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VzOs/TiOz-ZrOz catalyst modified with V2O5 was prepared by adding Ti(OH)4-Zr(OH)4 powder into an 
aqueous solution of ammonium metavanadate followed by drying and calcining at high temperatures. The 
characterization of prepared catalysts was performed using XRD, DSC, solid-state + VNMR, and FTIR, In the 
case of calcination temperature of 500 °C, for the catalysts containing low loading V2O5 below 25 wt % 
vanadium oxide was in a highly dispersed state, while for catalysts containing high loading V2O5 equal to or 
above 25 wt % vanadium oxide was well crystallized due to the V2O5 loading exceeding the formation of 
monolayer on the surface of TiOz-ZrOx The strong acid sites were formed through the bonding between 
dispersed V2O5 and TiOz-ZrO% The larger the dispersed V2O5 amount, the higher both the acidity and catalytic 
activities for acid catalysis.
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Introduction

Vanadium oxide catalysts are widely used as catalysts in 
oxidation reactions, e.g., the oxidation of sulfur dioxide, 
carbon monoxide, and hydrocarbons?These systems have 
also been found to be effective catalysts for the oxidation of 
methanol to methylformate/^7 Vanadia catalysts supported 
on titania-alumina mixed oxide and titania modified with 
alumina were found to exhibit superior activities in selective 
catalytic reduction ofNOx?-11 Much research has been done 
to understand the nature of active sites, the surfece structure 
of catalysts as well as the role played by the promoter of the 
supported catalysts, using infrared (IR)? X-ray diffraction 
(XRD), electron spin resonance (E.S.R) and Raman spectro
scopy^12-14

It is well known that the dispersion and the structural 
features of supported species can strongly depend on the 
support. Structure and other physicochemical properties of 
supported metal oxides are considered to be in different 
states compared with bulk metal oxides because of their 
interaction with the supports. Therefore, to achieve good 
activity and selectivity levels, V2O5 should be dispersed on a 
suitable support?3 Titania in the form of anatase16?17 is 
considered to be the more successful support for the phthalic 
anhydride production from o-xylene. Similarly, highe마 

activity in methanol oxidation has been observed using ZrO? 
as the support?8 Thus, the supporting metal oxide plays in 
determining the dispersion and activity of the V2O5 when 
supported.

On the other hand, binary metal oxides are expected to 
exhibit better catalytic activity for some reaction due to their 
solid acid or base properties?9 Among various binary oxide, 
the TiO2-ZrO2 exhibited very good catalytic activity. The 
TiCb-ZrCb binary oxide has also been reported to exhibit 

high surface acidity by a charge imbalance based on the 
generation of Ti-O-Zr bonding?0 Further, recent studies also 
reveal that TiOz-ZrO? is an active catalyst for dehydro
cyclization of ^-paraffins to aromatics,21 hydrogenation of 
carboxylic acids to alcohols22 and photo catalytic oxidation 
of acetone,23 and also is an effective support for MoOs-based 
catalysts for hydroprocessing application?4 Thus, the com
bined TiO2-ZrO2 oxide has attracted attention recently as a 
catalyst and support for various applications.

Previou이we reported solid-state 31V NMR and IR 
spectroscopic study of V2O5 supported on TiCb-ZrOz, In this 
investigation, we report the effect of V2O5 modification in 
VzO/TiCh-ZrOz catalysts on their surfece properties and 
catalytic activities for acid catalysis. 2-propanol dehydration 
and cumene dealkylation reactions were used as test 
reactions for acid catalysis.

Experimental Section

Catalyst Preparation. The coprecipitate of Ti(OH)4- 
Zr(OH)4 was obtained by adding aqueous ammonia slowly 
into a mixed aqueous solution of titanium tetrachloride and 
zirconium oxychloride at room temperature with stirring 
until the pH of mother liquor reached about & The ratio of 
titanium tetrachloride to zirconium oxychloride was 1:1, 
because TiCh-ZrCb containing TiCh/ZrCh ratio of 1 among 
TiO2-ZrO2 binary oxides exhibited the highest acidity and 
surfece area?6 The coprecipitate thus obtained was washed 
thoroughly with distilled water until chloride ion was not 
detected, and was dried at 100 °C for 12 h. The dried 
coprecipitate was powdered below 100 mesh.

The catalysts containing various vanadium oxide content 
were prepared by adding the Ti(OH)4-Zr(OH)4 powder into 
an aqueous solution of ammonium metavanadate (NH4VO3)
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followed by drying and calcining at high temperatures for 3 
h in air, This series of catalysts are denoted by their weight 
percentage of V2O5. For example, lO-Vm/TiOz-ZrCb indi
cates the catalyst containing 10wt% V2O5.

Procedure. 2-Propanol dehydration was carried out at 160 
and 180 °C in a pulse microreactor connected to a gas 
chromatograph. Fresh catalyst in the reactor made of 1/4 ia 
stainless steel was pretreated at 400 °C for 1 h in the nitrogen 
atmosphere. Pulses of 1 //L 2-propanol were injected into a 
N2 gas stream which passed over 0.05 g of catalyst. Packing 
material for the gas chromatograph was diethyleneglycol 
succinate on Shimalite and column temperature was 150 °C. 
Catalytic activity for 2-propanol dehydration was represent
ed as the mol of propylene converted per gram of catalyst.

Cumene dealkylation was carried out at 400 and 450 °C in 
the same reactor as above. Packing material for the gas 
chromatograph was Benton 34 on chromosorb W and 
column temperature was 130 °C. Catalytic activity for 
cumene dealkylation was represented as the mol of benzene 
converted from cumene per gram of catalyst. Conversion for 
both reactions was taken as the average of the first to sixth 
pulse values.

Chemisorption of ammonia was employed as a measure of 
acid amount of catalysts. The am이mt of chemisorption was 
obtained as the irreversible adsorption of ammonia?7-29 The 
specific surface area was determined by applying the BET 
method to the adsorption of nitrogen at-196 °C.

FTIR absorption spectra of VzOs/TiCb-ZrCb powders 
were measured by the KBr disk method over the range 1200
400 cm-1. The samples for the KBr disk method were 
prepared by grinding a mixture of the catalyst and KBr 
powders in an agate mortar and pressing them in the usual 
way FTIR spectra of ammonia adsorbed on the catalyst 
were obtained in a heatable gas cell at room temperature 
using a Mattson Model GL 6030E spectrophotometer The 
self-supporting catalyst wafers contained about 9 mg/cm% 
Prior to obtaining the spectra the samples were heated under 
vacuum at 400-500 °C for 2 h.

Catalysts were checked in order to determine the structure 
of the support as well as that of vanadium oxide by means of 
a Jeol Model JDX-8030 diffractometer, employing Cu Ka 
(Ni-filtered) radiation.

DSC measurements were performed by a PL-STA model 
1500H apparatus in air, and the heating rate was 5 °C per 
min, For each experiment, 10-15 mg of sample was used.

31V NMR spectra were measured by a Varian Unity Inova 
300 spectrometer with a static magnetic field stren앙h of 
7.05 T. Larmor frequency was 78.89 MH乙 The ordinary 
single pulse sequence was used, in which the pulse width 
was set at 2.8 s and the acquisition time was 0.026 s. The 
spectral width was 500 kH乙 The number of scans was 
varied from 200 to 15?000? depending on the concentration 
of vanadium. The signal was acquired from the time point 4 
//s after the end of the pulse. The sample was static, and its 
temperature was ambient (21 °C). The spectra were express
ed with the signal of VOCI3 being 0 ppm, and the higher 
frequency shift from the standard was positive. Practically,
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solid NH4VO3 (-571.5 ppm) was used as the second external 
reference.3031

Results and Discussion

Infrared Spectra of ViOs/TiOi-ZrOi. IR spectra of V2O5/ 
TiCh-ZrCb catalysts with various V2O5 contents calcined at 
500 °C for 3 h were examined (This figure is not shown 
here). Although with catalysts below 25 wt % of V2O5 the 
definite peaks were not observed, the absorption bands at 
1022 and 820 cm-1 appeared for 25-V2O5/TiO2-ZrO2, 33- 
VzWTiOz-ZrOz, and pure V2O5 containing high V2O5 con
tent. The band at 1022 cm-1 is assigned to the V=O 
stretching vibration, while that at 820 cm-1 is attributable to 
the coupled vibration between V=O and to V-O-V32 Gener
ally, the IR band of V=O in crystalline V2O5 shows at 1020
1025 cm-1 and the Raman band at 995 cm-1 ??33 The intensity 
of the V=O absorption gradually decreased with decreasing 
V2O5 content, although the band position did not change. 
The catalysts at vanadia loadings below 25 wt % gave no 
absorption bands due to crystalline V2O5. This observation 
suggests that vanadium oxide below 25 wt % is in a highly 
dispersed state. It is reported that V2O5 loading exceeding 
the formation of monolayer on the surface of support is well 
crystallized and observed in the spectra of IR and 31V solid 
state NMR?1

51V Solid State NMR Spectra of V2O5/TiO2-ZrO2. Solid 
state NMR methods represent a novel and promising ap
proach to vanadium oxide catalytic materials. The solid state 
31V NMR spectra of VzCk/TiOz-ZrOz catalysts calcined at 
500 °C are shown in Figure 1 (This figure is also shown in 
other paper23). There are three types of signals in the spectra 
of catalysts with varying intensities depending on V2O5 
content. At the low loadings up to 15 wt% V2O5 a shoulder 
at about -260 ppm and the intense peak at -590 〜-730 ppm 
are observed. The former is assigned to the surface vanadium
oxygen 마ructures surrounded by a distorted octahedron of 
oxygen atoms, while the latter is attributed to the tetrahedral 
vanadium-oxygen structures?4-36

However, the surface vanadium oxide structure is remark
ably dependent on the metal oxide support material Vana
dium oxide on T1O2 (anatase) displays the highe마 tendency 
to be 6-coordinated at low surface coverages, while in the 
case of /-AI2O3 a tetrahedral surfece vanadium species is the 
favored?3 As shown in Figure 1, at low vanadium loading 
on TiOz-ZrO? a tetrahedral vanadium species is exclusively 
dominant compared with a octahedral species. In general, it 
is known that low surface coverages fevor a tetrahedral 
coordination of vanadium oxide, while at higher surface 
coverages vanadium oxide becomes increasingly octahedral- 
coordinated. As shown in Figure 1, the peak shapes for the 
vanadium species on TiCb-ZrCb are narrower and more 
symmetric compared to those of vanadium species on T1O2 
or /-AI2O3 reported by other reporters?336 It seems likely 
that the different physical and chemical properties of T1O2- 
ZrO2 from those of T1O2 or /-AI2O3 affect the symmetry of 
the surface vanadium-oxygen structures.
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Figure 1. Solid state 51V NMR spectra of VzOs/TiQz-ZrQz 
catalysts calcined at 500 °C.

Increasing the V2O5 content on the TiO^-ZrO? surface 
changes the shape of the spectrum to a rather intense and 
sharp peak at about -300 ppm (&) and a broad low-intensity 
peak at about -1400 ppm (利)，which are due to the 
crystalline V2O5 of square pyramid coordination?5 These 
observations of crystalline V2O5 for samples containing high 
V2O5 content above 15 wt % are in good agreement with the 
results of the IR spectra. Namely, this is because V2O5 
loading exceeding the formation of monolayer on the sur
face of TiO^-ZrO? is well crystallized?1

Moreover, the increase in V2O5 content resulted appear
ance of additional signals with a peak at -730 ppm. The 
intensity of the signal increases with increase in V2O5 
loading. Different peak positions normally indicate the 
differences of the spectral parameters and are observed due 
to different local environments of vanadium nuclei?^'39 
Thus species at -590 ppm and -730 ppm can be attributed to 
two types of tetrahedral vanadium complexes with different 
oxygen environments. Namely, the signals at -590 ppm can 
be attributed to the surface vanadium complexes containing 
OH groups or water molecules in their coordination sphere,36 
because the evacuation treatment decreases the intensities 
remarkably. On the other hand, the signals at -730 ppm are 
due to the surface tetrahedral vanadium complexes which do

Figure 2. X-ray diflraction patterns of VzCMTiCh-ZrCh containing 
different V2O5 contents and calcined at 500 °C for 3 h: (•), 
orthorhomic phase of

not contain OH groups or adsorbed water molecules.
Crystalline Structure of ViOs/TiOi-ZrOi. The XRD 

patterns of the TiOz-ZrCb support calcined at 500-1000 °C 
was examined. The TiCh-ZrCh mixed support is in an 
amorphous 아ate up to its 600 °C calcination temperature. 
However, the formation of the crystalline ZrTiCU compound 
was observed from 700 °C, and the line intensity of this 
compound increased with the calcination temperature. 
Recently, Fung and Wang21 also reported the formation of 
the ZrTiO4 compound at 650 °C and above temperature, 
coinciding with our XRD observations. The ZrTiCZ com
pound appeared to be thermally quite stable even up to 1000 
°C of calcination temperature.

The crystalline 아ructure of A^Os/TiO^-ZrO? containing 
different V2O5 contents and calcined in air at 500 °C for 3 h 
was checked by X-ray diffraction; the result are illustrated in 
Figure 2. TiCb-ZrCb was amorphous to X-ray diffraction, 
indicating that the crystallization of ZrTiCN componud did 
not occur at 500 °C. These results are in good agreement 
with those of other invesitigors,21 who reported the formation 
of crystalline ZrTiCN compound at 650 °C and above. V2O5 
was amorphous to X-ray diflraction up to 15 wt% of V2O5, 
indicating good dispersion on the surface of catalyst. How
ever, for VzOs/TiCb-ZrCb containing high V2O5 content 
equal to or above 25 wt%, an orthorhombic phase of V2O5 
was observed, showing that the amount of crystalline V2O5 
increased with increasing V2O5 content, as shown in Figure 
2. This is because V2O5 loading exceeding the formation of 
monolayer on the surface of support is well crystallized.
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Figure 3. DSC curves of VzCk/TiQz-ZrQz precursors containing 
different V2O5 contents: (a) TiO2-ZrO2, (b) 5-V2O5/TiO2-ZrO2, (c) 
10-V205/Ti02-Zr02, (d) 15-V2O5/TiO2-ZrO2, (e) 25-V2O5/TiO2- 
ZrO2,and(0NH4VO3.

These results are in good agreement with those of infrared 
spectra and 51V solid state NMR (Figure 1).

Thermal Analysis. To examine the thermal properties of 
precursors of VzOs/TiOz-ZrCh samples more clearly, thermal 
analysis has been carried out; the results are illu아rated in 
Figure 3. For NH4VO3 the DSC curve shows two endo
thermic peaks at 181 and 290 °C due to the evolution ofN— 
and H?O decomposed from NH4VO3, indicating that the 
decompositon of NH4VO3 occurs in two 아eps, The sharp 
and endothermic peak at 674 °C is described to the melting 
ofvg."

However, for TiO^-ZrO? and A^Os/TiOi-ZrO? samples, 
the DSC patterns are somewhat different from that of 
NH4VO3. For TiO^-ZrO?, the DSC curve 아lows a broad 
endothermic peak below 200 °C due to the elimination of 
adsorbed water, and a sharp and exothermic peak at 696 °C 
due to the formation of ZrTiCU compound described in X- 
ray diffraction patterns. However, it is of intere아 to see the 
influence of V2O5 on the crystallization of ZrTiCU from 
amorphous to orthorhombic phase. As Figure 3 shows, the 
exothermic peak due to the crystallization appears at 696 °C 
for TiOz-ZrO% while for V^Os/TiOi-ZrO? samples it is 
shifted to higher temperatures. The shift increases with 
increasing V2O5 content up to 15 wt %. Consequently, the 
exothermic peaks appear at 701 °C for S-V^Os/TiO^-ZrO?^ 
706 °C for 10-V2O5/TiO2-ZrO2> 711 °C fbr 15-V2O5/TiO2- 
ZrO?, and 711 °C for 25-V2O5/TiO2-ZrO?. It was 아K)叩m that 
the addition of V2O5 as a second oxide to TiOi-ZrO? hinders 
the crystallization of the originally amorphous preparation.40

Table 1. Specific surface area and acidity of VzOs/TiOz-ZrCZ 
containing different V2O5 contents and calcined at 500 °C for 3 h

Catalyst Surface area, m2/g Acidity 冲ol/g

TiO2 

Z1C2 

TiC)2-ZiO2 

3-V205/Ti02-ZiO2 

5-V205/Ti02-ZiO2 

10-V2O5/TiO2-ZiO2 

15-V205/Ti02-ZiO2 

25-V2O5/TiO2-Zi<)2 

33-V205/Ti02-ZiO2

3
1
8
9
2
4
6
7
7

K
 
끼
 6
9
1
3
5
2
9

8
7
1
1
2
2
2
2
1

For the cataly아s above 15 wt % of V2O5, however, the shift 
of transition temperature did not occur more successively. 
For the samples above 15 wt %, no further shift of transition 
temperature means that the content of V2O5 exceeding 15 wt 
% does not interact with the surface of TiO2-ZrO?.

Surface Properties of Catalysts. The specific surface 
areas and acidity of cataly아s calcined at 500 °C fbr 3 h are 
listed in Table 1. Thermal resistance of zirconia against 
sintering can be considerably improved by incorporation of 
a second oxide.41?42 As listed in Table 1, the surface area and 
acidity of TiO^-ZrO? binary oxide increased remarkably 
compared with pure titania and zirconia. It has been reported 
that high surface acidity of TiCh-ZrCb binary oxide is 
attributed to the charge imbalance based on the generation of 
Ti-O-Zr bonding.20 Yu et al. has 아lovm that TiOz-ZrO? 
binary metal oxide exhibits higher catalytic activity than 
pure TiO2> possibly due to an increase in surface area at a 
given calcination temperature and an increase in acidity.42 
The presence of V2O5 also influences the surface area and 
acidity. The surface area and acidity increase gradually with 

Figure 4. Catalyric activity of VzOs/TiCh-ZrCh for 2-propanol 
dehydration as a fonction of V2O5 content
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increasing V2O5 loading up to 15 wt%. It seems likely that 
the interaction between V2O5 and TiOz-ZrCb prevents cata- 
ly아s from crystallizing?1 The decrease of surface area fbr 
VzCk/TiOz-ZrCb containing V2O5 above 15 wt % is also due 
to the blocking of TiCh-ZrCh pores by the increased V2O5 
loading. It seems likely that strong acid sites are formed 
through the bonding between dispersed V2O5 and TiCh- 
ZrO?. Similary to the case of cataly아s modified with WO3 
and Moo：，心 the new acid sites can be formed and the acid 
아rength can be strongly enhanced by the inductive effect of 
vanadium oxide species bonded to the surface of catalyst. 
The surface area attained a maximum for 10-V?O5/TiO2- 
ZrCb, while the acidity attained a maximum fbr I5-V2O5/ 
TiOz-ZrCb.

We obtained the infrared spectra of ammonia adsorbed on 
15-V2O5/TiO2-ZrO? cataly아 evacuated at 500 °C for 1 h to 
examine the nature of acidic sites. The band at 1454 cm-1 is 
the characteristic peak of an ammonium ion, which is 
formed on the Br&i아ed acid sites; the absorption peak at 
1620 cm-1 is contributed by ammonia coordinately bonded 
to Lewis acid sites；이7 indicating the presence of both 
Bt&i 아 ed and Lewis acid sites on the surface of the I5-V2O5/ 
TiCh-ZrCh catalyst, Other samples having different V2O5 
content also showed the presence of both Lewis and 
Br&i아ed acids. Therefore, these VzOs/TiCh-ZrCh cataly아s 
can be used as cataly아s for Lewis or Br&i아ed acid catalysis.

Catalytic Activities fbr Acid Catalysis. The catalytic 
activity of VzOs/TiOz-ZrC® calcined at 500 °C fbr the 2- 
propanol dehydration is measured; the results are illustrated 
as a function of the V2O5 content in Figure 4, where reaction 
temperature is 160-180 °C. In view of Table 1 and Figure 4, 
the variation in the catalytic activity fbr 2-propanol de
hydration can be correlated with the change of its acidity, 
showing the highe아 activity and acidity for 15-V?O5/TiO2- 
ZrO?. It has been known that 2-propanol dehydration takes 
place very readily on weak acid sites."솨为力 Good corre
lations have been found in many cases between the acidity 
and the catalytic activities of solid acids. For example, the 
rates of both the catalytic decomposition of cumene and the 
polymerization of propylene over SiO?-AbO3 cataly안s were 
found to increase with increasing acid amount at acid 
아rength H° <+3.3?! It was also reported that the catalytic 
activity of nickel silicates in the ethylene dimerization as 
well as in the butene isomerization was closely correlated 
with the acid amount of the catalyst?2

Catalytic activity for cumene dealkylation against the 
V2O5 content are presented in Figure 5, where reaction 
temperature is 400-450 °C. The catalytic activity increased 
with increasing the V2O5 content, reaching a maximum at 15 
wt% similar to the results of 2-propanol dehydration in 
Figure 4. Comparing Table 1 and Figure 5, the catalytic 
activity is also correlated with the acidity of catalyst. The 
correlation between catalytic activity and acidity holds fbr 
both reactions, cumene dealkylation and 2-propanol dehydr
ation, although the acid 아rength required to catalyze acid 
reaction is different depending on the type of reactions.28,48^0 
As seen in Figures 4 and 5, the catalytic activity for cumene

Figure 5. Catalytic activity of VzCX/TiCh-ZrCh for cumene 
dealkylation as a function of V2O5 content

dealkylation, in spite of higher reaction temperature, is not 
higher than that for 2-propanol dehydration. It is also 
remarkable that the cataly아s without V2O5 exhibit low 
catalytic activities for both 2-propanol dehydration and 
cumene dealkylation, indicating that V2O5 component plays 
an important role in the formation of acid sites and the 
increased catalytic activities for both reactions. The catalytic 
activities of V^Os/TiO^-ZrO? for both reactions are similar to 
those of Z1O2/M0O3 modified with MoOs reported previous
ly?3 Poisoning by coke is a common problem in catalysis 
over acid-catalysts. For VzCk/TiOwZrCb, the catalytic activi
ties for both reactions decreased very slowly due to the coke 
formation.

Effect ofDispersed V2O5 Amount on Acidity and Cataly
tic Activity. The forms of active components present in 
heterogeneous cataly아s are of importance to catalysis. A 
great many oxides can disperse spontaneou이y onto the 
surface of supports to form a monolayer, because the mono
layer is a thermodynamically stable form?4 We can measure 
the amount of dispersed V2O5 from the results of IR 51V 
NMR, and XRD. Dispersed V2O5 amount, surface area, 
acidity are li아ed in Table 2. There are good correlations 
among the dispersed V2O5 amount, acidity, and catalytic 
activity. Namely, the larger the dispersed V2O5 amount, the 
higher both acidity and catalytic activity. This can be 
explained in terms of that strong acid sites are formed 
through the bonding between dispersed V2O5 and TiO^-ZrO? 
and consequently catalytic activity increases due to the 
increased acid sites.

The catalytic activities for 2-propanol dehydration at 180 
°C and cumene dealkylation at 450 °C are also listed in Table 
2. The maximum activities for both reactions are obtained
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Table 2. Dispersed V2O5 amount, specific surface area, acidity, and catalytic activity for acid catalysis ofV2O5/TiO2-ZrO2

Catalyst Dispersed V2O5 amount, 
V205(g)/Ti02-ZiO2(g)

Surface area, 
m2/g

Acidity, 
/ATLOl/g

Catalytic activity, mmol/g

2-Propanol dehydration Cumene dealkylation
Ti02-ZiO2 0 201 168 0.15 033

3-V205/Ti02-ZiO2 0.03 226 199 0.29 0.57
5-V205/Ti02-Zi02 0.05 231 212 0.54 0.63
10-V2O5/TiO2-ZiO2 0.10 250 234 0.82 0.81
15-V205/Ti02-ZiO2 0.16 247 256 LOO 0.89

Table 3. Dispersed V2O5 amount, acidity, and turnover frequency for acid catalysis of VaOs/TiCb-ZrCb

Catalyst Dispersed V2O5 amount, 
V205(g)/Ti02-ZiO2(g)

Acidity, 
/ATLOl/g

Turnover frequency; mmol/mmol

2-Propanol dehydration Cumene dealkylation
TiO2-ZrC)2 0 168 0.89 1.96

3-V205/Ti02-ZiO2 0.03 199 1.46 2.86
5-V205/Ti02-ZiO2 0.05 212 2.55 2.97
10-V2O5/TiO2-ZrO2 0.10 234 3.50 3.46
15-V2O5/TiO2-ZrO2 0.16 256 3.90 3.48

with the 15-V2O5/TiO2-ZrO2 catalyst containing 15 wt% 
V2O5, where the amount of dispersed V2O5 is also maximum. 
It seems likely that the highest activity of the catalyst 
containing 15 wt% V2O5 is related to its acidity and acid 
strength. The high acid strength and acidity are responsible 
for the V=O bond nature of complex formed by the inter
action between V2O5 and TiO2-ZrO2?3 This isolated V2O5 
species is stabilized through multiple V-O-Zr(Ti) bonds 
between each vanadium oxide species and the TiCh-ZrCh 
surfece?6^7 As listed in Tables 1 and 2, the acidity of 15- 
V2O5-/TiO2-ZrO2 is the most among the catalysts. Of course, 
the acidity of catalysts is related to their specific surface 
area, as mentioned above. In fact, Tables 1 and 2 show that 
the specific surfece area attained a maximum when the V2O5 
content in VzCk/TiOz-ZrCb is 10-15 wt%. Although the 
activity of sample without V2O5 was low as acid catalyst, as 
shown in Figures 4 and 5, the VzCk/TiCb-ZrOz with V2O5 
exhibited high catalytic activity for acid catalysis.

We checked the turnover frequency of VzCk/TiOz-ZrCb 
catalysts for both reactions, that is, the catalytic activity per 
acid site and the results are listed in Table 3. As listed in 
Table 3, the turnover frequency for both reactions also 
increased with increasing the dispersed V2O5 amount, 
implying that the acid strer弟th of VzOs/TiCh-ZrCh increased 
with the dispersed V2O5 amount. The turnover frequency of 
TiCb-ZrOz without V2O5 is very low compared with that of 
VzOs/TiCb-ZrOz modified with V2O5. Therefore, it is clear 
that V2O5 modification increases the acid stren앙h of modi
fied V2O5/TiO2-ZrO2.

Conclusions

This paper has shown that a combination of FTIR, XRD, 
DSC and 31V solid-state NMR can be used to perform the 
characterization of VzCk/TiOz-ZrOz catalysts modified with 
V2O5. On the basis of results of FTIR? XRD, and solid state 
31V NMR, at low calcination temperature of 500 °C vana

dium oxide up to 15 wt% was well dispersed on the surface 
of TiCb-ZrCM However, high V2O5 loading (equal to or 
above 25 wt%) exceeding the formation of monolayer on the 
surfece of TiCh-ZrCh was well crystallized. The strong acid 
sites were formed through the bonding between dispersed 
V2O5 and TiCb-ZrOz, The larger the dispersed V2O5 amount, 
the higher both the acidity and catalytic activities for acid 
catalysis.
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