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Abstract

A series of V-Zr-O (V,05-ZrO,) complex oxides were prepared by the sol-gel method. The phases of the samples as detected by the X-ray
diffraction depended on the content of V,0s in the complex oxides. ZrV,0; was found to be the main phase in the 50% V,05-ZrO,. The results of
temperature programmed reduction showed that the complex oxides V-Zr-O were easier reduced than the single oxides ZrO, and V,0s, indicating the
increased redox ability of the complex oxides. On the other hand, the complex oxides with surface ZrV,0; exhibited the significantly lower surface
acidity and relatively stronger redox ability, and thus, the better reactivity for the selective oxidation of toluene to benzaldehyde and benzoic acid.

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

Caprolactam is a raw material for the synthesis of nylon
66, an important engineering plastic. In the SNIA-Viscosa pro-
cess [1-3], toluene is a starting material for the synthesis of
caprolactam. The first step of the process is the oxidation of
toluene to benzoic acid in liquid phase through the free radical
mechanism. Such free radical reaction converts toluene mainly
into benzoic acid. Only trace of benzaldehyde is formed during
the process. However, benzaldehyde is more costly than ben-
zoic acid since it is an important raw material for the synthesis
of many other valuable chemicals such as flavors, medicines
and pesticides [4]. Thus, the catalytic oxidation of toluene to
benzaldehyde in gas phase has received considerable atten-
tion [5-19]. For example, Ce-Mo-O and Fe-Mo-O have been
studied for the selective oxidation of toluene to benzaldehyde
[5-7]. Vanadium based catalysts such as K-V/TiO; [8], V-Sb-
Ti-O [9], V-SiO; [10], V-Ag-O [11] and V-Ag-Ni-O [12] were
also studied and usually exhibited better catalytic behavior than
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molybdenum based ones for the oxidation of toluene to ben-
zaldehyde. However, there is no commercial plant available
currently for the production of benzaldehyde from the oxida-
tion of toluene by air in gas phase due to the low activity and/or
selectivity.

V05 supported on ZrO; for the selective oxidation of hydro-
carbons have been widely studied during the past decades
[20-25]. Normally, the loading of V,05 was lower than 25%
and the investigations were focused on the effect of loading of
V105 on the catalytic behavior and few reports were found in
the literature about the catalytic behavior of the complex V-Zr-O
(V,05-Zr0O,) oxides.

In this work, we studied the V-Zr-O catalysts mainly in
terms of their surface acidic and redox properties which were
attempted to be correlated with the catalytic behavior of these
catalysts for the selective oxidation of toluene to benzalde-
hyde and benzoic acid. Specifically, the surface acidity was
characterized by employing the microcalorimetric adsorption
of ammonia, while the redox property was revealed by the tradi-
tional technique of temperature programmed reduction (TPR).
Meanwhile, the surface acidity and redox property as well as
their relative importance were probed by the reaction of iso-
propanol over the catalysts with the presence of O;.
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2. Experimental
2.1. Preparation of catalysts

A series of catalysts were prepared by the sol-gel method.
According to the desired proportion of V and Zr, NH4VO3
and Zr(NOs3)4-5H, O were dissolved in water, respectively, with
some citric acid (the molar ratio of V/citric acid or Zr/citric acid
was kept at 1/2). The aqueous solution of NH4VO3 was then
added with constant stirring to the aqueous solution of Zr(NO3)4.
The pH of the mixture was controlled at 2.0 by the addition of
HNO3. Some polyacrylic acid was also added in order to enhance
the dispersion of metal cations and the formation of gel. After
stirred for 1h, the sol was evaporated in a water bath at 353 K
until the gel was formed. After being dried at 393 K for 12 h, the
sample was calcined in a muffle furnace at 723 K for 4 h. The
sample was then pelletized, crushed and sieved to 20—40 meshes
for the catalytic tests.

2.2. Characterization of catalysts

The surface areas were measured by N» adsorption at the tem-
perature of liquid N, employing the BET method. The phases
present in the catalysts were determined by the X-ray diffraction
(XRD) using the Rigaku D/Max-RA diffractometer with a Cu
Ka radiation source (A =0.15418 nm). The applied voltage and
current were 40 kV and 50 mA, respectively. TPR was performed
by using a quartz U-tube reactor loaded with about 50 mg of a
sample. A mixture of N and Hj (5.13% H; by volume) was
used and the flow rate was maintained at 40 ml/min. The hydro-
gen consumption was monitored using a thermal conductivity
detector (TCD). The reducing gas was first passed through the
reference arm of the TCD before entering the reactor. The reac-
tor exit was directed through a trap filled with Mg(ClO4)> (to
remove water) and then to the second arm of the TCD. The tem-
perature was raised at a programmed rate of 10 K/min from 303
to 1173 K.

Microcalorimetric adsorption of NH3 was carried out on a
Tian-Calvet heat-flux apparatus. The microcalorimeter was con-
nected to a gas handling and volumetric adsorption system,
equipped with a Baratron capacitance manometer (MKS, USA)
for precision pressure measurement. The differential heat of
adsorption versus adsorbate coverage was obtained by measur-
ing the heats evolved when doses of a gas (2-5 pmol) were
admitted sequentially onto the catalyst until the surface was
saturated by the adsorbate. Ammonia with a purity of 99.99%
was used. Before microcalorimetric measurements, the samples
were typically dried under vacuum, calcined in 67 kPa O;, and
evacuated, respectively, at 673 K for 1 h. The microcalorimetric
adsorption was performed at 423 K.

The Fourier transform infrared spectroscopy (FTIR) mea-
surements for NH3 adsorbed samples were recorded with a
Bruker Vector 22 FTIR spectrograph. The samples were self-
sustaining wafers with 13mm in diameter and a thickness
of about 20mg/cm?. A wafer was usually treated in 67 kPa
O, at 673K for 1h, followed by evacuation for 2h. About
1.33-2.66 kPa NH3 was introduced and then evacuated at room

temperature for 30 min. The IR spectra of the surface species
were obtained by subtracting the blank from the spectra with
adsorbed ammonia.

2.3. Catalytic reactions

The probe reaction was carried out in a fixed-bed glass tube
reactor ($b12). About 100 mg of a sample was loaded for the
reaction. Isopropanol was introduced to the reaction zone by
bubbling air (60 ml/min) through a glass saturator filled with
isopropanol maintained at 295 K. Isopropanol and reaction prod-
ucts were analyzed by an on-line gas chromatograph, using a
PEG 20M packed column connected to an FID. Each catalyst
was pretreated by heating in air at 673 K for 1 h and then cooled
in air flow to the reaction temperature.

The reaction of selective oxidation of toluene was performed
by using a U-tube fixed-bed microreactor (¢12) loaded with a
sample of about 0.5 g with 20—40 meshes. The reactants were
fed into the reactor by bubbling air through a glass saturator
filled with toluene maintained at 330 K. In each test, the reaction
reached steady state after 1 h on stream before the tail gas was
analyzed by using an on-line gas chromatograph. The organic
compounds were separated by an FFAP capillary column and
detected by an FID while CO, was detected by using a Hayesep
D packed column and a TCD.

3. Results and discussion
3.1. Structure characterization
Fig. 1 shows the XRD patterns for the V-Zr-O catalysts with

different V505 contents. V,05 and ZrO; prepared in this work
are typically orthorhombic (JCPDS 09-0387) and cubic (JCPDS
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Fig. 1. X-ray diffraction patterns of ZrO,, V,0s and the V-Zr-O catalysts.
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Table 1

Surface areas of ZrO,, V205 and the V-Zr-O complex oxides

V105 (wt.%) 0 10 20 50 80 90 100
Surface area (m%/g) 59 71 35 10 10 7 6

27-0997), respectively. The 10% V,05-ZrO; catalyst exhibited
only cubic ZrO, without any other phases, implying the well-
dispersed vanadium species on the surface of ZrO,. The 20%
V205-ZrO; catalyst also exhibited mainly cubic ZrO;, but with
a small amount of monoclinic ZrO, (JCPDS 83-0944). How-
ever, ZrV,07; (JCPDS 16-422) became the main phase in the
50% V,05-ZrO5. In fact, ZrO; was disappeared in the complex
oxides when the content of V205 was higher than 80%, and the
main phases detected in these samples were ZrV,07 and V,0Os.
It should be mentioned that, since the strongest diffraction peak
of V,05 and ZrV,07 overlapped around 20°, the two phases
were identified according to their other characteristic peaks.

Table 1 presents the surface areas of the V-Zr-O catalysts with
various V;,0Os contents. The surface area of ZrO; and V,0s5 was
59 and 6 m?/g, respectively. The surface area of the 10% V,Os-
ZrO, was 71 m?/g, higher than that of ZrO,. The surface areas
were decreased for the complex oxides with V,0Os more than
20%, which might be due to the formation of new phase ZrV,07
in the samples.

3.2. Surface acidic and redox properties

Fig. 2 shows the TPR profiles of the catalysts. There were
two weak TPR peaks around 882 and 960 K for ZrO;, which
could be due to the reduction of Zr** to Zr3* on the surface
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Fig. 2. TPR profiles of ZrO,, V205 and the V-Zr-O catalysts.

and subsurface [26,27]. Four TPR peaks occurred at 931, 959,
1018 and 1125K for V,0s5, corresponding to the sequential
reductions: V205 — V6013 — V204 — V6O11 — V203 [28].
The broad TPR peak at 806 K for the 10% V,0s5-ZrO, and
that at 813 K for the 20% V,05-ZrO, might be assigned to the
reduction of vanadium species highly dispersed in the lattice of
Zr0O;. The reduction temperature (806—813 K) of such vanadium
species was much lower than those of bulk V,05 (931-1125 K),
implying the promotion effect of ZrO; on the reduction of vana-
dium species. One main TPR peak at 881 K was observed for the
50% V,05-Zr0O,, which could be attributed to the reduction of
ZrV;,07 since XRD revealed that the sample possessed mainly
ZrV,07 with some ZrO;. The sample 80% V,05-ZrO; con-
tained ZrV,07 and V05 and the temperatures for the reduction
of this sample increased significantly. There were five TPR peaks
for the 90% V,05-ZrO, sample. This TPR profile appeared as if
a superimposition of those for the V,05 and 80% V,05-ZrO5.

The areas of the reduction peaks of the V-Zr-O samples were
calculated quantitatively. Suppose that the area of the total reduc-
tion peaks for V,0s5 is 100, the areas of the samples with V05
content of 90, 80, 50, 20, 10 and 0% were, thus, calculated to
be 90, 78, 47, 20, 17 and 20, respectively. It seemed that above
20% V,0s5 content, the areas of the reduction peaks were pro-
portional to the V205 contents in V-Zr-O oxides, suggesting that
only vanadia species in the complex oxides were reduced. Zir-
conia species began to reduce when V,0s5 content was lower
than 10%. These results are in agreement with those reported
in the literatures [26—-28], which stated that bulk V,O5 could be
completely reduced to V,03 and only surface and subsurface
Zr** of bulk ZrO, were reduced to Zr>*, when the reduction
temperature was up to 1200 K.

The results of microcalorimetric adsorption of NH3 for the
samples are shown in Fig. 3. The ZrO, exhibited quite strong
surface acidity with the initial heat of 228 kJ/mol and the satu-
ration coverage of 340 pmol/g, respectively. On the other hand,
the V05 prepared in this work showed the low surface acidity
with the initial heat of 59 kJ/mol and the saturation coverage of
128 pmol/g for the adsorption of ammonia. The incorporation of
10% V,0s did not seem to have a significant effect on the surface
acidity of ZrO;. The addition of 20% V,0Os decreased the initial
heat to 198 kJ/mol and the saturation coverage to 235 wmol/g,
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Fig. 3. Differential heats versus coverage for NH3 adsorption at 423 K on the
V;0s, ZrO, and V-Zr-O catalysts.
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Fig. 4. FTIR spectra for NH3 adsorption at room temperature on ZrO,, V,0s5
and the V-Zr-O catalysts.

indicating the significantly decreased surface acidity. The sur-
face acidity was further decreased when more V,05 was added.
In fact, the complex oxides with V,0O5 more than 50% exhibited
the weak surface acidity as that of V,0Os, since the initial heat
and saturation coverage for the adsorption of ammonia were
similar for these samples. The formation of ZrV,07 seemed the
reason for the weakened surface acidity.

Fig. 4 shows the FTIR spectra for ammonia adsorption on
ZrO», V705 and the typical V-Zr-O complex oxides. It is gener-
ally believed that the IR peaks around 1393, 1450 and 1680 cm ™!
are due to the vibrations of NH4* produced by the NH3 adsorp-
tion on Brgnsted acid sites, while the peaks around 1610 and
1230-1260cm™! are due to the coordinatively adsorbed NH3
on Lewis acid sites [29,30]. Thus, all the samples displayed
mainly the Brgnsted acidity with the IR peaks around 1440 and
1680 cm™~! as well as a small amount of Lewis acidity with the IR
peaks around 1270 and 1605 cm™! for the adsorbed ammonia.

The isopropanol probe reaction has been extensively used
to characterize the surface acid/base properties. It is generally
true that isopropanol converts to propylene and diisopropyl ether
on acid sites while converts to acetone on base sites when the
reaction is performed in an inert atmosphere. However, when
the reaction is carried out with the presence of O3, isopropanol
can be oxidized to acetone, which may be used to characterize
the redox property of a catalyst [31-34].

Fig. 5 presents the results for the probe reaction of iso-
propanol on ZrO;, V205 and V-Zr-O catalysts in air at 453 K.
The conversion of isopropanol was close to 100% on ZrO; with
100% selectivity to propylene. This result indicated that the ZrO,
used in this work was highly acidic without any redox ability
for the oxidative dehydrogenation of isopropanol. The addition
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Fig. 5. Conversion of isopropanol (IPA) and selectivity to propylene (PPE),
diisopropyl ether (DIPE) and acetone (ACE) on ZrO,, V,0s5 and the V-Zr-O
complex oxides in air at 453 K.

of V705 up to 50% significantly decreased the conversion of
isopropanol as well as the selectivity to propylene. Meanwhile,
the selectivity to acetone was increased up to 67%. These results
clearly indicated the decreased surface acidity and the increased
redox ability of the samples upon the addition of V,Os. The bulk
V;05 exhibited mainly the surface acidity with some redox abil-
ity since it produced much more propylene than acetone for the
conversion of isopropanol in air. The 50% V,05-ZrO, exhib-
ited the low conversion of isopropanol (8 %) with 27% selectivity
to propylene and 67% selectivity to acetone, respectively, indi-
cating the weak surface acidity and relatively stronger redox
ability of the sample. These results demonstrated such a fact that
the combination of two acidic oxides might produce a complex
oxide (e.g., ZrV,07) with significantly decreased surface acid-
ity and enhanced redox ability. Thus, it is possible to monitor the
surface acidic and redox properties of a series of complex oxides
by varying their compositions to meet the needs of catalysis.

3.3. Selective oxidation of toluene

Table 2 gives the results for the selective oxidation of toluene
over ZrO;, V705 and V-Zr-O with different compositions. The
products were found to be benzaldehyde, benzoic acid and CO;.
ZrO, is not active since it lacks redox ability. The complex
oxides containing 10-50% V;0Os exhibited fairly well activi-
ties for the selective oxidation of toluene. The conversion of

Table 2
Selective oxidation of toluene over ZrO;, V20s and the V-Zr-O catalysts at
633K

V,05 Conversion Selectivity (%) Yield (%)
(%) (%) -
Benzaldehyde Benzoic Total  Total
acid
0 04 33 0 33 0.1
10 20 39 14 53 11
20 24 33 24 57 14
50 21 35 28 63 13
80 18 33 4 37 7
90 15 30 8 38 6
100 9 22 16 38 3




J. Ge et al. / Journal of Molecular Catalysis A: Chemical 278 (2007) 209-214 213

toluene was similar (about 20%) on these catalysts though their
surface areas were quite different. The conversion of toluene on
V,05 was low (9%). The addition of 10% ZrO; increased the
conversion of toluene to 15%. Thus, the complex oxides V,0Os-
ZrO, seemed more active than V,0Os, which might be due to the
presence of V-O-Zr bonds in V,05-ZrO,. The total selectivity to
benzaldehyde and benzoic acid over the 80% V,05-ZrO;, 90%
V205-ZrO; and V,05 was similar (37-38%), reflecting mainly
the property of V505, agreeing with the XRD and TPR results.
The total selectivity to benzaldehyde and benzoic acid over the
10% V,05-Zr0O;, 20% V,05-ZrO, and 50% V,05-ZrO, was
relatively higher (53-63%).

The catalysts could be classified into three categories accord-
ing to their catalytic behavior for the selective oxidation of
toluene. ZrO; itself forms a category. It possesses acidity only
and lacks the redox ability and, therefore, it is not active for the
selective oxidation of toluene. The second category includes the
80% V,05-Zr03, 90% V,05-ZrO, and V,05, which exhibited
the catalytic behavior similar to V,0Os5. The 10% V,05-ZrO3,
20% V,05-ZrO; and 50% V,05-ZrO, may be grouped into
the third category. These catalysts displayed the similar cat-
alytic behavior for the selective oxidation of toluene, typical
of the V,05-ZrO; complex oxides. It should be mentioned that
the catalysts in the third category exhibited the similar TPR
profiles with only one reduction peak for each sample and the
peak temperatures were much lower than those of V,05. The
lower reduction temperatures implied the stronger redox abili-
ties and, therefore, the higher activity for the selective oxidation
of toluene. In addition, XRD results indicated the presence of
ZrV;707 in the 20% V,05-ZrO; and it became the main phase
in the 50% V,05-ZrO;. Although no ZrV,07; was observed
in the 10% V,05-ZrO; by XRD, the presence of highly dis-
persed ZrV,07 on the surface of 10% V,05-ZrO, could not be
excluded. Suppose that the surfaces of the three catalysts in the
third category were covered by ZrV,07, it would not be strange
that the three catalysts displayed the similar catalytic behavior.
It seems that the formation of ZrV,07 or the V-O-Zr bonds in
the complex oxide catalysts benefits the selective oxidation of
toluene for the production of benzaldehyde and benzoic acid.
Since ZrO, was the main phase in the 10% V,05-ZrO;, with
possibly some highly dispersed ZrV,07, it is quite natural that
the sample behaved like the bulk ZrO, in some aspects. For
example, it exhibited quite strong surface acidity like ZrO; as
revealed by the microcalorimetric adsorption of ammonia and
the isopropanol probe reaction. This is probably the reason why
this sample exhibited lower selectivity as compared with other
two catalysts in the third category. It should be mentioned that
the TPR profile of the 10% V,05-ZrO, is completely different
from that of ZrO;. The peak temperature of 10% V,05-ZrO,
was significantly decreased as compared to that of ZrO,. Con-
sidering the facts that the 10% V,05-ZrO, showed relatively
high activity while ZrO; was almost not active for the selective
oxidation of toluene, the TPR peak of 10% V,05-ZrO, must
mainly be the result of the reduction of vanadium species in the
sample, not the reduction of Zr**. Such TPR and catalytic results
can be taken as the indirect evidence for the existence of sur-
face ZrV,07 in the 10% V,05-ZrO;. It should be emphasized

that with the increase of ZrV,07, the complex oxide catalysts in
the third category exhibited significantly lower surface acidity,
relatively stronger redox ability and higher selectivity for the for-
mation of benzaldehyde and benzoic acid. The complex oxides
80% V,05-ZrO, and 90% V,05-ZrO, might contain V,Os that
covered the ZrV,07, leading to the catalytic behavior similar to
that of bulk V,0s.

4. Conclusion

V-Zr-O complex oxide catalysts with wide compositions
were prepared by the sol-gel method. XRD revealed that
ZrV,07 was the main phase in the 50% V,05-ZrO;. This cat-
alyst exhibited high selectivity to acetone for the conversion
of isopropanol in air, revealing its weak surface acidity and
relatively stronger redox ability, agreeing with the results of
microcalorimetric adsorption of ammonia and TPR. The com-
plex oxides with low content of V,0O5 showed the strong surface
acidity and produced mainly propylene for the conversion of
isopropanol in air. The strong surface acidity decreased the
selectivity to benzaldehyde and benzoic acid for the oxidation
of toluene. On the other hand, V2,05 might cover the surface
of the complex oxides with high content of V,0s, leading
to the lowered selectivity to benzaldehyde and benzoic acid.
The formation of ZrV,07 or V-O-Zr bonds seemed to bene-
fit the selective oxidation of toluene. In addition, TPR results
clearly showed that the V,05-ZrO, complex oxides were sig-
nificantly easier reduced than the single oxides, indicating the
stronger redox ability of the complex oxides. The results from the
microcalorimetric adsorption of ammonia and the isopropanol
probe reaction in air further revealed the decreased surface acid-
ity and enhanced redox ability of the complex oxides. Therefore,
the formation of suitable V-O-M bonds to decrease the surface
acidity and meanwhile to enhance the redox ability seemed to
be a way to improve the catalytic behavior for the selective
oxidation of toluene.
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