
aforementioned study [38]. Specifically, we investigate the mode
of interfacial deposition of the W(VI) oxo-species at the “tita-
nia/impregnation solution” interface (e.g. electrostatic adsorption,
formation of surface hydrogen bonds, formation of surface inner
sphere complexes etc.), the interfacial speciation and the surface
structure of the deposited W(VI) oxo-species. Several methodolo-
gies based on potentiometric titrations, microelectrophoresis and
macroscopic adsorption measurements have been used in conjunc-
tion with laser Raman spectroscopy. The latter has been proved
a useful tool in the determination of both the interactions be-
tween support surfaces and transition metal ionic species (TMIS)
and the surface structure of these species [39]. The aforementioned
methodologies were followed by a quantitative modeling of the in-
terfacial deposition process.

2. Experimental

2.1. Substances

NaNO3 dissolved in triply distilled CO2-free water and Na2WO4·
2H2O were used for the preparation respectively of the indifferent
electrolyte and impregnating solutions necessary for the deposi-
tion, microelecrophoresis, proton–ion, pH-equilibrium and poten-
tiometric titration experiments. (NH4)10W12O41·5H2O was used in
the laser-Raman experiments.

2.2. Support

Industrial titania (Degussa P25) containing (80%, w/w) anatase
and 20% (w/w) rutile was used for preparing the suspensions in
all cases. Its surface composition is ≈90% anatase and only ≈10%
rutile [40,41]. XRD spectra indicated that this material is consti-
tuted from primary nanocrystals of about 20 nm. A similar size
for these nanocrystals (30–40 nm) was determined by SEM im-
ages. The application of the laser scattering technique showed that
these are assembled into aggregates of various sizes, mainly in the
range 0.5–10 μm (81%) with a distribution centered at about 8 μm.

The textural analysis, carried out using a Micromeritics Gemini
III 2375, showed a BET specific surface area of 50 m2/g, the major
portion of which, 32 m2/g, is due to the pores in the range of 1.7–
300 nm with a total specific pore volume equal to 0.14 cm3/g. The
BET and BJH average pore diameters were found to be equal to 15.4
and 17.2 nm, respectively. The average pore diameters indicate that
most of the pores are formed between the primary nanocrystals.

2.3. Equilibrium deposition experiments

2.3.1. The set-up used in the deposition and potentiometric titrations
experiments

A thermostated double walled Pyrex vessel equipped with a
magnetic stirrer and a perspex lid with holes for electrodes and
nitrogen gas was used. The control (change) of the pH during
the deposition (titration) experiments was carried out by an auto-
matic microburette (Radiometer Copenhagen ABU901 Autoburette)
equipped with a combination pH electrode. The experiments were
performed at 25 ± 0.1 ◦C and ionic strength 0.1 M adjusted by
sodium nitrate. Nitrogen gas was passed into the vessel during the
experiments to prevent the dilution of the atmospheric CO2, which
would bring about a change in the pH.

2.3.2. Adsorption edges
Adsorption edges were done at two different initial W(VI) con-

centrations (10−2 and 2 × 10−2 M). Details concerning the experi-
mental procedure can be found elsewhere [42].

2.3.3. Adsorption isotherms
Adsorption isotherms were done at six pH values (4, 5, 6, 7,

8, 9). At each isotherm the initial W(VI) concentrations varies in
the range 3.5×10−4–3.5×10−2 M. Details about the experimental
procedure can be found elsewhere [32].

In all adsorption experiments the equilibrium W(VI) concentra-
tion in the impregnation solutions was determined spectrophoto-
metrically at 403 nm [43].

2.4. Proton–ion titrations at constant pH

Proton–ion titrations were performed at six pH values (4, 5,
6, 7, 8, 9) under conditions where an almost complete deposi-
tion of the W(VI) is obtained. In fact, under certain experimental
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conditions (high solid to liquid ratio, low W(VI) solution concentra-
tion) the solution W(VI) concentration after deposition is negligible
compared to that deposited on the titania surface. Details for the
experimental procedure can be found elsewhere [42].

2.5. Equilibrium pH experiments

In each equilibrium deposition experiment, the change of pH
upon deposition was measured. The experiments were performed
for various initial W(VI) concentrations at three different pHs
(pH 9 (initial W(VI) concentrations: 10−4, 10−3, 4×10−3, 7×10−3,
10−2 M), pH 7 (initial W(VI) concentrations: 10−4, 5 × 10−4, 10−3,
2×10−3, 4×10−3 M) and pH 5 (initial W(VI) concentrations: 10−4,
4 × 10−4, 7 × 10−4, 10−3, 2 × 10−3, 3 × 10−3 M)).

2.6. Electrochemical techniques

2.6.1. Potentiometric titrations at different ionic strengths
The conventional potentiometric titration technique was used

for determining the point of zero charge of the suspensions, both
in the presence and absence of the W(VI) oxo-species to be de-
posited. Following this methodology potentiometric titrations were
performed, under N2 atmosphere, at three different values of the
ionic strength (0.1, 0.01 and 0.001 M) and constant temperature
(25.0 ± 0.1 ◦C). Details about the experimental procedure and the
derivation of “surface charge density vs pH” curves can be found
elsewhere [44,45]. It must be noted that the potentiometric titra-
tions in the presence of the W(VI) oxo-species were performed at a
W(VI) concentration equal to 5×10−5 M, where the whole amount
of the W(VI) oxo-species is practically deposited at the interface.

2.6.2. Microelectrophoresis experiments
The ζ potential of the suspensions was determined both in

the absence and presence of the W(VI) oxo-species at five differ-
ent initial W(VI) concentrations using a Zetasizer 5000 (Malvern
Instruments Ltd.) microelectrophoresis apparatus. At each initial
W(VI) concentration the ζ potential was determined in the pH
range 2.5–9.5. Details for the experimental procedure can be found
elsewhere [44].

2.7. Laser-Raman spectroscopy (LRS)

The laser-Raman spectra of the support, the solids Na2WO4·
2H2O and (NH4)10W12O41·5H2O, the Na2WO4·2H2O and (NH4)10-
W12O41·5H2O aqueous solutions at various pHs as well as of the
various HkWX OZ−

Y /TiO2 wet and dried solid samples were recorded
in the range 0–1400 cm−1 at room temperature, using a micro-
Raman system (model T-6400, Jobin Yvon). The HkWX OZ−

Y /TiO2
wet solid samples were selected after filtering the samples taken
at various pH values (9, 8, 7, 6, 5, 4) during the adsorption edge
experiment, at initial W(VI) concentration equal to 2.8 × 10−2 M.
This initial concentration corresponded to the plateau of the ad-
sorption isotherms at which the deposition was maximized for a
given pH. Besides the LR spectra of the aforementioned wet sam-
ples, the LR spectra of the corresponding dried samples have been
also taken. The samples were dried at 115 ◦C for 1 h. Moreover,
the LR spectra were recorded for HkWX OZ−

Y /TiO2 wet solid sam-
ples taken at the end of the proton–ion titrations at constant pH.
This was done for two pH values (4, 5). Each sample was filtered
and the LR spectra were recorded for the liquid and solid (wet)
part of each sample.

2.8. Simulations

The simulations (quantitative modeling) relevant to the proton–
ion, and deposition isotherms results were carried out using Visual
MINTEQ, a computer code for the calculation of chemical equilib-
ria in aqueous media [46]. The modeling takes into account the
mass and the charge balance equations as well as the equilibrium
equations for each species being at the various planes (or layers)
of the interface and in the solution as well (see Appendix A2 in
Supplementary material).

3. Results

3.1. Speciation of the W(VI) in the solution

The W(VI) oxo-species more probably present in the solution
are: WO2−

4 , HWO−
4 , WO3(H2O)3, H2W6O6−

22 , W7O6−
24 , HW7O5−

24 and
H2W12O10−

42 . These species and their formation constants have
been incorporated in several computer codes [e.g., 46]. The ap-
plication of these codes allows the determination of the solution
speciation, namely the concentration of each species at any pH
and concentration of the transition metal. The determination of
the W(VI) speciation under conditions similar to those of the depo-
sition experiments is actually needed. This was achieved using the
computer code Visual MINTEQ [46] (see Appendix A1 in Supple-
mentary material).

It was found that for W(VI) concentrations �3 × 10−4 M and
pH > 6.5 practically, the only W(VI) species present in the solu-
tion are the tetrahedral monomers (WO2−

4 ). The decrease of pH
brings about polymerization and transformation of the WO2−

4 ions
into the doubly protonated hexacoordinated WO3(H2O)3 species.
The later predominate at pHs < 3. Concerning the polymer species
the HW7O5−

24 and W7O6−
24 ions are the most abundant, whereas

the concentration of the H2W12O10−
42 ions becomes considerable for

W(VI) concentration equal to 3×10−4 M. For W(VI) concentrations
in the range 3 × 10−3–3 × 10−2 M, the species present in the solu-
tion are the tetrahedral monomers (WO2−

4 ) when pH > 7. Decrease
in pH brings about polymerization. It was found that HW7O5−

24 ,
W7O6−

24 and H2W12O10−
42 ions are the most abundant among the

polymer species. More details concerning the solution speciation
achieved are illustrated in Figs. A1-1–A1-4 of Appendix A1 in Sup-
plementary material.

3.2. Deposition experiments

The adsorption isotherms obtained for various pH values and
over a broad initial W(VI) concentration range are illustrated in
Fig. 1.

It may be seen that the surface W(VI) concentration, ΓW , in-
creases with the initial W(VI) concentration in the solution. More-
over, it increases as pH decreases. The first observation is expected
whereas the second will be discussed in Section 4.

The change of pH upon the deposition of the W(VI) oxo-species
at the “titania/impregnating solution” interface is depicted in Fig. 2.
A considerable increase of pH may be observed.

3.3. Electrochemical techniques

The variation of the surface charge density of the titania ag-
gregates with pH in the presence of the W(VI) oxo-species in the
impregnating suspension is illustrated in Fig. 3. Taking into account
that the pzc of titania is equal to 6.5 one may observe a significant
shift of the pzc to a higher value (8.4).

The ζ potential curves, both in the absence and presence of the
W(VI) oxo-species, are presented in Fig. 4.

These curves illustrate the variation, with pH, of the potential at
the shear plane of the interfacial region. The isoelectric point (iep)
is the pH value where this parameter takes a zero value. It may be
seen that the presence of the W(VI) oxo-species in the suspension
decreases the ζ potential and shifts the iep to lower values.
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Fig. 1. Adsorption isotherms of W(VI) in the pH range 4–9. Points represent experimental data whereas solid lines correspond to calculated curves. The dashed lines were
derived ignoring the deposition of tungstate polymers (see text for details).
3.4. Proton–ion titrations at constant pH

The above presented deposition methodologies are based on
the examination of the deposition behavior as a function of pH,
initial W(VI) concentration in the solution and proton adsorp-
tion due to this deposition. The deposition behavior and the pro-
ton adsorption may be combined quantitatively in the framework
of a recently developed methodology which is based on the so-
called “proton–ion titration” curves, namely linear plots of the
“amount of H+ ions adsorbed versus the amount of W(VI) de-
posited” [42,47]. Each of these plots is determined at a fixed pH
and under conditions favoring complete deposition of the W(VI)
oxo-species. The slope of each curve is equal to the ratio of the
“amount of H+ ions adsorbed versus the amount of W(VI) deposited.”

Before presenting the aforementioned plots it is necessary to
outline a correction which was performed on the experimentally
determined values for the amount of the adsorbed protons. It was
imposed by our W(VI) speciation in solution. Upon addition of
a small volume (0.0008 dm3) of the W(VI) solution of 0.01 M
into a suspension of volume 0.1 dm3 (see experimental part of
Ref. [42]), the concentration of the W(VI) solution becomes too
low (<0.0001 M). This dilution causes a transformation of the
polymer into monomer W(VI) oxo-species for pHs � 6 (see also
Figs. A1-1–A1-4 of Appendix A1 in Supplementary material). Dur-
ing this transformation H+ ions are released to the solution ac-
cording to the equilibria:

xWO2−
4 + nH+ ←→ HpWxO−2x+n

4x−(
n−p

2 )
+ (n − p)

2
H2O. (1)

The above lead to an under-estimation of the H+ ions actually
adsorbed on the interface upon the deposition of the W(VI) oxo-
species. Taking into account the above, the determined amount
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Fig. 2. Increase of pH upon the deposition of the W(VI) oxo-species at the “tita-
nia/impregnation solution” interface, for various initial W(VI) concentrations and
three values of initial pH (5.0, 7.0 and 9.0).

Fig. 3. “Surface charge density vs pH” curves in the presence of the W(VI) oxo-
species in the impregnation solution at three different values of ionic strength.

Fig. 4. “ζ potential vs pH curves” obtained both in the absence and presence of the
W(VI) oxo-species in the impregnating suspension, for various initial W(VI) concen-
trations.

of the H+ ions adsorbed was corrected by adding the amount of
the H+ ions released upon depolymerization. The latter was de-
termined by performing the dilution experiments in the absence
of titania and measuring the change of pH or by applying the
Visual MINTEQ program (see Section 2) which solves the equi-
libria (1). Both approaches provided the same results. The linear
plots “amount of the H+ ions adsorbed versus the amount of the W(VI)
deposited” obtained after the aforementioned correction are illus-
trated in Fig. 5.

The values obtained for the ratio r = ΓH+/ΓW at pHs 9, 8, 7, 6,
5 and 4, are respectively equal to 1.1, 1.4, 1.7, 1.8, 0.36 (1.7), and
0.11 (1.5) (Values in parentheses are corrected ones. See “Section”
for details).

3.5. Laser-Raman spectroscopy

According to the literature [7,48] five peaks appear in the range
0–700 cm−1 for titania, four peaks due to anatase (142, 398, 517,
639 cm−1) and one peak (475 cm−1) due to rutile. Moreover,
a very small peak (due to anatase) appears at 790 cm−1. In view
of the above it is clear that the range 0–700 cm−1 cannot be safely
used for detecting the deposited W(VI) oxo-species. This is the rea-
son for which the LR-spectra of the various HK WX OZ−

Y /TiO2 wet
solid samples were recorded in the range 700–1400 cm−1.

Fig. 6 shows the LR-spectra of several model compounds. In the
spectrum of the solid Na2WO4 (Fig. 6(a)) four bands appear at 928,
835 (due to symmetric and asymmetric stretching vibrations of the
W=O bond, respectively), 370 and 330 cm−1 (due to the bending
vibrations of the W–O bond). Moreover, two bands appear around
100 cm−1 (due to vibrations of the solid lattice) [49,50].

It may be seen that the LR-band at 928 cm−1 is the most
intense and thus it characterizes the WO2−

4 ions in the solid.
This band appears (at 930 cm−1) also in the LR-spectrum of
the NaNO3 aqueous solution containing the monomer WO2−

4 ions
(Fig. 6(b)). The band at 1050 cm−1 is due to the nitrate ions. In
the LR-spectrum of the solid (NH4)10W12O41 several bands appear
(Fig. 6(c)). The most intense band appears at 952 cm−1. This is due
to symmetric stretching vibrations of the W=O bond [51,52]. This
band appears at 960 cm−1 in the LR-spectrum of the NaNO3 aque-
ous solution containing the polymeric W12O10−

41 ions (Fig. 6(d)). As
already mentioned the band at 1050 cm−1 is due to the nitrate
ions.

Fig. 7 shows the LR-spectra recorded for the various HK WX OZ−
Y /

TiO2 wet solid samples. The wet solid samples were selected in the
frame of the adsorption edge experiments, corresponding to an ini-
tial W(VI) concentration equal to 2.8 × 10−2 M. This corresponds
to the plateau of the adsorption isotherms (Fig. 1). It is important to
note that the LR-spectra concern the W(VI) oxo-species deposited at the
interface. This is because the amount of the W(VI) oxo-species re-
mained after filtration in the liquid inside the pores is negligible
compared to that deposited at the interface. Inspection of Fig. 7
clearly shows that in the pH range 9–7 a band at ∼935 cm−1 is
detected, which indicates exclusive deposition of the WO2−

4 ions. It
may be, moreover, observed that the decrease of pH in the range
6–4 brings about a broadening and a shift of the band to higher
wavenumbers. Thus, this band is centered at about 952 cm−1 for
the sample where the W(VI) deposition took place at pH 4 indi-
cating deposition of polymer species. In order to further investigate
the contribution of the W(VI) polymer species to the whole deposi-
tion as pH decreases, we have deconvoluted this band. The results
of this deconvolution are illustrated in Fig. 8.

Inspection of this figure clearly shows that in the pH range 9–
7 the only W(VI) oxo-species actually deposited are the monomer
WO2−

4 ions, whereas in the pH range 6–4 there is an increasing
contribution of the polymer species to the whole deposition as
pH decreases. The above results are in general agreement with the
aforementioned solution speciation of the W(VI) and show that the
solution speciation determines to a large extent the interfacial spe-
ciation.
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Fig. 5. Amount of the H+ ions adsorbed vs the amount of the deposited W(VI), for various pH values. Points represent experimental data whereas solid lines correspond to
calculated curves on the basis of the model established for the deposition of the W(VI) oxo-species (see below in the text). Symbol F at pHs 4 and 5 represents “corrected”
experimental data assuming exclusive deposition of the tungstate monomers (see “Section 4” for details).
As already mentioned the above results concern an initial W(VI)
concentration equal to 2.8 × 10−2 M, corresponding to the plateau
of the adsorption isotherms (Fig. 1) namely at relatively high
W(VI) surface concentration (5–11 μmol m−2). It is interesting to
re-investigate the interfacial W(VI) speciation at low pHs and too
low W(VI) surface concentrations (<1 μmol m−2), corresponding
to the proton–ion curves. Specifically, we investigated this speci-
ation at pH 4 and 5 for a W(VI) surface concentration equal to
0.8 μmol m−2, corresponding to an initial W(VI) concentration in
the solution equal to 8 × 10−4 M. The LR results are presented in
Fig. 9.

A band at 932 cm−1 is detected indicating the deposition
of the WO2−

4 monomer species. On the contrary, the band at
950–960 cm−1 (indicative of the deposition of polymer species)
is not detected. This is rather unexpected if we take into ac-
count that the aforementioned W(VI) speciation in the solution
at low pHs and similar W(VI) concentration showed the presence
of both monomer and polymer species. Similar results were ob-
tained for relatively higher W(VI) surface concentrations (1.3 and
1.6 μmol m−2).

3.6. Modeling the deposition process at low W(VI) surface
concentrations

As already mentioned, the modeling of the deposition pro-
cess attempted in the present work is based on the recently re-
ported [38] picture for the “titania/electrolyte solution” interface
in absence of the W(VI) oxo-species in the solution. This picture
was briefly presented in the Introduction. Moreover, the modeling
uses the values of the surface ionization and interfacial parame-
ters obtained in the absence of the W(VI) oxo-species. These are
compiled in Tables 3 (model A) and 4 of Ref. [38]. The adjustable
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(a) (b)

(c) (d)

Fig. 6. LR-spectra of several model compounds: (a) solid Na2WO4, (b) monomer WO2−
4 ions in an NaNO3 aqueous solution, (c) solid (NH4)10W12O41, (d) W12O10−

41 ions in an
NaNO3 aqueous solution.
Fig. 7. LR-spectra recorded for various HK WX OZ−
Y /TiO2 wet solid samples (for details

see text).

parameters in the modeling process are the following: (i) the type
of the adsorption or reaction assumed between titania surface and
W(VI) oxo-species (electrostatic adsorption, inner sphere formation
etc.), (ii) the equilibrium constant of each adsorption/reaction and
(iii) the charge distribution between the planes 0, 1 and 2 (see Sec-
tion 1) for each of the deposited W(VI) oxo-species. The modeling
involved an exhaustive simulation work over a large number of al-
ternative deposition mechanisms. Details concerning the modeling
process are presented in Appendix A2 of Supplementary mate-
rial.
The deposition model which provided the best fitting concern-
ing the proton–ion curves (Fig. 5) involves the following equilib-
ria:

Ti2O0.57− + H+ + WO2−
4

log KT 1=16←→ [Ti2OH· · ·O–WO3]1.57−, (2)

TiO0.35− + 2H+ + WO2−
4

log KT 2=21.7←→ TiOWO0.35−
3 + H2O, (3)

2TiO0.35− + 4H+ + WO2−
4

log KT 3=31.6←→ Ti2O2WO1.3+
2 + 2H2O. (4)

According to these equilibria, the monomer WO2−
4 ions are de-

posited on both the terminal and bridging surface oxygen atoms.
In the first case, mono-substituted and di-substituted mononuclear
inner sphere complexes are formed whereas in the second case
the deposition takes place exclusively through formation of a hy-
drogen bond. It should be stressed that the model curves failed
to fit the experimental proton–ion titrations data when it was
considered formation of inner sphere complexes on the bridging
oxygen atoms. This is presumably due to the fact that the sur-
face oxygens of this kind are already doubly coordinated by two
Ti atoms.

3.7. Modeling the deposition process in the whole range of W(VI)
surface concentrations

Using the aforementioned constants, illustrated in the equi-
libria (2)–(4), we derived the adsorption isotherms achieved in
the whole pH range studied (Fig. 1). Inspection of Fig. 1 shows
a very good fitting in the pH range 9–7. In contrast, the model
curves (dashed lines) failed to describe the deposition data in the
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Fig. 8. Deconvolution of the broad band appeared in the range 930–952 cm−1 of the LR-spectra recorded for the various HK WX OZ−
Y /TiO2 wet solid samples.
pH range 6–4 and above a critical W(VI) concentration. In these
cases the experimental points are located above the plateau of the
model curves suggesting deposition, in addition, of the polymer
species.

In view of the above we modeled the deposition process in the
whole range of the pH and W(VI) concentrations adopting the for-
mation constants for the deposited monomer species determined
previously and considering the deposition, in addition, of polymer
species in the pH range 6–4. As already found the main poly-
mer species present in solution under these conditions are the
W7O6−

24 , HW7O5−
24 and H2W12O10−

42 ions. In this step of modeling
the additional adjustable parameters are the mode of interfacial
deposition, the structure of the deposited polymer species and the
corresponding formation constants. The best description of the ex-
perimental data (solid lines in Fig. 1) were obtained adopting the
following deposition equilibria for the polymer species, in addition
to those which have been adopted previously for the deposition of
the monomer ones.
5TiO0.35− + 5Ti2O0.57− + 18H+ + 7WO2−
4

log KT 4=164.7←→ [
5(TiOH)5(Ti2OH) . . . W7O24

]0.6− + 4H2O, (5)

5TiO0.35− + 5Ti2O0.57− + 19H+ + 7WO2−
4

log KT 5=167.7←→ [
5(TiOH)5(Ti2OH) . . . HW7O24

]0.4+ + 4H2O, (6)

7TiO0.35− + 7Ti2O0.57− + 28H+ + 12WO2−
4

log KT 6=259.4←→ [
7(TiOH)7(Ti2OH) . . . H2W12O42

]2.44− + 6H2O. (7)

The above equilibria indicate that the polymeric W7O6−
24 , HW7O5−

24

and H2W12O10−
42 species are adsorbed through electrostatic forces.

The very good fitting of the experimental data (solid lines in Fig. 1)
provided the values for the formation constants of the deposited
polymer species (they were adjustable parameters in the model-
ing). These are illustrated in the equilibria (5)–(7).
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Fig. 9. LR-spectra recorded for two HK WX OZ−
Y /TiO2 wet solid samples, prepared at

different pH values, at the end of the proton–ion experiments, using an initial W(VI)
concentration equal to 8 × 10−4 M.

4. Discussion

4.1. The mode of interfacial deposition

The mode of interfacial deposition may be first investigated
by inspecting the adsorption isotherms (Fig. 1). The fact that the
surface W(VI) concentration, ΓW , increases with the initial W(VI)
concentration in the solution is easily understandable. Moreover,
ΓW increases as pH decreases. Taking into account the negative
charge of the deposited W(VI) oxo-species and the fact that the
surface charge of the support becomes positive below pzc (6.5),
one could be inclined to believe that the deposition takes place
through simple electrostatic accumulation of the W(VI) oxo-species
in the diffuse part of the interface. However, this view cannot ex-
plain the observation that considerable deposition takes place even
at pH � pzc of the support (6.5) where its surface was initially neutral
or negatively charged. This observation strongly suggests some kind
of specific interactions with the receptor sites and presumably forma-
tion of inner sphere surface complexes with the surface (hydr)oxo-
groups.

Adopting this deposition mechanism we may imagine that the
W(VI) oxo-species are located near to the surface, namely inside
the compact layer. This means that negative charge is accumu-
lated in this region, with consequent adsorption of protons on the
surface in order to compensate this negative charge. Thus, the pH
of the impregnation solution is expected to increase considerably.
This prediction is confirmed experimentally as it may be seen in
Fig. 2. It is remarkable that the effect is pronounced even at pH
9, where the surface is negatively charged. This implies specific
interactions even in this extreme case. From the above it may
be concluded that the change of pH upon the deposition of the
W(VI) oxo-species at the “titania/impregnating solution” interface
suggests the development of specific interactions and presumably
formation of inner sphere complexes, at least for some of the de-
posited W(VI) oxo-species. The observation that the increase of pH
appears to level off for initial concentrations >0.001 M does not
mean that the deposition takes place without change of pH at high
concentrations. As it will be discussed below, a preferential de-
position of the tungstate monomers takes place, which shifts the
equilibria (1) to the left. This means that H+ ions are released in
the solution which compensates the aforementioned adsorption of
protons on the surface. Therefore, macroscopic pH stability is ob-
served, though the deposition of tungstates is followed by proton
adsorption.
As already explained, protons are adsorbed onto the surface
upon deposition of the W(VI) oxo-species inside the compact layer
of the interface. It is obvious that this should take place at all
pH values including the pH = pzc, where the surface was neutral
before deposition. Therefore, in the presence of the deposited neg-
ative species, more hydroxyls in solution are required in order to
deprotonate surface groups and restore a zero proton charge at the
surface. Thus, an eventual shift of the pzc of titania used (6.5) to
a higher value would strongly suggest the development of specific
interactions and presumably formation of inner sphere complexes.
The determination of a pzc = 8.4 for a titania suspension in the
presence of W(VI) oxo-species (Fig. 3) shows that this is indeed
the case.

The above mentioned finding concerning the development of
specific interactions between the deposited W(VI) oxo-species and
the titania surface is also corroborated by the microelectrophoresis
results. In Fig. 4 we may observe that the presence of the W(VI)
oxo-species in the suspension decreases the ζ potential and shifts
the iep to lower values This suggests accumulation of negatively
charged species at the compact and/or stagnant-diffuse part of the
interface through development of specific interactions and pre-
sumably formation of inner sphere complexes located inside the
compact layer. In fact, when a simple electrostatic accumulation
of the W(VI) oxo-species was taken place at the whole interfa-
cial region, like that of the indifferent ions, the curves “ζ vs pH,”
recorded in the presence of the W(VI) oxo-species, as well as the
iep value should be rather identical with those observed in the ab-
sence of these species at the same ionic strength. In contrast, when
the deposition of the negative W(VI) oxo-species occurs through
coordinative/hydrogen bonds which impose accumulation at the
aforementioned regions of the interface, the values of the ζ po-
tential should decrease over the whole pH range studied. On the
other hand, the iep should be shifted to a lower value. This is be-
cause a surface protonation is required to restore the electrokinetic
charge and thus the ζ potential, at zero value. The increase of the
magnitude of these effects with the amount of the deposited W(VI)
oxo-species is rather expected. Above a critical amount of the de-
posited W(VI) oxo-species a charge reversal is observed where ζ

potential takes negative values even at pH values where the sur-
face charge is positive. The high intensity of the effect indicates
that at least some of the W(VI) oxo-species are located at the com-
pact rather than at the stagnant-diffuse layer.

Finally, the values obtained from the proton–ion curves (Fig. 5)
for the ratio r = ΓH+/ΓW are relatively large, indicating forma-
tion of mono-substituted and/or di-substituted inner sphere com-
plexes of the deposited WO2−

4 ions with the surface (hydr)oxo
groups [15]. The slight increase of this ratio presumably indicates
increasing contribution of the di-substituted as pH decreases.

In view of the above it seems that the results coming from the de-
position experiments, electrochemical techniques and proton–ion curves
strongly suggest specific interactions of the W(VI) species and presum-
ably formation of inner sphere complexes.

4.2. A qualitative analysis of the interfacial speciation of the W(VI)-oxo
species by the application of laser-Raman spectroscopy

The LR investigation showed that the interfacial W(VI) speci-
ation depends on both the W(VI) surface concentration and the
solution pH. At relatively high W(VI) surface concentrations (5–
11 μmol m−2), corresponding to the plateau of the isotherms,
and pH range 9–7 the monomer WO2−

4 ions are deposited (de-
tection of one band at ∼935 cm−1 indicative of the deposition
of monomer species; see Fig. 8). In the pH range 6–4 poly-
mer species are deposited in addition. The relative concentration
of the latter increases as pH decreases (detection of an addi-
tional band at ∼955 cm−1 indicative of the deposition of polymer
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species; see Fig. 8). At relatively low W(VI) surface concentrations
(<2 μmol m−2) corresponding to the proton–ion curves, WO2−

4
monomer species are deposited exclusively even at too low pH
values, where polymers are also present in the solution. This was
inferred by the absence of the characteristic band of the polymer
species (∼955 cm−1) in the LR spectra of the corresponding sam-
ples (see Fig. 9). The selectivity of the surface for the monomer
species, being in full agreement with the established deposition
model, may be attributed to the following three reasons: (i) The
accumulation of negative charge near the surface develops negative
potential, which in turn inhibits the deposition of the highly neg-
ative polymer species. (ii) Inhibition of the deposition of the poly-
mer species due to stereochemical hindrance. (iii) Enhancement of
the deposition of the monomer species due to the formation of
surface coordinative bonds with respect to the electrostatic reten-
tion of the polymer species.

4.3. The local structure of the deposited W(VI) oxo-species on titania
surface

The joint use of the deposition, electrochemical methodolo-
gies and proton–ion titrations suggested location of the of W(VI)
oxo-species at the compact/diffuse-stagnant part of the “tita-
nia/impregnation solution” interface and presumably formation
of inner sphere complexes. On the other hand, the application
of laser-Raman spectroscopy allowed an approximate interfacial
speciation. The exact local structure at low W(VI) surface con-
centrations of the deposited W(VI) monomer species was fully
elucidated by simulating the proton–ion curves on the basis of a
deposition model. As already mentioned in Section 3, the deposi-
tion model was obtained after exhaustive simulation of various
alternatives concerning the deposition mechanism. In the sim-
ulation work we took into account the aforementioned finding
concerning the interfacial location of the of W(VI) oxo-species and
the nature of the surface bonds. The developed model (equilib-
ria (2)–(4)) provided the best fitting concerning the proton–ion
curves (Fig. 5).

In this point it should be mentioned that initially, we had
assumed that there was no selectivity in the deposition of the
W(VI) monomers at the interface. Following this assumption there
was no way to fit the experimental “proton–ion” results at pHs 4
and 5, for any mode of interfacial deposition and distribution of
the ions charge in the interface. In both cases the model curves
predicted considerably higher H+

ads/W(VI)ads ratio than the exper-
imental one (compare points 2 with the model curves for pHs
4 and 5 in Fig. 5). In view of the above it was reasonable to
think that the too low experimental H+

ads/W(VI)ads ratio could be
due to the selective deposition of the tungstate monomers, in the
range of the W(VI) concentration in which the “proton–ion” ex-
periments have been performed. In such a case the equilibria (1)
would be shifted to the left. Therefore, the selective deposition
of the WO2−

4 ions causes a release of the H+ ions in the solu-
tion resulting to an underestimation of the H+ ions adsorbed on
the surface upon the deposition of the W(VI) oxo-species. Thus,
the only way to obtain an agreement between the model pre-
dictions and the experimental results was to assume exclusive
deposition of the WO2−

4 species and correct properly the exper-
imental points taking into account the aforementioned equilib-
ria.

Thus, the amount of the adsorbed protons was again calcu-
lated by taking into account the equilibria (1) and applying the
Visual MINTEQ program. Moreover, this amount was determined
experimentally by performing the same experiments for obtain-
ing the proton–ion curves (described in the experimental part)
but using W(VI) solutions at pH 7 which contain only monomer
W(VI) species. Both approaches provided the same results. The
so calculated (or determined) amount of the H+ ions was also
added to the experimentally determined amount of the H+ ions
adsorbed upon the deposition of the W(VI) oxo-species. The linear
plots “amount of the H+ ions adsorbed versus the amount of the W(VI)
deposited” for pHs 4 and 5, resulted after the aforementioned cor-
rection, are illustrated in Fig. 5 with different symbols (F). The
very good agreement between the “corrected” experimental data
and the model curves corroborated the finding of the LR spectra
that exclusive deposition of the WO2−

4 monomeric species takes
place at low W(VI) surface concentrations, corresponding to the
proton–ion curves, even at too low pH values. Thus, the model of
the deposition for low W(VI) concentration is in full agreement
with all the experimental results.

As already mentioned this model predicted the formation of
mono-substituted and di-substituted inner sphere complexes with
the terminal oxygen atoms and location through hydrogen bond
with the bridging surface oxygen atoms. Moreover, this model pre-
dicted that the deposited species are located inside the compact
layer of the interface. Specifically, in all configurations the W atom
is situated between the surface plane and plane 1, whereas the
solution oriented oxygen atoms are situated at plane 1 of the
compact layer. The charge of the deposited monomer species is
distributed between the surface plane and plane 1. A schematic
representation of the local structures of the deposited species is il-
lustrated in Fig. 10. The anatase (1 0 0) crystal termination, one of
the two major crystal faces of anatase, has been chosen to exem-
plify these structures. Similar pictures may be obtained by consid-
ering the other major crystal termination of the anatase (1 0 1).

As already mentioned, having successfully described the ex-
perimental “proton–ion” curves, we then attempted to model the
deposition process in the whole W(VI) surface concentration range
by describing the experimental deposition isotherms as well. The
best description (see Fig. 1) was achieved by adopting the equilib-
ria (5)–(7), in addition to the equilibria (2)–(4). A schematic repre-
sentation of the local structure of the deposited W7O6−

24 /HW7O5−
24

species is illustrated in Fig. 11 taking into account the equilibria (5)
and (6) and that the model predicted adsorption sites involving
five bridging and five terminal neighboring (hydr)oxo groups. The
anatase (1 0 1) crystal termination, one of the two major crystal
faces of anatase, has been chosen to exemplify this structure. Sim-
ilar picture may be obtained by considering the other major crystal
termination of the anatase (1 0 0).

The surface covered by W7O6−
24 /HW7O5−

24 species was calculated
on the basis of crystallographic data relevant to the W–O bond
lengths and the geometry of these polymeric ions [53,54]. This was
found to be equal to 0.7 nm2 including 10 bridging and terminal
neighboring (hydr)oxo groups. Therefore, from the stereochemical
point of view, the structure illustrated in Fig. 11 is quite reason-
able.

A schematic representation of the local structure of the de-
posited H2W12O10−

42 species is illustrated in Fig. 12 taking into
account the equilibria 7 and that the model predicted adsorption
sites involving 7 bridging and 7 terminal neighboring (hydr)oxo
groups. The anatase (1 0 1) crystal termination, one of the two
major crystal faces of anatase, has been chosen to exemplify this
structure. Similar picture may be obtained by considering the other
major crystal termination of the anatase (1 0 0).

The structure illustrated in Fig. 12 is quite reasonable from
a stereochemical point of view. This is because the surface
covered by the H2W12O10−

42 species, calculated on the basis of
the aforementioned crystallographic data [55], was found to be
1.2 nm2, including 14 bridging and terminal neighboring (hydr)oxo
groups.
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Fig. 10. Local structures of the adsorbed W(VI) monomer oxo-species on the (1 0 0) crystal termination of anatase. Ti atoms: gray balls; H atoms: blue balls; O atoms in TiO2

cluster: red balls; O atoms in tungsten surface species: yellow balls; W atoms: black balls. The dashed line indicates H-bond. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Local structure of the electrostatically adsorbed W7O6−
24 species on the (1 0 1) crystal termination of anatase. For the notation see the legend of Fig. 10.
4.4. A quantitative analysis of the interfacial speciation of the
W(VI)-oxo species resulted by the successful modeling of the deposition
process

The determination of the values for the formation constants
of the deposited monomer and polymer species allowed the cal-
culation of the interfacial speciation for any value of the main
impregnation parameters, that is for any value of pH and the W(VI)
concentration in the solution (see Appendix A2 in Supplementary
material). It is understandable that it is an effective preparative tool for
imposing the deposition of desired relative amounts of the W(VI) species
on the titania surface and obtaining thus a severe control of the impreg-
nation step related to the equilibrium deposition filtration technique. In
order to render this speciation more useful from the stand point
of catalyst preparation, we have expressed it as the percentage of
the deposited W(VI) belonging to a certain W(VI) oxo-species. In
Fig. 13 it is presented, as an example, the interfacial speciation
over a wide pH range and for two W(VI) initial concentrations in
the impregnating solution.

Inspection of Fig. 13(a) shows that at relatively low initial
W(VI) concentration (�10−3 M) practically all the adsorbed W(VI)
is deposited as monomer WO2−

4 species, irrespective of the im-
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Fig. 12. Local structure of the electrostatically adsorbed H2W12O10−
42 species on the (1 0 1) crystal termination of anatase. For the notation see the legend of Fig. 10.
pregnation pH. This is in line with the preferential deposition of
the monomer species mentioned above. This preferential depo-
sition becomes more pronounced if the interfacial deposition is
expressed in terms of the moles of each deposited species. Con-
cerning the speciation of the monomer species it may be observed
that in the pH range 4–8 there is a preferential formation of the
mono-substituted inner sphere complexes above the terminal sur-
face oxygens, while at pHs higher than 8 the deposition through
hydrogen bonds above the bridging surface oxygens becomes more
important. It may be, moreover, observed that the contribution
of the di-substituted inner sphere complexes above the terminal
surface oxygens is very small in the whole pH range studied.
Thus, our results show that one may design the preparation of
the W(VI)/TiO2 catalyst at a molecular level. For example, adopt-
ing an initial W(VI) concentration in the solution equal to 10−3 M
and a pH equal to 4, we may deposit selectively, mono-nuclear,
mono-substituted inner sphere complexes above the terminal sur-
face oxygens.

Inspection of Fig. 13(b) shows that even at high W(VI) concen-
trations only the monomer species are deposited in the pH range
7–9. The contribution of the deposition of the monomer species
to the whole deposition is very important even in the pH range
4–7 due to the higher deposition selectivity of these species. The
interface speciation concerning these species is not very different
compared to that described above for the lower W(VI) concentra-
tions. The increase in the W(VI) concentration causes an increase
of the relative amount of the deposited W(VI) through the elec-
trostatically retained polymer species in the pH range 7–4. It may
be seen that in this pH range more W7O6−

24 and HW7O5−
24 species

are deposited with respect to the H2W12O10−
42 species. It is evident

that this trend becomes more pronounced if one expresses specia-
tion in terms of the moles of the deposited species.

Comparison of the solution with the surface speciation of the
polymer species (Fig. A1–4 in Appendix A1 of Supplementary ma-
terial and Fig. 13(b)) obtained under similar conditions indicates
a preferential deposition of the W7O6−

24 and HW7O5−
24 species with

respect to the H2W12O10−
42 species. This may be attributed to the

fact that the undesired accumulation of high negative charge in
the interfacial region due to the deposition of the polymer species
favors the deposition of the less charged W7O6−

24 and HW7O5−
24

species with respect to the H2W12O10−
42 ones. It may be, more-

over, observed that the contribution of the W7O6−
24 deposition to

the whole deposition is maximized at pH about 6 and then it de-
creases whereas the corresponding contribution of the HW7O5−

24
increases monotonically as pH decreases. This could be also partly
attributed to the lower charge of the latter compared to the for-
mer.

4.5. Comparison of the main findings drawn from this study with
relevant results from the literature

In the previous section we mentioned that one may take in
advantage the above results in order to control the impregnation
step and to some extent the whole preparation procedure. This
mainly concerns the case where the EDF technique is used. Using
this technique, one may control independently the two more im-
portant impregnation parameters: pH and solution concentration
of the W(VI) oxo-species. Thus, one may impose to some extent
the desirable W(VI) species deposited for obtaining a given load-
ing of the active element. Following the more popular method of
the IWI, used in the most important works concerning the W(VI)
catalysts [28,29,51,56–59], the pH of the solution inside the pores
of the support is largely determined by the pzc of the titania which
is equal to ∼6.5.

Another difference is that using EDF the deposition is practi-
cally accomplished in the equilibration step, whereas using IWI a
considerable amount of the W(VI) oxo-species is deposited upon
drying. Therefore, a direct comparison of our results with those
obtained after IWI (before dehydration) is not so easy. The de-
position model developed could be in principle extended to de-
scribe the deposition related to the IWI, though the kinetics of
deposition together with the kinetics of drying should be also
taken into account. This could be the subject of a future study.
However, our results are in general agreement with the litera-
ture ones taken from samples prepared by IWI [51]. In both cases
and for sub-monolayer surface concentrations, the deposition of
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(a)

(b)

Fig. 13. Variation of the % W(VI) belonging to a given adsorbed W(VI) oxo-species
with the pH of the impregnating solution at I = 0.1 M. (a) CW(VI),initial = 10−3 M,
(b) CW(VI),initial = 10−2 M. The various adsorbed W(VI) oxo-species are indicated.

monomer/polymer species is observed with an increasing deposi-
tion of the latter as the W(VI) concentration increases. This trend
is also observed for the deposition of the W(VI) oxo-species on
various supports [56]. On the other, the increase of the interfacial
concentration of the polymers with decreasing pH, resulted from
the present work, is in line with the Wachs’ observation that this
trend is followed as the pzc of the support decreases, because as
already mentioned pzc determines pH in the IWI technique [56].

There are three novel findings drawn from the present study:
the exact surface structure of the deposited monomer species, the
determination of the exact interfacial speciation and the selectivity
of the titania surface for monomer species. The model developed
cannot be applied for the description of other supported catalysts.
The development of a deposition model for each supported cat-
alyst is inevitable. In this context, we have recently accomplished
our study for the Mo(VI), Cr(VI), V(VI), Co(II) and Ni(II) species sup-
ported on titania.

According to the literature the calcination of the samples pre-
pared by IWI causes a transformation of the deposited monomer
and polymer species into a highly distorted octahedral coordinated
structure which possesses one short W=O bond, one long oppos-
ing W–O bond and four W–O bridging bonds [51]. This was man-
ifested by the disappearance of the Raman peak at 935 cm−1 and
the appearance of a sharp one at about 1010 cm−1 [51]. The shift
of the latter peak from 1007 to 1020 cm−1 with the surface W(VI)
concentration was attributed later to the increasing contribution of
the polymer supported species [28,29]. Similar transformations of
the W(VI) oxo-species due to the calcination have been reported
for other supports (formation of O4W=O, O2W=(O)2 monotung-
stes as well as polytungstates species) [28,29,56–59].

In view of the above it is clear that a direct comparison of
the surface structures established in the present work with the
ones formed after dehydration for the samples prepared by IWI
is extremely difficult. However, the prediction of the model for the
increasing interfacial concentration of the polymer W(VI) species
with the W(VI) loading seems to be preserved after dehydration.
On the other hand, the structures proposed in the present study
for the supported monomer species could be the intermediate
structures between the ions being in the solution and the final
(after calcination) supported structures. In fact, it seems to us rea-
sonable that the hydrogen bond transforms into a coordinative
surface bond and an increase in the number of these bonds occurs
(Fig. 10) on heating of the samples to relatively high temperatures.
In any case more research is required in order to investigate the
evolution of the supported species, established in the present work
for samples prepared using equilibrium deposition filtration, with the
heating temperature.

5. Conclusions

The following conclusions may be drawn from the present
work:

1. The monomer, WO2−
4 , ions are exclusively deposited at the

“titania/electrolytic solution” interface at relatively low W(VI)
concentrations of the impregnation solution (�10−3 M) and
over the whole pH range studied (9–4).

2. Three different monomer species are formed: an inner sphere
mono-substituted complex with the terminal surface oxygen
atoms of titania (TiO–WO0.35−

3 ), a surface species where the

WO2−
4 ions are retained above a bridging surface hydroxyl

through a hydrogen bond (Ti2OH. . .O–WO1.57−
3 ) and an inner

sphere di-substituted complex with two terminal surface oxy-
gen atoms of titania (Ti2O2WO1.3+

2 ).
3. In the pH range 4–8 there is a preferential formation of the

mono-substituted inner sphere complexes above the termi-
nal surface oxygens, while at pHs > 8 the deposition through
hydrogen bonds above the bridging surface hydroxyls be-
comes more important. The interfacial concentration of the
di-substituted inner sphere complexes above the terminal sur-
face oxygens is observable only at pHs close to 4.

4. At relatively high W(VI) concentrations of the impregnation
solution (>5 × 10−3 M) polymer W(VI) oxo-species (W7O6−

24 ,
HW7O5−

24 and H2W12O10−
42 ) are formed at the “titania/electro-

lytic solution” interface in the pH range 7–4, in addition to
the aforementioned monomer W(VI) oxo-species. On the con-
trary, only the monomer species are formed in the pH range
9–7.

5. The polymer species are adsorbed through electrostatic forces.
Concerning the deposition of the W7O6−

24 /HW7O5−
24 species, the

adsorption sites involve 5 bridging and 5 terminal neighboring
(hydr)oxo groups whereas the sites relevant to the deposition
of the H2W12O10−

42 species involve 7 bridging and 7 terminal
neighboring (hydr)oxo groups.

6. The interfacial speciation of the monomer species are similar
for low and high W(VI) concentrations of the impregnation so-
lution.
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7. Concerning the interfacial speciation of the polymer species
in the pH range 7–4 more W7O6−

24 and HW7O5−
24 species are

deposited with respect to the H2W12O10−
42 species. The con-

tribution of the W7O6−
24 deposition to the whole deposition is

maximized at pH about 6 and then it decreases whereas the
corresponding contribution of the HW7O5−

24 increases mono-
tonically as pH decreases.

8. Comparison of the solution with the interface speciation in-
dicated a preferential deposition of the monomer WO2−

4 ions
with respect to the polymer ones.

9. The aforementioned deposition features namely the mode of
interfacial deposition, the interfacial speciation and the struc-
ture of the deposited W(VI) oxo-species may be very useful
for controlling the impregnation step related to the equilib-
rium deposition filtration technique.

Supplementary material

The online version of this article contains additional supple-
mentary material.

Please visit DOI: 10.1016/j.jcat.2009.01.003.
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