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bstract

The present work deals with the study of the role of vanadium species in the V/Ti-supported oxide catalysts for the oxidation of formaldehyde
o formic acid. Two different series of catalysts were prepared, the first one consisting of catalysts of composition 20 wt.% V2O5/80 wt.% TiO2

alcined at 400 and 450 ◦C (series 1), and the second one was prepared by washing of series 1 samples with nitric acid (series 2). All the samples
ere characterized by XRD, IR spectroscopy, temperature-programmed reduction with H2, and differential dissolution methods. In the catalysts of

eries 1, vanadium is represented by both monolayer species (monomeric and polymeric VOx) and V2O5 phase in crystalline or X-ray amorphous
tate, depending on the calcination temperature. Washing the samples of series 1 with nitric acid removes the V O phase, and the samples of series
2 5

contain only monolayer vanadium species. The monolayer vanadia–titania catalysts are highly active in the formaldehyde oxidation to formic
cid, while crystalline and amorphous V2O5 exhibit a low activity in that reaction. Moreover, the presence of the V2O5 phase blocks the catalyst
ctive sites and thus decreases the catalyst activity. The monolayer vanadium species are easier to be reduced by H2 as compared to bulk V2O5.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Anatase-supported vanadium oxide catalysts (V/Ti) are
nown to be highly active and selective in oxidation and oxida-
ive ammonolysis of various hydrocarbons [1–5], oxidative
ehydrogenation of alkanes [6–9] and reduction of nitrogen
xides [10] and thus are the subject of extensive studies.

A lot of studies on the vanadia–titania systems were aimed at
lucidating the nature of their catalytic action and the structure
f surface vanadium species and their reactivity [11–34]. The
ast was the topic of special issues of Catalysis Today [24,25].
ccording to spectroscopic investigations, on the titania sup-
ort isolated monomeric vanadyl species, polymeric vanadia
pecies and V2O5 crystallites are to coexist, their relative abun-

ance being related to the vanadia content. It is well known that
rystalline vanadium species predominate on the high-loaded
amples, whereas on the low-loaded samples monomeric and

∗ Corresponding author. Tel.: +7 3832 339 72 96; fax: +7 3832 330 47 19.
E-mail address: gyap@catalysis.nsk.su (G.Ya. Popova).
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olymeric species predominate, which have strong interaction
ith the support. The samples which contain monomeric and
olymeric vanadium species are commonly referred as “mono-
ayer” samples.

It is known that a treatment (chemical attack) of the high-
oaded V/Ti oxide samples with i-butanol or aqueous solutions
f ammonia and some mineral acids (HNO3 and H2SO4) leads to
he dissolution of both the bulk and polymeric vanadium species,
he monomeric species being not attacked [1,4,23–26,28,30,31].
ccording to Refs. [1,24], the amount of insoluble vanadium is

ommonly less than 0.1–0.4 of the monolayer, whereas by the
ata of [4,23] it slightly exceeds a monolayer.

The lattice oxygen bond strength is generally considered
o be the main parameter, which determines the activity and
electivity of oxide catalysts in the oxidation of hydrocar-
ons [35]. Some correlations are usually observed between the
educibility of vanadium species and their activity in partial

xidation of hydrocarbons [5,12–14,20,21,28–34]. For exam-
le, the experiments on the temperature-programmed reduction
TPR) in hydrogen and oxidation in oxygen (TPO) were per-
ormed with the V2O5/TiO2 catalysts with vanadia loadings of

mailto:gyap@catalysis.nsk.su
dx.doi.org/10.1016/j.molcata.2007.12.019
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ither 1 wt.% (Eurocat EL10V1) or 8 wt.% (Eurocat EL10V8)
24,25,33]. The monomeric vanadyl species which were present
n the Eurocat EL10V1 appeared to be the easiest to reduce but
he most difficult to reoxidize [33]. In paper [30], three types
f vanadia species were identified on vanadia/titania catalysts
ith 0.2–2.6 ml of VOx on the titania surface. Their reducibility

n hydrogen was characterized by peak maximum in the TPR
rofiles indicating isolated monomeric species (≤497–507 ◦C),
olymeric species (537 ◦C), and bulk amorphous V2O5 (579 ◦C)
30].

The role of individual vanadium species in selective oxidation
f hydrocarbons is not yet fully understood. The monomeric VOx

pecies are known to form the main active sites for the conversion
f isopropanol to acetone [24]. Also, the monomeric VOx species
re more active in oxidative ammonolysis of methyl pyrazine as
ompared to bulk V2O5 [4]. The monolayer vanadium species
both monomeric and polymeric) were shown to be responsible
or the catalytic activity and selectivity in respect to benzalde-
yde and benzoic acid in partial toluene oxidation over V/Ti
xide catalysts [31,32]. A comparison of samples with different
anadium content in their specific activity in the toluene oxida-
ion indicated that the supported vanadia–titania catalysts appear
o be one order of magnitude more active than pure bulk V2O5
31]. The specific activity in the oxidation of toluene and the
electivity in respect to benzaldehyde and benzoic acid exhib-
ted by the supported vanadia–titania catalysts were found to
ncrease with the vanadium loading up to the monolayer cover-
ge [32]. This increase was attributed to the parallel increase of
he surface concentration of easily reducible isolated vanadium
pecies interacting with the anatase surface. When the vanadium
ontent increased above monolayer coverage, both activity and
electivity decreased [32].

In the temperature range of 120–140 ◦C, the supported
anadia–titania (10–90 wt.% V2O5/90–10 wt.% TiO2) catalysts
ere found to exhibit high selectivity in the oxidation of the

ormaldehyde to formic acid [36]. So, irrespective of the vana-
ium content, the selectivity in respect to formic acid attains
5–85% in the range of formaldehyde conversion of 35–85%
t the reaction temperature of 120 ◦C. On the contrary, the spe-
ific activity of the samples depends on the amount of vanadium
upported on anatase.

Our work was aimed at identifying the most active vanadium
pecies in supported V/Ti oxide catalysts for the oxidation of
ormaldehyde to formic acid.

. Experimental

.1. Catalyst preparation

The catalysts were synthesized using a commercial TiO2
anatase) (catalog Alfa Aesar) with specific surface area of
50 m2/g. Two series of samples have been prepared.

Series 1. The vanadia–titania oxide catalysts of the com-

osition 20 wt.% V2O5/80 wt.% TiO2 were prepared by the
mpregnation of TiO2 with a water solution of vanadyl oxalate
ynthesized from V2O5 (>99.6%, Reachim, Russia) and oxalic
cid (>97%, Reachim, Russia). The samples were dried in air at

r

C
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10 ◦C for 24 h and calcined in air flow (50 ml/min) at 400 ◦C
VTi400) or 450 ◦C (VTi450) for 4 h.

Series 2. The samples of series 1 were washed with 10%
ater solution of nitric acid by the method described in Ref.

4] to remove the individual V2O5 phase. After washing, the
amples VTi400 and VTi450 were calcined once more at 400 ◦C
VTi400w) or 450 ◦C (VTi450w), respectively, for 4 h.

.2. Physico-chemical properties (techniques)

The specific surface area was calculated by the BET method,
rom the nitrogen adsorption isotherms obtained by an auto-
ated Micromeritics ASAP-2400 apparatus.
Powder XRD diffraction patterns were obtained using a

iemens D500 diffractometer (Germany) with the monochro-
ated Cu K� radiation.
IR spectra were recorded using a FT-IR spectrometer

OMEM MB-102 (Canada). To take the spectra, the samples
ere pretreated by a standard method, the pelletizing with CsI

2 mg of the sample and 500 mg of CsI).
The chemical composition of compounds formed in the sup-

orted catalysts was determined by the differential dissolution
DD) method [37,38]. The DD method consists in dissolv-
ng the sample under analysis in an appropriate solvent, the
oncentration (or chemical potential) of which increases inten-
ionally during the dissolving procedure. The procedure makes
t possible to dissolve progressively and selectively the phases,
hich constitute the analyzed sample and express the kinetic
f dissolution as the curves of release of the analyzed chem-
cal elements into the solvent. To find the chemical formulae
f these dissolving phases, and their quantities, the original
inetics curves of dissolving elements are transformed into sto-
chiograms which represent the molar ratios of the element
issolution rates versus time. Such stoichiograms make it possi-
le to derive chemical formulae of the phases under dissolution
hile the curves of the phase dissolution allow the finding of
uantities of these phases. The concentration of dissolved V
nd Ti in the flow of the solvent was determined by means of
CP atomic emission analyzer (ICP, Baird). H2O, HCl (1.2 and
N), and HF (3.8N) were consecutively used as the solvent. The
emperature of the solvent was increased gradually from 60 to
0 ◦C.

The temperature-programmed reduction in hydrogen was
erformed with 100 mg of a 0.25–0.5 mm fraction of catalysts
n a quartz reactor using a flow setup with a thermal conductiv-
ty detector. Prior to the reduction, the samples were treated in
xygen for 0.5 h at 400 ◦C and then cooled to room temperature
n the O2 atmosphere. The reducing mixture (10 vol.% H2 in Ar)
as fed at the rate of 40 cm3/min and the rate of heating from

oom temperature to 900 ◦C was 10 K/min.

.3. Catalytic tests
The catalytic properties of the samples were studied in the
eaction of the formaldehyde oxidation at 120 ◦C:

H2O + (1/2)O2 → HCOOH
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dissolution. A section of the stoichiogram corresponding to the
simultaneous dissolution of vanadium and titanium is character-
ized by the atomic ratio V/Ti = 0.083–0.1.
48 G.Ya. Popova et al. / Journal of Molecula

The steady-state activity of the catalysts was tested at atmo-
pheric pressure by the differential method at a flow circulation
etup [35,39]. The reactor (i.d. 12 mm, length 50 mm) was made
f Pyrex glass with a coaxial thermocouple pocket (d = 4 mm)
or temperature measurements in the catalyst bed. The reac-
or was placed into an electrical oven with the air heating. The
emperature was controlled with the accuracy ±0.5 ◦C using a
emperature controller. To prevent the product condensation, the
irculation circuit was thermostated at 120 ◦C.

The composition of the initial mixture (vol.%) was as fol-
ows: 5% CH2O, 10% H2O, air balance. Gaseous formaldehyde
or the catalytic studies was obtained via thermal decomposition
f paraform (“Methyl” Company, Russia). The weight fraction
f formaldehyde in paraform was 95.1%, water being the bal-
nce. Before feeding formaldehyde to the reactor, water was
reliminary blown off from paraform. The formaldehyde was
osed by the flow of air passing over the paraform layer at
00 ◦C. The water was dosed by the saturation of air stream at a
iven temperature. The flow and circulation rates of the reaction
ixture were 8.2 and 800 l/h, respectively. The catalysts were

ieved; in the experiments the fraction from 0.25 to 0.50 mm
as used. The concentration of formaldehyde and the reaction
roducts (formic acid, methyl formate and carbon oxides) were
etermined by chromatography.

The conversion of formaldehyde was calculated by the fol-
owing equation:

(%) = C0
CH2O − CCH2O

C0
CH2O

× 100

here C0
CH2O is the inlet concentration of CH2O, vol.%; CCH2O

s the outlet CH2O concentration, vol.%.
The rate of the formaldehyde oxidation (molec. m−2 s−1) and

urn over frequency (TOF, s−1) was expressed as the catalytic
ctivity.

The steady-state rate (r) of the formaldehyde oxidation was
alculated by an equation for a differential reaction:

(s−1) = F × C × 10−2 × X × 10−2 × 6.03 × 1023

22.4 × g × SBET

nd

OF (s−1) = r

Ns × 1018

here F is the flow rate (l/s, normal condition) of the inlet reac-
ion mixture; C is the inlet concentration of CH2O (vol.%); X
s the conversion of CH2O (%); g is the catalyst weight (g);
BET is the specific surface area of catalyst; Ns is the surface
anadium loading (Vat/nm2). The number of surface vanadium
toms (Vat/nm2) was calculated with respect to the BET area of
atalyst.

The selectivity in respect to HCOOH, CO, CO2 and

COOCH3 was calculated with respect to the transformed
olecules of CH2O to suit the stoichiometric coefficients of

ndividual reactions.
Carbon balance was at least 97 ± 2% for all experiments.

F
r
s

ig. 1. Kinetic dissolution curves of vanadium (V) and titanium (Ti) and cor-
esponding stoichiograms (S, at.V/at.Ti) for the VTi400 (a) and VTi400w (b)
amples.

. Results and discussion

.1. Physico-chemical characteristics of the catalysts

Figs. 1 and 2 show the kinetic dissolution curves and stoi-
hiograms (V:Ti) for VTi400 and VTi400w (Fig. 1a and b) and
Ti450 and VTi450w (Fig. 2a and b) samples.
Two vanadium species, those with either weak or strong

onding to TiO2, can be identified in the samples of the initial
omposition of 20 wt.% V2O5/80 wt.% TiO2 after its calcina-
ion at 400 and 450 ◦C (Figs. 1a and 2a). The weakly bonded
anadium is dissolving in a diluted hydrochloric acid as an indi-
idual vanadium compound without an admixture of titanium.
he strongly bonded vanadium is dissolved in hydrofluoric acid
imultaneously with titanium. Stoichiograms in Figs. 1 and 2
figures, insets) characterize the ratio of vanadium and titanium
oncentrations in the solvent versus the degree of the sample
ig. 2. Kinetic dissolution curves of vanadium (V) and titanium (Ti) and cor-
esponding stoichiograms (S, at.V/at.Ti) for the VTi450 (a) and VTi450w (b)
amples.
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Table 1
Physico-chemical properties of the samples

No. Sample V2O5 content (wt.%) SBET (m2/g) aNs (Vat/nm2)a Relative content of vanadium in its species (%)

Weakly bonded Strongly bonded

1 VTi400 20 111 11.9 37.5 62.5
2 VTi400w 12.5 115 7.3 – 100
3 24
4 8
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V
curves. The similar curves for the VTi450 and VTi450w samples
VTi450 20 53
VTi450w 7.3 54

a Referred to the BET area of the catalyst.

In the samples of series 2 (VTi400w and VTi450w), nearly
ll vanadium is represented by the strongly bonded species since
ashing the samples with nitric acid removes the weakly bonded
anadium (Figs. 1b and 2b).

Table 1 presents the results of the chemical analysis of the
eries 1 and 2 samples obtained by the differential dissolution
ethod. As is seen from Table 1, at the same overall content

f vanadium in the samples of series 1, the relative content of
eakly and strongly bonded vanadium species differs. Elevating

he calcination temperature from 400 to 450 ◦C decreases the
pecific surface area and increases the relative content of weakly
onded vanadium which is represented by V2O5 phase.

After the treatment of the series 1 samples with nitric acid,
heir surface area does not change, whereas the amount of vana-
ium in the sample decreases. The density of vanadium particles
n the surface of the samples of series 2 is 7.3–8.9 VOx/nm2

Table 1), which is close to the monolayer coverage. The max-
mum content of vanadium in a dense monolayer on pure
natase, as determined by the Raman spectroscopy [1,11], attains
–8 VOx/nm2. According to the literature data, the monolayer
/Ti oxide samples contain both monomeric and polymeric VOx

pecies.
As follows from the XRD and IR spectroscopy data, the

eakly bonded vanadium which is dissolving in HCl as an indi-
idual the compound is amorphous or crystalline V2O5. Fig. 3
hows the diffraction patterns of TiO2 (anatase) and V/Ti sam-

les of series 1 and 2. The diffraction pattern of the VTi450
ample after the calcination at 450 ◦C (curve 2) contains not
nly the reflexes of anatase (curve 1), but also the reflexes of
he crystalline V2O5 phase. The intensity of reflexes of the crys-

ig. 3. XRD patterns of TiO2–anatase (1) and of the V/Ti samples (2–5).

a

h

F
a

.4 63.5 36.5

.9 – 100

alline V2O5 phase is much lower when the sample of the same
omposition is calcined at 400 rather than at 450 ◦C (curve 3).
his may relate to the fact that a major part of the weakly bonded
anadium oxide before the vanadium washing with nitric acid
s in an amorphous state; this conclusion is confirmed by IR
pectroscopy (Fig. 4). A wide and strong absorption in the fre-
uency region of 900–250 cm−1 is observed in the IR spectrum
f anatase (spectrum 6). The spectra of series 1 catalysts (spectra
and 3) contain, in addition to the absorption bands of anatase,

he bands assigned to the stretching vibrations of V–O–V (at
60 and 930 cm−1) and V O (at 1022 cm−1 for VTi450 and at
011 cm−1 for VTi400) fragments. A broadening of the ν(V O)
and and shifting its absorption maximum to the low-frequency
egion (from 1022 to 1011 cm−1) for the VTi400 sample rela-
ive to the spectrum of bulk V2O5 may be caused by a higher
ispersity as compared with the VTi450 dispersity of vanadium
n this sample. The V2O5 bands are absent in the spectra of
eries 2 samples regardless of the calcination temperature; the
iffraction patterns of these samples contain only the reflexes of
natase.

.2. TPR study of the catalysts

Fig. 5a shows the TPR curves for VTi400 (curve 1) and
Ti400w (curve 2). The curve 3 exhibits the difference of these
re presented in Fig. 5b.
Upon the catalyst reduction, more than one peak of the

ydrogen absorption is observed. Thus, these data indicate

ig. 4. The FT-IR spectrum of the V2O5 (1), V/Ti samples (2–5) and TiO2–
natase (6).
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ig. 5. The TPR profiles of the V/Ti samples before (1) and after (2) treatment i
a) VTi400 and VTi400w samples; (b) VTi450 and VTi450w samples.

he presence of several types of oxygen-containing vanadium
pecies on the TiO2 surface. The low-temperature peaks in
he region of 450–502 ◦C for VTi400w (Fig. 5a, curve 2) and
73–522 ◦C for VTi450w (Fig. 5b, curve 2) are evidently related
o the reduction of the monolayer vanadium species.

The presence of more than one maximum in the TPR
urves of VTi400w and VTi450w samples (curve 2), which
ontain only the strongly bonded vanadium, indicates that
nsoluble vanadium species are not homogeneous, but contain
he monomeric and polymeric VOx particles. The temper-
ture region at 450–470 ◦C characterizes the monomeric
Ox species, while the peaks at a higher temperature

502–522 ◦C) can be attributed to the reduction of polymeric

pecies.

According to the DD and XRD data, washing of the series 1
amples with nitric acid removes the amorphous and crystalline
2O5 species weakly bonded to the support. Thus, the temper-

T

a
t

able 2
he catalytic properties of bulk V2O5 and the V/Ti catalysts at the reaction temperatu

o. Catalyst SBET (m2/g) Va (ml) Xb (%) Selectivity (%)

HCOOH HCO

1 V2O5 5.9 5.9 2.6 92.8 6.
2 10.5 6.1 91.8 6.
3 20.5 8.9 94.5 2.

4 VTi400 111 0.3 15.3 96.5 1.
5 1.3 35.3 95.8 2.
6 1.9 52,5 95,7 1.
7 2.9 55.6 95.0 2,0
8 3.1 66.7 94.9 1.
9 6.2 75.2 93.6 1.
0 9.3 82,7 90.3 1.

1 VTi400w 115 2.3 76.5 93.7 1.
2 3.6 84.4 90.8 1.

3 VTi450 53 9.8 70.2 94.9 1.
4 14.8 78.3 93.5 1.

5 VTi450w 54 5.1 78.8 92.8 1.
6 6.8 83.1 90.7 1.

he composition of the initial mixture (vol.%): 5% CH2O, 10% H2O, air the balance
a V is the catalyst volume (the catalyst bulk density 0.6–0.7 g/cm3).
b X is the formaldehyde conversion; r is the specific rate of the formaldehyde oxida
3. Curve (3) is the difference curve obtained by subtracting the 1 and 2 curves.

ture maxima in the difference spectra (Fig. 5, curve 3) can be
ssigned to the V2O5 phase which can be removed by the nitric
cid. The distinctions in the temperature maxima of the differ-
nce reduction curves obtained with VTi400 (Tmax = 520 ◦C) and
Ti450 (Tmax = 554 ◦C) may relate accordingly to the reduction
f amorphous and crystalline V2O5.

An easier reduction of monomeric vanadium species, as com-
ared to polymeric and crystalline vanadia, was demonstrated
lsewhere [24,25,30,33]. In particular, for sample Eurocats
L10V1 (1% V2O5/TiO2, S = 10 m2/g) which contained only

he monomeric vanadium species, the TPR curves show a sin-
le peak with Tmax = 487 ◦C [33]. As it was shown in [30],
he insoluble monomeric species are reduced in hydrogen at

◦
≤ 497–507 C.
Thus, one can assume that the monolayer vanadium species

re characterized by more weakly bonded oxygen as compared
o oxygen in the bulk V2O5 phase.

re of 120 ◦C

r (×1016 molec./m2 s) TOF (×10−3 s−1)

OCH3 CO CO2

1 1.1 – 0.23 0.002
1 2.1 – 0.26 0.002
0 3.5 – 0.22 0.002

5 1.5 0.5 2.06 1.734
1 1.5 0.6 1.71 1.430
8 2.0 0.5 1.17 0.980

2.1 0.9 0.82 0.687
6 2.4 1.1 0.85 0.713
1 3.2 2.1 0.48 0.402
2 4.5 4.0 0.35 0.293

3 3.5 1.5 1.60 2.223
0 5.0 3.2 1.03 1.427

6 2.0 1.5 0.59 0.236
2 3.0 2.3 0.44 0.177

2 3.5 2.5 1.31 1.488
0 4.8 3.5.0 1.03 1.164

. The flow rate of the reaction mixture −8.2 l/h.

tion.
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ig. 6. Selectivities of the supported V/Ti oxide catalysts in respect to
ormic acid (HCOOH), COx (CO + CO2) and methyl formate (HCOOCH3) vs.
ormaldehyde conversion at 120 ◦C.

.3. Catalytic properties

The catalytic properties of bulk V2O5 and the V/Ti catalysts
nder study are presented in Table 2.

One can see that the bulk V2O5 is low active as compared
ith the supported V/Ti oxide catalysts. However, bulk V2O5
emonstrates high selectivity in the oxidation of formaldehyde
o formic acid. The selectivity in respect to formic acid exceeds
0% at the formaldehyde conversion of ca. 10%. The side prod-
cts of the oxidation are methyl formate and carbon oxides.
eposition of vanadia on TiO2 increases sharply the rate of

ormaldehyde oxidation.
Fig. 6 shows the selectivity in respect to the different reaction

roducts versus the formaldehyde conversion for the VTi400,
Ti450, VTi400w and VTi450w samples. The selectivities for
ll VTi samples fit well in the common curves. Evidently, the
resence of the V2O5 phase in the samples does not deteriorate
he selectivity.

ig. 7. Comparison of the selectivity to formic acid (SHCOOH) and activity
n(TOF) for the V2O5 and V/Ti oxide catalysts at the temperature of the reaction
20 ◦C. The conversion of formaldehyde is 78 ± 2% for V/Ti catalysts and 8.9%
or V2O5.

A

f
0

R

[

alysis A: Chemical 283 (2008) 146–152 151

Fig. 7 displays the selectivity and activity of the formalde-
yde oxidation to formic acid (ln(TOF)) for the supported V/Ti
xide catalysts of series 1 and 2 at the comparable conversion
f formaldehyde (X = 78 ± 2%). The same kinetic characteris-
ics for V2O5 are presented at the conversion of formaldehyde
f ca. 10%. The activity of the series 2 samples which contain
anadium as monolayer species is higher as compared to similar
amples of series 1, which comprise all three vanadium species
dentified. Selectivity in respect to the formic acid is the same
or all the samples.

. Conclusion

The activity of V/Ti oxide samples is determined by the nature
f vanadium oxide species. Strongly bonded to TiO2 monomeric
nd polymeric oxygen-containing vanadium species as well as
morphous and crystalline V2O5 are present in the samples. The
elative content of oxygen-containing vanadium species depends
n the amount of vanadium and temperature calcination of the
amples.

Therefore, one can conclude that observed increase in the
ctivity of the supported V/Ti oxide catalysts as compared with
ulk V2O5 is caused by the formation of monolayer vanadium
xide species. The monolayer vanadium–titania catalysts are
ighly active in the formaldehyde oxidation to formic acid.
ccording to the TPR data, these vanadium species are easier

o reduce by H2 as compared to bulk V2O5.
The bulk V2O5 is highly selective, but low active in respect

o the oxidation of formaldehyde to formic acid as compared
ith the supported V/Ti oxide catalysts. The presence of bulk

morphous or crystalline V2O5 in the V/Ti oxide catalysts leads
o a partial blocking of the active sites and hence decreases the
atalyst activity in the oxidation of formaldehyde to formic acid.
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