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The ternary oxides, TiO*-ZrO*-Vz05 with an equal molar ratio of TiOt and Zr02, were 
characterized by the dehydrogenation and isomerization reactions of cyclohexane. The effects of 
V20s molar ratio on the acidic and basic properties. crystal structure, V=O species, and the 
reaction activities were investigated. The maximum activities of both reactions were observed at 
the VzOS molar ratio of 0.1 when the calcination temperature was 600°C. That correlated well with 
surface acidic sites. The crystalline separation of ternary oxides was observed at a Vz05 molar ratio 
higher than 0.25. The reaction of dehydrogenation was retarded by K20 but not significantly by 
B20,, which indicates that the acidic sites play an important role in dehydrogenation reaction. A 
stepwise bifunctional mechanism was proposed. 

INTRODUCTION 

It has been recognized for some time that 
catalysts for dehydrogenation are divided 
into two groups of metal catalysts and 
oxide catalysts according to their active 
sites and kinetics (I, 2). Among the reform- 
ing reactions of petroleum fraction cata- 
lyzed by metals and metal oxides, de- 
hydrogenation of cyclohexane to form 
benzene is one of the easiest reactions to be 
studied. A degradation mechanism was 
proposed by Block (3) for the dehydroge- 
nation of cyclohexane and has been em- 
ployed by several workers (4-6). The cata- 
lytic activity of Pt/Al,O, for the 
dehydrogenation of cyclohexane has been 
explained by a single-center mechanism 
(7, 8), while oxide catalysts usually pro- 
ceed by a doublet mechanism. Richardson 
and Rossington (9) have suggested that the 
catalytic activities of oxide catalysts are 
determined by the 3d electron configuration 
of the metal ion. 

A doublet acid-base bifunctional mecha- 
nism was proposed by Wang et al. (10, 11) 
and Wu et al. (22) to explain the relation- 
ship between the surface properties and the 
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activities of the catalysts for ethylbenzene 
and ethylcyclohexane dehydrogenation. 
Wang (II) pointed out that the dehydroge- 
nation of saturated rings required a stronger 
surface acidity compared to that of aro- 
matic side chains. Ai (13) reported that 
incorporation of VzOs into TiOz could stabi- 
lize the acidic sites. 

This work is intended to characterize the 
intrinsic catalytic properties of ternary ox- 
ides, Ti02-Zr02-Vz05, via the dehydroge- 
nation and isomerization of cyclohexane. 
The incentive, of course, is to tailor individ- 
ual supports explicitly to the feedstocks 
and the desired products. Ensuing publica- 
tions will discuss hydrogenation and hydro- 
desulfurization, catalyzed by the reduced 
and sulfided Co-Mo/TiO*-ZrO*-V205. 

EXPERIMENTAL 

TiO*-Zr02-V205 catalysts with equal 
molar ratios of TiOz and Zr02 were pre- 
pared by coprecipitation of a solution of 
TiC14,ZrC&, and VC13 in anhydrous alcohol 
with aqueous ammonia (33%). The precipi- 
tates were aged at room temperature for 1 
day, washed with distilled water until no 
chloride ions were detected by the addition 
of AgNO, to the filtrates, dried at 110°C for 
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6 hr, and then calcined in air for 2 hr at a 
rate of l”C/min up to a series of tempera- 
tures. 

The acid strength and acid amounts of 
catalysts were measured by titrating the 
powder suspended in benzene with 0.1 N 
N-butylamine. Dicinnamalacetone (pK, 5 
-3.0) was used as an indicator. Titration of 
dark-colored solids, which had higher V205 
molar ratios, was carried out by adding a 
small amount of a white solid acid (14). The 
acidic and basic properties of the catalysts 
were determined via N-butylamine or 
acetic acid adsorption as was done by 
Wang et al. (10, 11). 

X-ray diffraction (XRD) patterns of cata- 
lysts were obtained using Toshiba X-ray 
diffractometer at h - 1.54 A over the range 
of 28 = 4-60” for the powdered samples. 
The intensities of V=O and V-O-V ad- 
sorption bands of catalysts were observed 
using a Hitachi Model 270-30 infrared spec- 
trometer over the range of 400-1200 cm-‘. 

The kinetics of dehydrogenation and iso- 
merization were studied via a flow method 
as was done by Wang et al. (10, 11). A 
schematic diagram of the system is shown 
in Fig. 1. The dehydrogenation of cy- 
clohexane over Ti02-Zr02-V205 gives 
benzene as the dehydrogenation product, 
and both methylcyclopentane and open- 
chain compounds through an acid-cata- 
lyzed carbonium ion mechanism as the iso- 
merization products. To avoid the compe- 
tition of a secondary reaction, the benzene 

FIG. 1. The flow diagram of a reaction system. 

FIG. 2. Surface area of TiOz-Zr02-Vz05 at various 
V205 molar ratios and calcination temperatures. 

yield was limited to the range of 3-15%. 
The low conversion of cyclohexane ensures 
that the reaction network may be treated as 
a parallel first-order reaction for both the 
dehydrogenation and the isomerization. 
The a-test method (15, 16) was used to 
determine kinetic data. An alumina (SA 208 
m*/g) was chosen as the reference catalyst 
to compare the catalytic activities of dehy- 
drogenation and isomerization at 540°C. 

RESULTS AND DISCUSSIONS 

Data on the surface area vs V205 molar 
ratio at a series of calcination temperatures 
are shown in Fig. 2. Below 550°C the 
surface area of TiO*-Zr02-V205 decreases 
linearly with the increasing V205 molar 
ratios. At 600°C the surface area of TiOz- 
Zr02-V20S sharply decreases as the V205 
molar ratio increases to 0.1, and then levels 
off as V205 molar ratio further increases. 
The significant decrease in surface area at a 
V205 molar ratio up to 0.1 is believed to 
relate to the change of the pore size distri- 
bution of Ti02-Zr02-VzOs. The pore size 
distribution of the catalysts at 600°C in- 
creases with the increasing V205 molar 
ratio, as shown in Fig. 3. The range of 
mesopore diameter at 30-500 A has been 
agreed to contribute mainly on the surface 
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FIG. 3. Pore size distribution of Ti02-Zr02-VzOS at 
600°C. 

area (17). Therefore, the abrupt switch 
from mesopore to macropore as V205 molar 
ratio increases from 0.05 to 0.1 could ex- 
plain the significant decrease in surface 
area found in Fig. 2. 

Both the acidic and the basic site den- 
sities, defined as the amount of acid (or 
base) per unit surface area of TiOz-Zr02- 
V205, peak at a V20s molar ratio of 0.1, as 
shown in Fig. 4. They both have a volcano 
shape. The results are different from those 
of Ti02-V205 binary oxide (24); the acidic 
sites of Ti02-V205 increase steadily with 
the increasing VzOS content. 

In order to unveil the novel phenomena 
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FIG. 4. Acidity and basicity of TiO*-ZrOz-V,05 at 
various V205 molar ratios. 
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FIG. 5. X-ray diffraction pattern of TiO*-ZrOz-Vz05 
at various VzOs molar ratios. 

described above, we studied the crystal 
structure and functional groups of those 
catalysts. The XRD patterns of catalysts 
with various VzOs molar ratios and cal- 
cination temperatures are shown in Figs. 5 
and 6, respectively. For catalysts calcined 
at 600°C crystalline ZrTi04, identified by 
the peaks of 28 = 24.7(m), 30.6(vs), 
32.9(m), and 42.2(w) (18), begins to show 
up at a V205 molar ratio of 0.05, reaches a 
maximum at 0.1, and decreases again as the 
VzOS molar ratio further increases. Figure 6 
also indicates that Ti02Zr02V205 (l/l/O. 1) 
shows a maximum crystallinity of ZrTiOp at 
600°C. Wang (12) has found that with TiOz 
ZrOz (l/l) the crystalline ZrTi04 appeared 
at 65O”C, and reached a maximum at 900°C. 
Therefore, the incorporation of V205 into 
TiOzZrOz (l/l) not only induces the forma- 
tion of crystalline ZrTi04 at a lower temper- 
ature, but also enhances the crystalline 
intensity. The peaked acidity and basicity 
at V205 of 0.1 correlate with the maximum 
intensity of crystalline ZrTiO.+ This shows 
a mutual interaction between VzOs and 
ZrTiO+ Crystalline VZOS of catalysts, iden- 
tified by the peaks of 28 = 15.4(m), 
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FIG. 6. X-ray diffraction pattern of Ti02Zr02V20s 
(l/l/O. 1) at various calcination temperatures. 

20.2(vs), 21.8(m), 26.2(m) (18), gradually 
appears as Vz05 molar ratio is above 0.25. 

Figure 7 shows infrared spectra of cata- 
lysts at various V205 molar ratios. An ab- 
sorption band was observed at 1020-1040 
cm-‘, which has been assigned to the V=O 
stretching vibration (20, 21). This absorp- 
tion band becomes stronger with an in- 
creasing V205 molar ratio, reaches a maxi- 
mum at 0.1, and then decreases as the VZOS 
molar ratio further increases. Inomata et al. 
(22) concluded that a V=O species of 
Vz05-Ti02 was selectively exposed on the 
surface. Thus, we speculate that the ap- 
pearance of a V=O species due to the 
presence of VzOS is the major factor affect- 
ing the formation of crystalline ZrTi04. In 
addition, as the V=O stretching band fur- 
ther decreases, the V-O-V symmetrical 
and unsymmetrical stretching bands, ob- 
served at 800 and 700 cm-‘, respectively, 
begin to appear at a V20s molar ratio of 
0.25, as shown in Fig. 7. This together with 
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FIG. 7. Infrared spectrum of Ti02-Zr02-V205 at 
various V205 molar ratios. 

the XRD result that crystalline VzOs begins 
to appear at the VzOs molar ratio of 0.25 
indicates that a higher V20s molar ratio 
causes a phase separation of V205 and 
ZrTi04. Higher acidity of these ternary 
oxides, shown in Fig. 4, is due to the 
separation of V205 (14). 

Figure 8 shows that the activity for the 
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FIG. 8. Correlation of the activities of cyclohexane 
dehydrogenation and isomerization with acidic site 
densities. 

FIG. 8. Correlation of the activities of cyclohexane 
dehydrogenation and isomerization with acidic site 
densities. 



DEHYDROGENATIONOFCYCLOHEXANE 199 

dehydrogenation correlates well with the 
acid sites (N-butylamine). This agrees with 
Ferreira (8) that the dehydrogenation of 
cyclohexane over supported metal cata- 
lysts depended on the coordination of 
acidic sites with hydrides. TiOzZrOz (l/l) 
binary oxide is impractical as a catalyst for 
dehydrogenation of cyclohexane. How- 
ever, the ternary oxide, TiOz-Zr02-V205, 
is more effective, and the maximum activ- 
ity is observed at a VzOs molar ratio of 0.1. 
We speculate that the dehydrogenation of 
cyclohexane over Ti02-Zr02-V205 cata- 
lysts proceeds by a stepwise two-center 
mechanism, as shown in Fig. 9. The ab- 
straction of one hydride ion by acidic sites 
to form the cyclohexyl carbenium ion inter- 
mediate appears to be the rate-determining 
step, whereas the removal of one proton by 
basic sites is a fast step. The correlation 
between the skeletal isomerization of hy- 
drocarbons and the concentration of 
stronger acid sites of catalsyts has been 
generally accepted (23, 24). Pines and Haag 
(25) indicated that the isomerization of cy- 
clohexene to methylcyclopentane over 
alumina was due to Bronsted acid sites on 
the surface. Since the activity for isomer- 
ization, shown in Fig. 8, is correlated with 
the acidic sites (Ho 5 -3.0) of the Ti02- 
Zr02-V205 catalysts, we conclude that the 
stronger acidic sites (Ho 5 -3.0) are the 
major factors affecting the activity for cy- 
clohexane isomerization. 

In order to elucidate the roles of acidic 
and basic sites played in the dehydroge- 
nation of cyclohexane, K20 and Bz03 was 
introduced by the incipient wetness impreg- 

FIG. 9. The mechanism of cyclohexane dehydroge- 
nation and isomerization over Ti02-Zr02-V205. 
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FIG. 10. Effect of doping with K20 on the activity of 
dehydrogenation and an adsorbed amount of N-butyl- 
amine and acetic acid. 

nation to Ti02Zr02V205 (l/l/O. 1). Since the 
surface area of these catalysts varies little 
due to the small quantities of K20 or Bz03 
(0.5-2.0 wt%), the activity is expressed as 
the ratio of rate constant of the doped to 
Ti02Zr02V205 (l/l/O. 1). Figure 10 shows 
that increasing the K20 content in the cata- 
lysts reduces both the activity and the 
adsorbed N-butylamine, but that it has a 
negligible effect on the amount of adsorbed 
acetic acid. On the other hand, increasing 
the B203 content causes a significant drop 
in the concentration of basic sites. The 
slight decrease in activity is due to mild 
poisoning of acidic sites, as shown in Fig. 
1 I. Based on these results as well as on the 
good correlation between the activity of 
dehydrogenation and acidic sites (N-butyl- 
amine), we conclude that the acidic sites of 
Ti02-Zr02-V205 catalysts play the most 
important role in the dehydrogenation of 
cydohexane, as described in Fig. 9. 

CONCLUSIONS 

The ternary oxides, TiOz-Zr02-V205 
with an equal molar ratio of Ti02 and ZrOz, 
were characterized by the dehydrogenation 
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and isomerization reactions of cyclo- 
hexane. The effects of V20~ molar ratio on 
the acidic and basic properties, crystal 
structure, V=O species, and the reaction 
activities were investigated. The maximum 
activities of both reactions were observed 
at the V205 molar ratio of 0.1 when the 
calcination temperature was 600°C. That 
correlated well with surface acidic sites. 
The incorporation of V205 into Ti02Zr02 
(l/l) not only induces the formation of 
crystalline ZrTi04 at a lower temperature, 
but also enhances the crystalline intensity. 
Moreover, the higher acidity of ternary 
oxides with a V205 molar ratio above 0.25 is 
due to a phase separation of V205 and 
ZrTi04. Based on the results of poisoning 
with K20 and B203, we propose a stepwise 
mechanism in which the abstraction of one 
hydride ion by acidic sites is the rate-deter- 
mining step, whereas the removal of one 
proton by basic sites is a fast step. 
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