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The acid-base solid, TiO*-Zr02, was examined as a potential catalyst for nonoxidative dehydro- 
genation of ethylbenzene. The acidic and basic properties and surface area of these catalysts were 
measured. A good correlation was found between the activity for this reaction and the surface 
acid-base properties of the catalysts. The high catalytic activity occurred as the two components, 
TiOt and ZrO*, are presented at compatible amount. The selectivity of styrene increased monotoni- 
cally with the increase in Ti02 content. The activity was poisoned not only by K20 but also by 
H$09, indicating that the active sites consist of both acidic and basic sites. A concerted two-center 
mechanism was proposed. 

INTRODUCTION 

The catalytic dehydrogenation of ethyl- 
benzene is of industrial importance in the 
manufacture of styrene. Iron oxide pro- 
moted with alkali was used as the catalyst 
in most of the industrial processes for this 
reaction (Z-3). A report has been published 
on the possibility of carrying out this pro- 
cess on the TiOz-ZrOz system (4). How- 
ever, no study has been made on the mech- 
anism of this reaction and the correlation 
between the acid-base property and cata- 
lytic action of TiOz-ZrOz. The acidic and 
basic properties of TiOz (5), ZrOz (6), and 
mixed oxide catalysts such as TiOz-SiOz 
(5-8), TiOz-MgO (9), Ti02-V205 (IO), 
TiOz-Moo3 (ZO), TiOl-A1203 (II), TiOz- 
ZnO (22), Ti02-Sn02 (13), TiOz-NiO (Z4), 
ZrOz-Si02 (8), and TiOz-Zr02 (15) etc., 
have been extensively investigated. The 
acidity of binary oxide is generated by an 
excess of a negative or positive charge in 
the structure according to Tanabe’s hy- 
pothesis (16). The study on the selectivity 
of isomerization of either l-methylcyclo- 
hexene oxide (15) or cyclohexene oxide 

(27) over TiOz-ZrOz illustrated the acid- 
base bifunctional mechanism. This bifunc- 
tional mechanism was also found in the 
selective oxidation or oxidative dehydro- 
genation reaction over Al203 (Z8), 
SnO*-P205 (19, 20), FezOJ-based mixed 
oxides (2Z-23), and Na-SiOz . A1203 (24, 
25) catalysts. 

In this work, the acid-base properties of 
a series of TiOz-ZrOz catalysts with differ- 
ent molar ratio of TiOz to Zr02 were mea- 
sured and the catalytic activity as well as 
the selectivity of the dehydrogenation of 
ethylbenzene were examined. The activity 
and selectivity of this reaction were corre- 
lated well with the surface acid-base prop- 
erties of the catalyst. This result strongly 
suggested that the catalytic activity of these 
catalysts was acid-base bifunctional. Thus, 
a concerted two-center mechanism, where 
zirconium ions act like a Lewis acid, and 
titanium ions as a base, was proposed. 

EXPERIMENTAL 

Preparation of catalysts. TiOz-ZrOz cat- 
alysts with a different molar ratio of Ti02 to 
Zr02 were prepared by coprecipitation of a 
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mixed solution of titanium tetrachloride 
and zirconium tetrachloride in anhydrous 
alcohol with aqueous ammonia (28%). The 
precipitate was aged over water bath for 2 
hr and washed with deionized water until 
no chloride ions were detected with Ag+ in 
the filtrate, and dried at llo”C, then 
calcined at 550°C in air for 2 hr. 

TiO*-ZrO*-K20, which contained 0.1 - 
2.0 wt% K20, was prepared from TiOl- 
Zr02 (l/l) calcined at 550°C by doping with 
potassium hydroxide. The doping method 
was carried out by mixing TiOz-ZrOz with 
an aqueous solution of KOH to form a 
paste. The paste was dried at room temper- 
ature for 48 hr with occasional remixing, 
then calcined at 550°C. Another sample, 
Ti02-Zr02-B203 with 0.1 - 2.0 wt% of 
B203, was prepared from TiOz-ZrOz by 
adding orthoboric acid (HjB03) in a similar 
way. 

Ethylbenzene adsorption measurement. 
The amount of adsorption of ethylbenzene 
over the catalysts with various composi- 
tions was measured by a Perkin-Elmer 
TGS-2 apparatus. The vapor of ethylben- 
zene, which was carried by nitrogen gas, 
passed continuously through the catalyst 
sample at 150°C. The weight gain of the 
sample was considered as the amount of 
adsorption. 

Acidity measurement. The acid strength 
and acid amounts of catalysts were mea- 
sured by titrating the powder suspended in 
benzene with 0.1 N n-butylamine benzene 
solution, using dicinnamalacetone (pK, = 
-3.0) and methyl red (pK, = +4.8) as indi- 
cators. The acidic properties of the cata- 
lysts were also measured by n-butylamine 
adsorption. The catalyst was first put in a 
desiccator with saturated n-butylamine va- 
por at room temperature for 48 hr. Then the 
same TG apparatus in flow system as men- 
tioned above was used to measure the 
weight loss of the adsorbed sample at pro- 
grammed temperature (40°C WW” > 500°C). 

Basic@ measurement. The basicities of 
the catalysts were measured by the same 
adsorption method as described by n-butyl- 

amine adsorption. Acetic acid was chosen 
as the adsorbate. 

Surface area and X-ray analysis. The 
specific surface area of catalysts was deter- 
mined by applying the BET method. A 
quantasorb apparatus was used. X-Ray dif- 
fraction patterns were measured over the 
range of 28 = 4-60” for the powdered sam- 
ples which had been calcined for 2 hr in air 
at 550°C. 

Reaction equipment and experimental 
procedure. Conversion and selectivity data 
were obtained in a continuous-flow fixed 
bed microreactor. A schematic diagram of 
the system is shown in Fig. 1. Two sepa- 
rated streams of nitrogen at designed flow 
rates were metered through an ethylben- 
zene saturator and a water saturator at 
room temperature. Another dilution nitro- 
gen stream was used to control the partial 
pressure of ethylbenzene in feed. The reac- 
tor is a quartz glass tube with an inside 
diameter of 1.3 cm. It was heated by an 
electrical heater and the temperature at the 
center of the catalyst bed was controlled by 
a Eurotherm 101 temperature controller. 
The reactor was packed from top to bottom 
with layers of inert ceramic, catalyst parti- 
cles (0.5 g, 12 - 20 mesh) and inert ce- 
ramic. The bed was first heated up to 580°C 
with a nitrogen stream at a flow rate of 50 
ml/min to remove contamination. Then, the 
reaction was studied under the following 
conditions: temperature, 580 - 600°C 
(58o”C, if not specified); total pressure, 760 
mm Hg (absolute); EB partial pressure, 2 
mm Hg; H20/EB mole ratio, 10; NTP space 
velocity, 3,000 - 12,000 hr-’ (12,000 hr-I, 
if not specified). During each run, samples 
of the feed and product were taken at inter- 
vals and analyzed to check the EB partial 
pressure of the feed and to determine the 
composition of the product until steady val- 
ues were reached. 

Both feed and product were analyzed by 
a Schimadzu GC-‘IA gas chromatograph 
equipped with a flame ionization detector 
(FID) and a Schimadzu C-RlA data proces- 
sor. The column chosen for analysis was a 
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FIG. 1. The flow diagram of reaction system. 

8-ft x l/8-in.-o.d. stainless-steel column 
packed with 5% SP 1200/l .75% Bentone 34 
on 100/120 Supelcoport. The GC was oper- 
ated under the following conditions: oven 
temperature, 110°C; flow rate, 40 ml/min 
NZ; injection volume, 0.5 ml. 

RESULTS AND DISCUSSION 

The nonoxidative dehydrogenation of 
ethylbenzene (EB) over TiOz-Zr02 cata- 
lysts gives styrene (ST) as the major prod- 
uct and small amount of benzene and tolu- 
ene as by-products. The main reaction can 
be expressed as: 

CzH5 CH=CH2 
I 

FH=CH2 
+H 2 + CH2=CH2 

+HZ. 0 + CH3CH3 0 
CH 12 5 

CH 
I3 

0 0 +H2, 0 + CH4 
0 

In the presence of steam, trace amount of 
CO and COz might be produced by the 
steam reforming and the water-gas-shift re- 
actions. In this study, catalyst perfor- 

0 0 -0 +H2 

0 

mantes will be expressed according 
following formulas: 

The by-products, benzene and toluene, Ethylbenzene conversion, C(%) 
could be visualized to be produced accord- 
ing to the reactions as follows. 

= EB inlet - EB outlet 
EB inlet 

6’ __, 0 + CH2=CH2 

Product selectivity, Si (%, mole) 
Product (i) 

= EB inlet - EB outlet 

to the 

x 100 

x 100 
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FIG. 2. Activity of ethylbenzene dehydrogenation 
over TiO*-ZrOz at various compositions; (0), reaction 
temperature 600°C; (V), reaction temperature 580°C. 

Product yield, Yj (%, mole) 
Product (i) 

= EB inlet x 100 = C x Si. 

The relation between ethylbenzene con- 
version and the composition of TiOz-ZrOz 
is shown in Fig. 2, where we refer to the 
ethylbenzene conversion as the activity in- 
dex and all the catalysts were calcined at 
550°C for 2 hr. By itself, TiO;! or Zr02 is 
impractical as a catalyst for dehydrogena- 
tion of ethylbenzene. For example, the con- 

version for this reaction over ZrOz alone is 
below 10%. However, the binary oxide, 
TiO*-ZrOz, is very effective, and the activ- 
ity increased as the percentage content of 
TiOr, and ZrOz were becoming more compa- 
rable. It was of interest that if neither the 
content of Ti02 nor ZrOz was less than 
25%, the catalysts showed the approxi- 
mately same activity as shown in Fig. 2. 

ZrOz has basic and weak acidic character 
and exhibits very small concentration of 
acid sites (26, 27). Ti02 shows acidic sites 
when evacuated at low temperatures 
(400°C). These acidic sites would be elimi- 
nated when evacuated at higher tempera- 
tures. At high temperature electron-donat- 
ing sites were generated (5), and such basic 
sites were attributed to the formation of 
Ti3+ by the reduction of Ti4+ during the 
evacuation (28). In the study of isomeriza- 
tion of butene, the high temperature evacu- 
ated Ti02 had a basic character as ZrOz 
(13). In this study, the amounts of both 
acidic and basic sites of Ti02-ZrOz with dif- 
ferent composition were measured by the 
adsorption of basic and acidic molecules in 
the vapor phase. The results are shown in 
Figs. 3 and 4, respectively. The results 
show that both acidity and basicity in- 
creased by mixing TiOz and ZrOZ up to 

2.0 I I I I / 

“* - CALCINATION : 55O’C - 300 
0 

MOLE % OF Ti02 IN T102- ZrO2 

FIG. 3. Surface area and acidity of TiOz-ZrOz at various compositions; (O), surface area; (V), acid 
strength Ho s +4.8; (Cl), acid strength Ho 5 -3.0. 
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FIG. 4. Amounts of n-butylamine and acetic acid 
adsorbed over Ti02-ZrO*; calcined at 550°C. 

equal components. These results agrees 
with those of Tanabe’s (25). Figures 2 and 4 
indicates clearly that the catalytic activity 
of Ti02-ZrOz in the dehydrogenation of 
ethylbenzene could be correlated well with 
the acid-base properties (especially the ba- 
sicity) of the catalysts. The relationship be- 
tween the surface area and composition of 
TiO;?-ZrOz is also shown in Fig. 3. As well 
as the acidity and the basicity, the surface 
area and the amount of EB adsorption (as 
shown in Fig. 5) increased by mixing TiOz 
and Zr02, and attained a maximum at equal 
components of TiOz and ZrOz. Since tita- 

20 
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FIG. 5. Amounts of ethylbenzene adsorbed over 
Ti02-Zr02 at various compositions; adsorption tem- 
perature 150°C. 

nium and zirconium belong to the same 
group (IVB), they are expected to have 
similar physical and chemical properties. 
When their oxides are coprecipitated to- 
gether, the mutual chemical interaction (14) 
might be profound. From the XRD spectra 
of Ti02-ZrOz (calcined at 550°C) with vari- 
ous compositions, as shown in Fig. 6, we 
found that TiOz-ZrOz became amorphous 
if neither the content of TiOz nor ZrOz was 
less than 25%. The crystallization of these 
binary oxides was inhibited with each 
other. The significant changes of surface 
area, acidity, basicity, and catalytic activity 
could be explained by this mutual interac- 
tion. 

CALCINATION:550°C 

I 
I 

TI/Zr=l0/90 

Tl/Zr+25/75 

Ti02(only) I 

30 40 
2.9. d69r66 

60 

FIG. 6. X-Ray diffraction pattern of Ti02-Zr02 at 
various compositions; calcination temperature 550°C. 
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FIG. 7. Selectivity of styrene, benzene, and toluene 
at various compositions [reaction temperature, 600°C; 
conversion, 50 f 1%; except pure Zr02 (40% at 
62O”C)l. 

The fact that the selectivity of styrene 
increases with the TiOz content indicates 
that TiOz has a special property favoring 
the formation of styrene. Since Ti3+ could 
be created by the reduction of the surface 
(13), it can be thought that the increase of 
TiOz content in TiOz-ZrOz results in the 
increase of the amount of Ti3+ which accel- 
erates the formation of styrene. 

Figure 7 gives the relation between the In order to demonstrate the role of acidic 
selectivity of styrene and the composition sites played in the dehydrogenation of eth- 
of Ti02-Zr02 at 50% conversion level. Pure ylbenzene, K20 was introduced by incipi- 
ZrOz had a low selectivity of styrene (below ent wetness impregnation of TiOz-ZrOz. 
55%), while pure Ti02 possessed a consid- The dehydrogenation reaction was carried 
erably high selectivity (above 96%). As for out over TiOz-ZrOz (111) which doped with 
binary oxides, TiOz-ZrOz, those that are various quantities of K20 (0.1 - 2.0 wt%). 
Zr02 rich showed a sharp increase of selec- Figure 8 shows that increasing the K20 
tivity with the increase of TiOz content up content of the catalysts reduces both the 
to 10 mol%. The selectivity of styrene in- total conversion of ethylbenzene and the 

creased slightly with a further increase of 
TiOz content. The selectivities of the unde- 
sired products of benzene and toluene are 
also shown in Fig. 7. The yield of toluene is 
negligibly small for the reaction over TiOz- 
rich catalysts. It is of interest to note that 
for the reactions over Ti02-Zr02 catalysts, 
the yield of benzene is always larger than 
that of toluene. This result is in contrast 
with commercial iron catalysts, which give 
larger yields of toluene than benzene (2). 

CALCINATION:550°C 
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FIG. 8. Effect of doping with KzO on the total conversion and adsorbed amount of n-butylamine 
acetic acid over TiO*-ZrOz (l/l). 

and 
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FIG. 9. Product distribution for ethylbenzene dehydrogenation reaction as a function of time on 
stream. 

adsorbed amount of n-butylamine. Based 
on these results and the results of good cor- 
relation of the amount of EB adsorption 
with acidity (Figs. 4 and 5), we concluded 
that the acidity of TiO&rOz plays an im- 
portant role in the nonoxidative dehydro- 
genation reaction. 

Figure 9 gives the changes of the product 
distribution for the reaction over TiOz- 
Zt-02 (l/l) at 580°C along with time on 
stream. In the beginning of the reaction, the 
yield of benzene is in a significant amount 
(7%) only second to that of styrene (37%). 
After an overnight run, the yield of benzene 
reduces to 2.8% and that of styrene was 
36.1%. This sharp reduction of benzene 
yield and the slightly increasing of styrene 
yield at an early stage of the reaction reveal 
that the dealkylation of ethylbenzene and 
hydrocracking of styrene both of which are 
catalyzed by strong acid sites diminished 
due to the coke formation on strong acid 
sites. This phenomena combined with the 

effect of K20 doping indicate that both the 
modest and weak acid sites dominate the 
yield of styrene. 

TiOz-ZrOz doped with 0.1 - 2.0 wt% 
HJB03 were also used to test the influence 
of basicity. The activity of ethylbenzene 
conversion over this catalyst decreased 
slightly upon the addition of HjB03 as 
shown in Fig. 10. This slight reduction of 
activity may be due to mild poisoning of 
basic site. 

Coked alumina has been reported to be 
an active catalyst for oxidative dehydro- 
genation of ethylbenzene. However, non- 
oxidative dehydrogenation of ethylbenzene 
was not observed over coked alumina (28). 
The reaction mechanism of oxidative dehy- 
drogenation of ethylbenzene has also been 
studied over NaSi02 * A1203 catalysts (24, 
25). They proposed the acid-base bifunc- 
tional mechanism, and the acid site was at- 
tacked by the aromatic ring followed by the 
abstraction of a-hydrogen of ethylbenzene. 
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TiOz-ZrOz, which contains adjacent 
electron-acceptor and electron-donor sites, 
is known to be an effective acid-base bi- 
functional catalyst (15, 17). In our present 
work, a concerted mechanism is proposed 
for the nonoxidative dehydrogenation of 
ethylbenzene over TiOf-ZrOz, in which the 
a-hydrogen of ethylbenzene attacks the 
acid site of the catalyst, and simultaneously 
the p-hydrogen attacks the basic site of the 
catalyst as shown in Fig. 11. The partial 
positive charge on the a-carbon of transi- 
tion state could be stabilized by the aro- 
matic ring. From this figure, it is clear that 
the nonoxidative dehydrogenation of ethyl- 
benzene is facilitated by TiOt-ZrOz, a cata- 
lyst on which two active groups, one acidic 
and one basic, are properly oriented. 

In marked contrast to TiO;?-ZrOz, it was 

found that the basicity of iron catalyst (e.g., 
Shell 105) is strong enough to abstract the 
P-hydrogen. (Ib, 29). The nonoxidative de- 
hydrogenation of ethylbenzene over iron 
catalyst can be classified as a typical base- 
catalyzed model reaction, and the acidic 
sites of the catalyst are unnecessary for this 
reaction. This is why the iron catalysts 
have high selectivity to styrene and give a 
larger yield of toluene than benzene. How- 
ever, on Ti02-ZrOz catalysts, the basicity 
originated from mixing of TiOz and ZrOz is 
not strong enough, and thus the presence of 
adjacent acidic sites is essential to acceler- 
ate the dehydrogenation of ethylbenzene. 

On the bases of the facts discussed above 
we are able to conclude that the nonoxida- 
tive dehydrogenation activity of TiOz-ZrOz 
catalysts can be interpreted in connection 

FIG. 11. Acid-base bifunctional mechanism proposed for the nonoxidative dehydrogenation of 
ethylbenzene. 
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with their acid-base properties, which are IO. 

strongly changed by the catalyst composi- I*. 
tion. 

ACKNOWLEDGMENTS 

The authors wish to express their gratitude for the 
support of this work by the National Science Council 
of the Republic of China and the Research Center of 
Chinese Petroleum Corporation. We also thank the 
Union Industrial Research Laboratory and CTCI/ 
CPDC catalyst Research Center for XRD and surface 
area measurement. 

REFERENCES 

I. (a). Scheeline, H. W., SRI Report, No. 33B, 73- 
87 (1977). (b). Yen, Y. C., and Vanden Bosch, T. 
H., SRI Report, No. 33A, 35-48 (1973). (c)Yen, 
Y.C., SRI Report, No. 33, 91-104 (1967). 

2. Delmon, B., Jacobs, P. A., and Poncelet, G., 
“Preparation of Catalysts II,” pp. 293-305. Else- 
vier, Amsterdam, 1979. 

3. Lee, E. H., Catal. Rev. 8, 285 (1973). 
4. Lee, E. H. (to Monsanto Chemical), French Pat- 

ent 1,323,317 (April 5, 1963). 
5. Hattori, H., Itoh, M., and Tanabe, K., J. Catal. 

41, 46 (1976). 
6. Nakano, Y., Hattori, H., and Tanabe, K., J. Ca- 

tal. 57, 1 (1979). 
7. Itoh, M., Hattori, H., and Tanabe, K., /. Catal. 

35, 225 (1974). 
8. Niwa, M., Sago, M., Ando, H., and Murakami, 

Y., J. Catal. 69, 69 (1981). 
9. Tanabe, K., Hattori, H., Sumiyoshi, T., Tamaru, 

K., and Kondo, T., J. Catal. 53, 1 (1978). 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 
22. 
23. 
24. 

25. 

26. 

27. 

28. 

29. Krause, A., Sci. Pharm. 38, 266 (1970). 

Ai, M., Bull. Chem. Sot., Japan 49, 1328 (1976). 
Rodenas, E., Yamaguchi, T., Hattori, H., and 
Tanabe, K., J. Catal. 69, 434 (1981). 
Tanabe, K., Ishiya, C., et al., Bull. Chem. Sot. 
Japan 45, 47 (1972). 
Itoh, M., Hattori, H., and Tanabe, K., J. Catal. 
43, 192 (1976). 
Rubinstein, A. M., Dulov, A. A., and Slinkin, A. 
A., et al., J. Cutal. 35, 80 (1974). 
Arata, K., Akutagawa, S., and Tanabe, K., Bull. 
Chem. Sot. Japan 49, 390 (1976). 
Tanabe, K., Sumiyoshi, T., and Shibato, K., Bull. 
Chem. Sot. Japan 47, 1064 (1974). 
Arata, K., and Tanabe, K., Bull. Chem. Sot. Ja- 
pun 53, 299 (1980). 
Fiedorow, R., Przystazko, W., and Sopa, M., J. 
Catal. 68, 33 (1981). 
Murakami, Y., Iwayama, K., Uchida, H., Hattori, 
T., and Tagawa, T., J. Catal. 71, 257 (1981). 
Murakami, Y., Iwayama, K., Uchida, H., Hattori, 
T., and Tagawa, T., Appl. Catal. 2, 67 (1982). 
Ai, M., J. Card. 50, 291 (1977). 
Ai, M., J. Catal. 52, 16 (1978). 
Ai, M., J. Catal. 60, 306 (1979). 
Tagawa, T., Hattori, T., and Murakami, Y., J. 
Catal. 75, 56 (1982). 
Tagawa, T., Hattori, T., and Murakami, Y., J. 
Catal. 75, 66 (1982). 
Yamaguchi, T., Sasaki, H., and Tanabe, K., 
Chem. Lett. 1017 (1973). 
Ryndin, Y. A., Hicks, R. F., and Bell, A. T., J. 
Catal. 70, 287 (1981). 
Hattori, H., Itoh, M., and Tanabe, K., J. Catal. 
38, 172 (1975). 


