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ABSTRACT 

Potassium and cesium salts of tungstophosphoric acid were prepared by precipitation method. For sake of comparison 
HPW, potassium and cesium tungstophosphates were supported on silica (20 wt%) by wet impregnation method. The 
catalysts were characterized by XRD, nitrogen adsorption-desorption measurements at 77 K, and the catalytic activity 
has been studied by using the catalytic conversion of tert-butanol at temperatures between 323 and 423 K. The results 
revealed that all of the catalysts were active and selective towards dehydration of tert-butanol yielding isobutene with 
low amount of isooctene as result of oligomerization process. Substitution of one proton of HPW by cesium or potas- 
sium cation exerted no measurable effect on the catalytic activity. The conversion over unsupported catalysts increased 
by increasing the cation content per Keggin unit of x ≥ 2. Supporting the previous salts on SiO2 resulted in a significant 
decrease in the catalytic activity upon increasing cation content. Activation energy was calculated for different solids. 
 
Keywords: Tert-Butanol; Supported; Silica; Tungstophosphoric Acid (HPW) 

1. Introduction 

The development of high performance catalysts is very 
important for chemical technologies. 12-Heteropolyacids 
with Keggin structures were the objective of research for 
a long time [1-10]. Heteropolyacids have proved to be 
the alternative of traditional acid catalysts, such as sulfu- 
ric acid and aluminium chloride, due to their strong acid- 
ity, environmental benignity and repeated use. But pure 
HPA used as heterogeneous catalysts were hindered by 
their low specific area, rapid deactivation and relatively 
poor stability. However, dodecatungstophosphoric acid is 
most extensively studied [4,11-18], since it possesses 
super acidity [19]. Partial exchanging protons of heter- 
opolyacid with large cations, typically demonstrate dif- 
ferent physicochemical properties than those of their pre- 
cursor acids. For example, partial exchanging protons of 
the parent HPA with large cations, such as Cs+, K+, Rb+ 
and 4 , which could be water-insoluble and present a 
rather high surface area [20]. In addition, these heter- 
opolyacid salts improved thermal stability than their 
parent acids [5,20]. Also, these catalysts were tested as 

catalysts for several reactions with the final objective of 
industrial use [6,7,21], as alcohol dehydration [8,12,22], 

NH

alkylation [9,23] or esterification reactions [18,24]. The 
biggest activities were achieved upon partially substitu- 
tion of HPA protons with Cs stoichiometry for example 
equal to 2.5. The performance of this catalyst was attrib- 
uted to its high surface area and its micro- and mesopor- 
ous structures [25,26]. On the other hand, the BET sur- 
face area of cesium dodecatungstophosphate was shown 
to decrease with increasing the cesium content to 2 [27], 
leading to a decrease in the activities of these catalysts. 

Another method for improving the efficiency of the 
heteropolyacid catalysts had been achieved by supporting 
on various carriers as mesoporous silica [17,28,29], alu- 
minosilicates [30], zirconia [11,31] alumina and active 
carbons [32,33]. Because of the basic nature of alumina 
and zirconia, they led to decomposition of HPA, result- 
ing in a deformation of the parent Keggin structure, 
thereby reducing the overall activity [11,31]. For sup- 
ported heteropolyacids, solid state NMR had shown that 
strong interactions existed between heteropolyacids and 
their supports, depending on the nature of the support 
material and the degree of dispersion of heteropolyacid 
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[14,34]. When tungstophosphoric acid (HPW) was sup- 
ported on silica two distinct forms of heteropolyacid are 
deposited on the surface of silica namely the bulk crys- 
talline phase and the interacting form [35]. 

The present work aims at investigating the effect of 
supporting on silica on the textural, catalytic activity and 
selectivity of H3PW12O40 (abbrev, HPW), Csx and Kx 
tungstophosphates using the conversion of tert-butanol. 
The extent of SiO2 was fixed at 20 wt%. Unsupported 
and silica-supported of Csx and Kx tungstophosphates 
were prepared by substituting 1, 2, and 2.5 protons of 
HPW by cesium or potassium cations. The techniques 
employed were XRD, N2 adsorption-desorption isotherms 
carried out at 77 K and catalytic conversion of 
tert-butanol over various catalysts at temperatures ranged 
from 323 to 423 K. The reaction mixture was analyzed 
using a gas chromatograph. 

2. Experimental 

2.1. Materials 

Cesium (Csx) and potassium (Kx) (x = 1, 2, and 2.5) do- 
decatungstophosphates were prepared by adding drop- 
wise an appropriate volume of aqueous CsNO3 (Aldrich) 
or KNO3 (Koch-light) to aqueous solution of dodeca- 
tungstophosphoric acid (BDH) over a water bath at 343 
K with constant stirring for 4 h. The resulting precipitates 
were evaporated, dried at 383 K for 4 h and calcined at 
573 K for 2 h. Tert-butyl alcohol, (Carlo ERBA) which is 
chromatographically pure was used. 

The silica support material was used for different cata- 
lysts having a BET-surface area of ca 645 m2/g. It was 
crushed, sieved into grains of 0.2 - 0.4 mm and then cal- 
cined in a hot-air oven at 773 K for 4 h. Unsupported 
H3PW12O40 was loaded on silica (20% wt/wt) by wet- 
impregnation by using a butanolic solution, dried at 383 
K overnight and then calcined at 573 K for 2 h. 

For sake of comparison, the silica-supported cesium 
and potassium salts of tungstophosphoric acid were pre- 
pared by impregnation method adopting the method sug- 
gested by Choi et al. [13]. Powdered SiO2 was impreg- 
nated by CsNO3 or KNO3 solutions (20% wt/wt), dried at 
383 K overnight, calcined at 573 K for 2 h. Following 
this, butanolic solution of tungstophosphoric acid was 
impregnated followed by drying at 383 K overnight and 
calcination at 573 K for 2 h. The amount of CsNO3 or 
KNO3 was calculated to have nominal compositions 
Csx(Kx)H3−xPW12O40 (where x = 1, 2, and 2.5). The ob- 
tained catalysts were designated as HPW, CsxPW, KxPW, 
CsxPW/SiO2, HPW/SiO2 and KxPW/SiO2. 

2.2. Techniques 

XRD investigation of various prepared solids was carried 

out using a “Philips” diffractometer type (PW-1390). The 
patterns were run with Ni-filtered and Cu radiation (λ = 
1.5405 Å) at 40 kV and 40 mA. The scanning rate was 
fixed at 5˚ in 2θ/min. 

Different surface characteristics namely; specific sur- 
face area (SBET), total pore volume (Vp) and mean pore 
radius (r−) of various solids were determined from nitro- 
gen adsorption-desorption isotherms carried out at 77 K 
by the conventional volumetric apparatus. Before under- 
taking such measurements, each sample was degassed 
under a reduced pressure of 10−5 Torr for 3 h at 200˚C. 
The values of Vp were computed from the relation: 

4 315.45 10  cm gp stV V    

where Vst is the volume of nitrogen adsorbed at P/P0 
tends to unity. The values of r− were determined from the 
equation: 

42
r 10 Åp

BET

V

S
    

The catalytic activity of various solids was studied by 
using the catalytic conversion of tert-Butanol in a con- 
ventional flow-type reactor under atmospheric pressure. 
The reactor tube is a Pyrex glass of 20 cm long and 1 cm 
internal diameter packed with glass beads except in the 
zone where the catalyst bed is located. The catalyst bed is 
placed in the middle of the reactor tube. The weight of 
the catalyst used was 200 mg and a digital thermometer 
was used to measure the temperature of the catalyst. Both 
reactor and furnace are placed inside a Pyrex glass jacket 
of 5 cm diameter. The catalysts investigated were acti- 
vated by heating at 573 K in situ prior to exposure to the 
alcohol vapor for 1h in a current of argon flowing at rate 
of 20 ml·min−1. The reaction was carried out at tempera- 
tures ranged from 323 to 423 K. 

The reaction mixture was analyzed using a gas chro- 
matograph (Perkin Elmer Autosystem XL with flame 
ionization detector) equipped with capillary column 
(fused silica) of 15 m length, 0.25 mm internal diameter, 
with film thickness 1.0 µm the capillary column packed 
with Carbowax 20 M and the oven temperature set at 333 
K. Detector was kept at 493 K. 

3. Results and Discussion 

3.1. XRD Investigation of Various Solids 

X-ray diffractograms of unsupported acid, its cesium and 
potassium salts, silica-supported acid and its cesium and 
potassium salts were determined and illustrated in (Fig- 
ure 1). The diffractograms of unsupported K2.5PW and 
Cs2.5PW, not given, are very close to each other and 
show clearly that the investigated solid exhibited an ex- 
cellent degree of crystallinity. Supporting HPW on silica 
(20 wt%) turned the crystalline acid form (c.f. Figure 1)  

Copyright © 2013 SciRes.                                                                                 MRC 



Sh. M. IBRAHIM 112 

(a) 

(b) 

(c) 

(d) 

(e) 

a.u 

40 

30 

20 

10 

0 

40 

30 

20 

10 

0 

40 

30 

20 

10 

0 

40 

30 

20 

10 

40 

30 

20 

10 
0 

50 

a.u 

a.u 

a.u 

10 20 30 40 50
2θ degree  

Figure 1. X-ray diffractograms of (a) unsupported HPW; (b) 
K1PW/SiO2; (c) K2.5PW/SiO2; (d) Cs1PW/SiO2; (e) Cs2.5PW/ 
SiO2. 
 
into an amorphous one (figure not given). This finding 
shows clearly the role of silica in increasing much the 
degree of dispersion of the acid crystallites measuring 
very small size below detection limit of X-ray diffracto- 
grams (5 nm). However, the role of silica in turning the 
acid from crystalline to an amorphous one has been at- 
tributed to formation of two dimensional layer due to a 
strong interaction between HPW and OH groups on silica 
according to the following Equation (1) [8,28]: 

3 12 40 3-m 12 40 2H PW O + m OH Si H PW O Si  +m H O  (1) 

This assumption had not been confirmed by other au- 
thors [4,11]. 

It can be also seen from Figure 1 that substitution of 
one proton of HPW by potassium ion decreased slightly 
the degree of crystallinity of the supported potassium 
salts. The relative intensity of all diffraction peaks of 
acid increased by substituting 2.5 protons by potassium 
ion but remained having small degree of crystallinity as 
compared to that of unsupported acid. Furthermore, sub- 
stitution of 2.5 protons by cesium ions exerted a limited 
effect on decreasing the degree of crystallinity as com- 
pared to the resulting effect observed in case of potas- 
sium salts. In conclusion, silica support material turned 
the crystalline acid into amorphous one and the substitu- 
tion of one proton of acid by one potassium cation par- 

tially decreased its degree of crystallinity. 

3.2. Some Textural Characteristics of Selected 
Adsorbents 

Different surface characteristics namely specific surface 
area (SBET), total pore volume (Vp), and mean pore radius 
(r−) of some selected samples were computed from ni- 
trogen adsorption-desorption isotherms obtained at 77 K. 
Table 1 shows the calculated values of (SBET), (Vp), and 
(r−). Examination of Table 1 shows the following: 1) The 
specific surface area of unsupported HPW increased by 
supporting on silica (20 wt%) from 7.3 m2/g to 542 m2/g; 
2) Substitution of one or two protons of acid in supported 
solids by corresponding number of potassium and cesium 
ions decreased progressively the SBET. The maximum 
decrease attained about 53% upon the substituting of 2.5 
protons by 2.5 potassium or cesium ions; 3) Substitution 
of proton by cesium or potassium in unsupported acid 
increased effectively the SBET and Vp of different solids. 
The increase was, however, more pronounced upon sub- 
stitution of 2.5 protons by 2.5 potassium or cesium 
cations. The maximum increase in the SBET value due to 
substitution 2.5 protons by 2.5 cesium or potassium ions 
in unsupported solid salts measured 383% and 186%, 
respectively; 4) All investigated adsorbents are consid- 
ered as mesopores solids. The observed progressive in- 
crease in the SBET due to substitution of acid protons by 
potassium and cesium cations can be attributed to the 
resulting progressive decrease in the (r−) value, which 
decreased from 47 to 12 Å upon substitution of 2.5 pro- 
tons of the acid by 2.5 potassium ions. 
 
Table 1. Some surface characteristics for various solid ca- 
talysts. 

Mean pore radius, r·VP ml·g−1 SBET m
2·g−1Solid 

- - 645 SiO2 

41 0.015 7.3 HPW 

- - 542 HPW/SiO2 

47 0.027 11.6 K1PW 

25 0.042 34.1 K2PW 

12 0.089 143.3 K2.5PW 

67 0.033 9.9 Cs1PW 

70 0.072 205 Cs2PW 

42 0.601 286.6 Cs2.5PW 

- - 268 K1PW/SiO2 

- - 258 K2PW/SiO2 

- - 250 K2.5PW/SiO2 

- - 291 Cs1PW/SiO2 

- - 265 Cs 2PW/SiO2 

- - 255 Cs2.5PW/SiO2
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However, this explanation seems to be not valid in case 
of unsupported cesium salts. The observed increase in the 
SBET, and Vp of unsupported cesium salts might be attrib- 
uted to the formation of a good deal of mesopores. 

3.3. Catalytic Properties of Different Solids 

The catalytic conversion of tert-butanol was carried out 
over various catalysts at temperatures ranged between 
323 and 423 K under a constant partial pressure of alco- 
hol (100 Torr). Preliminary experiments showed that the 
conversion of alcohol in absence of a catalyst did not 
take place even for the reaction carried out at 423 K. 

Figures 2-4 showed the variation of % conversion of 
tert-butanol as function of reaction temperature for vari- 
ous catalysts. It is clear from these figures that the total 
conversion increases upon increasing the reaction tem- 
perature reaching to a constant high value at 373 K for 
most of samples investigated. 

The reaction products consisted mainly of isobutene 
together with a small amount of isooctene that may be 
produced via dimerization of isobutene. However, this 
reaction took place over various catalysts at temperatures 
>373 K. This finding suggested readily that the catalytic 
conversion of tert-butanol over most catalysts proceeds 
mainly via dehydration and having selectivity bigger than 
90% at 373 K. 
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Figure 2. Total conversion, % of tert-butanol as a function 
of reaction temperature over prepared catalysts. 
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Figure 3. Total conversion, X% of tert-butanol as a function 
of reaction temperature over prepared catalysts. 
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Figure 4. Total conversion, X% of tert-butanol as a function 
of reaction temperature over supported and unsupported 
catalysts. 
 

Figure 2 showed that the silica support material has 
very small catalytic activity suggesting its inertness and 
thus acting as a catalyst support [8,12,36,37]. 

Examination of Figures 2-4 show the following: 1) 
Unsupported acid HPW exhibited high catalytic activity 
and remained very high after being supported on silica; 2) 
Substitution of one proton of HPW by one cesium or 
potassium cation in the unsupported catalysts decreased 
effectively its catalytic performance. This finding might 
be attributed to very small specific surface area of 
Cs1PW and K1PW (c.f. Table 1) and the decrease in the 
surface acidity due to the formation of cesium and potas- 
sium salts of HPW acid. This decrease has been related 
to the formation of ultrafine precipitate of particles (pro- 
bably Cs3PW12O40, 8 - 10 nm) which are thickly cov- 
ered by H3PW12O40, being deposited upon evaporation of 
water, and form large aggregates, whereby the hydrogen 
form is possibly acting as cement substrate. After heat 
treatment they are converted to particles having a similar 
size as before heat treatment and nearly uniform compo- 
sition, but with small specific surface area [38,39]; 3) 
Supporting Cs1PW and K1PW on silica resulted in in- 
creasing the catalytic activity due to an effective increase 
of the SBET from 9.9 to 296 m2/g for Cs1PW and from 
11.6 to 268 m2/g for K1PW. This significant increase in 
the specific surface area is expected to be accompanied 
by a corresponding increase in the concentration of ac- 
tive sites involved in the catalytic conversion process; 4) 
Figure 4 shows that the % alcohol conversion over un- 
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supported Kx and Csx salts of tungstophosphoric acid (x = 2, 
2.5) decreased by supporting on silica surface. This find- 
ing might be attributed to a strong interaction between 
remained free protons of acid and OH of silica surface. 
This interaction may lead to proton transformation to the 
silica surface which results in a decrease of acidity. In 
another words, this interaction includes the trapping of 
some acidic proton in the basic OH groups of silica sup- 
port and results in a decrease of the acid strength [14]. 
So, fewer protons are available for the catalytic reac- 
tion. 

In order to throw more light on the role of changing 
the number of protons of the acid by corresponding num- 
ber of cesium or potassium cations for unsupported and 
supported salts on silica, the catalytic conversion of tert- 
butanol measured at 373 K as being influenced by cation 
content are illustrated in Figures 5 and 6. It is clearly 
shown, from Figure 5 that, the catalytic performance of 
cesium or potassium salts supported on silica decreased 
progressively by increasing the number of proton of the 
acid substituted by 2 and 2.5 potassium cations. This 
decrease is, however, more pronounced in case of potas- 
sium salts supported on silica. In fact, the catalytic activ- 
ity measured at 373 K, of supported cesium salts de- 
creased from 98% to 70% and from 98% to 40% in case 
of potassium salts supported on silica. 
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Figure 5. Total conversion, X% of tert-butanol at 373 K as 
a function of cation content, X over (a) CsxPW/SiO2; (b) 
KxPW/SiO2. 
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Figure 6. Total conversion X % of tert-butanol as a func- 
tion of cation content over acidic salts of tungstophosphoric 
acid. 
 

However, in case of unsupported cesium and potas- 
sium salts of HPW, substitution of one proton by cesium 
or potassium cation decreased effectively the catalytic 
activity(c.f. Figure 6), then increased by increasing the 
number of substituting protons (above one proton) reach- 
ing to values near from the values measured for the acid 
itself. It is interesting to note that, the high activity of 
Cs2.5PW and K2.5PW can be correlated with increasing 
the specific surface area (c.f. Table 1). 

The selectivity towards dehydration and dimerization 
processes during the conversion of tert-butanol, for sup- 
ported and unsupported solids was measured. The results 
obtained are listed in Tables 2-4. It is seen from these 
tables that, the selectivity towards isooctene formation 
for all catalysts decreases upon increasing substituted 
protons of tungstophosphoric acid by Csx or Kx (x ≥ 2) 
ions (Tables 2-4). This finding might suggest that, these 
catalysts exhibited very small dimerization selectivity and 
have small amount of acidic sites on the surface. In pre- 
vious study, Corma et al [40] reported that the propene 
oligomerization and n-butane isomerization were corre- 
lated with the concentration of protons on the surface. On 
the other hand, there is no selectivity towards isooctene 
formation for the Cs1PW and K1PW catalysts (Table 2). 
Tables 3 and 4, also show that, SiO2-supported catalysts 
increased the selectivity towards dimerization processes 
above 11% for the reaction carried out at 398 K. These 
results might be attributed to an effective increase in the 
ratio of surface polyanion to the bulk polyanion enhanc- 
ing thus, the selectivity of isooctene formation would 
increase, on charge of relatively the dehydration to iso- 
butene. But, supporting HPW on silica led to increasing 
the selectivity towards isooctene formation but small 
amount not exceeding 4% (Tables 1 and 3). 

In order to throw more light on the role of the possible 
change in the mechanism of catalytic conversion of tert- 
butanol over various solids, the apparent activation en- 
ergy (∆E) was computed by measuring the reaction rate  
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Table 2. Selectivities of unsupported HPW acid and its ce- 
sium and potassium salts. 

Catalyst sample Temp. K Selectivity % 

  Isobutene % Isooctane % 

HPW 

323 

333 

343 

353 

363 

373 

398 

423 

97.9 

97.16 

94.8 

93 

94.8 

96 

97.3 

98.8 

2.14 

2.8 

5.15 

5.96 

5.18 

3.97 

2.67 

1.20 

K1PW 

323 

333 

343 

353 

363 

373 

398 

423 

99.1 

98.5 

97.2 

92.6 

97.3 

98.3 

99.2 

99.3 

0.8 

1.46 

2.7 

7.32 

2.69 

1.63 

0.8 

0.7 

K2PW 

323 

333 

343 

353 

363 

373 

398 

423 

98.3 

95.4 

90.2 

96.5 

98.8 

99.09 

99.2 

99.3 

0.83 

1.48 

2.85 

7.9 

2.77 

1.65 

0.79 

0.7 

K2.5PW 

323 

333 

343 

353 

363 

373 

398 

423 

98.58 

95.51 

93.43 

97.10 

98.87 

99.25 

99.39 

99.39 

1.42 

4.46 

6.56 

2.89 

1.13 

0.75 

0.61 

0.61 

Cs1PW 323 - 423 100 0 

Cs2PW 

323 

333 

343 

353 

363 

373 

398 - 423 

99.4 

98.6 

97.26 

97.86 

98.24 

98.43 

98.6 

0.6 

1.39 

2.73 

2.13 

1.68 

1.48 

1.4 

Cs2.5PW 

323 

333 

343 

353 

363 

373 

398 - 423 

99.30 

99.36 

98.97 

96.09 

95.95 

97.33 

97.51 

0.69 

0.63 

1.02 

3.90 

4.01 

2.66 

2.48 

Table 3. Selectivities of SiO2-supported HPW acid and its 
potassium salts. 

Catalyst sample Temp. K Selectivity % 

  Isobutene % Isooctane % 

HPW/SiO2 

323 
333 
343 
353 
363 
373 
398 
423 

100.0 
99.2 
98.0 
98.1 
96.4 
92.7 
83.7 
80.9 

0.0 
0.8 
2.0 
1.9 
3.6 
7.3 
16.3 
19.1 

K1PW/SiO2 

323 
333 
343 
353 
363 
373 
398 
423 

100.0 
100.0 
100.0 
99.5 
97.8 
93.7 
88.8 
87.0 

0.0 
0.0 
0.0 
0.5 
2.2 
6.3 
11.2 
13.0 

K2PW/SiO2 

323 
333 
343 
353 
363 
373 
398 
423 

100.0 
100.0 
100.0 
100.0 
100.0 
99.4 
94.6 
88.8 

0.0 
0.0 
0.0 
0.0 
0.0 
0.6 
5.4 
11.2 

K2.5PW/SiO2 

323 
333 
343 
353 
363 
373 
398 
423 

100.0 
100.0 
100.0 
100.0 
100.0 
99.8 
95.8 
91.6 

0.0 
0.0 
0.0 
0.0 
0.0 
0.2 
4.2 
8.4 

 
Table 4. Selectivities of SiO2-supported cesium salts of 
HPW. 

Catalyst sample Temp. K Selectivity %  

  Isobutene % Isooctane %

Cs1PW/SiO2 

323 
333 
343 
353 
363 
373 
398 
423 

100.0 
99.3 
99.2 
99.0 
97.8 
95.3 
86.1 
80.8 

0.0 
0.7 
0.8 
1.0 
2.2 
4.7 
13.9 
19.2 

Cs2PW/SiO2 

323 
333 
343 
353 
363 
373 
398 
423 

100.0 
100.0 
100.0 
100.0 
99.7 
99.3 
95.7 
91.6 

0.0 
0.0 
0.0 
0.0 
0.3 
0.7 
4.3 
8.4 

Cs2.5PW/SiO2 

323 
333 
343 
353 
363 
373 
398 
423 

100.0 
100.0 
100.0 
100.0 
100.0 
99.7 
97.8 
92.6 

0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
2.2 
7.4 
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constant (k) at temperatures between 323 and 423 K and 
by direct application of the Arrhenius equation via plot- 
ting of ln k versus 1/T (figures, not given). The computed 
∆E values are given in Table 5. Examination of Table 5 
shows that ∆E values for unsupported and supported sol- 
ids ran in parallel to the observed change in the catalytic 
activity (i.e. high catalytic activity measured small ∆E 
values and vice versa). In order to throw more light on 
the possible heterogeneity of surfaces of the investigated 
catalysts, the values of lnA (pre-exponential factor of the 
Arrhenius equation) were calculated for unsupported 
solids and those supported on silica 20 wt% and the data 
obtained are given in Table 5. It is shown from this Ta- 
ble 5 that lnA values are close to each other within the 
experimental error (± 0.5 kJ·mol−1). This finding might 
express the possible change of the mechanism of cata- 
lytic reaction. 

4. Conclusions 

The following are the main conclusions that may be 
drawn from the results obtained: 

1) Loading HPW on silica (20 wt%) turned the crys- 
talline acid into amorphous one indicating an effective 
increase of the degree of dispersion. However, this proc- 
ess increased considerably the SBET of SiO2-supported 
HPW; 

2) Unsupported solids, substituting 2.5 protons of acid 
by 2.5 Cs or K cations increased the degree of crystallin- 
ity of the solid. K2.5PW and Cs2.5PW samples have the 
maximum value of SBET as compared to the other unsup- 
ported catalysts; 

3) Supporting of KxPW and CsxPW(x = 1 - 2.5) on 
SiO2 decreased the degree of crystallinity of the investi- 
gated solids. This decrease was, however, more pronounc- 
ed in case of cesium salts of HPW; 

4) The SBET of the supported Cs or K salts of HPW in- 
creased progressively by increasing the number of pro- 
tons substituted by cesium or potassium cations; 

5) Unsupported and silica supported HPW, cesium and 
 
Table 5. Apparent activation energies for tert-butanol con 
version over different catalysts. 

Catalyst Ea(kJ·mol−1) Ln A Catalyst Ea(kJ·mol−1) Ln A

HPW 17.0 −4.4 HPW/SiO2 11.5 −4.2

Cs1PW 17.5 −4.6 Cs1PW/SiO2 10.3 −4.2

Cs2PW 7.8 −4.3 Cs2PW/SiO2 30.6 −4.4

Cs2.5PW 6. 9 −4.3 Cs2.5PW/SiO2 32.4 −4.6

K1PW 20.8 −4.7 K1PW/ SiO2 11.5 −4.2

K2PW 7.9 −4.3 K2PW/ SiO2 36.2 −4.5

K2.5PW 7.0 −4.3 K2.5PW/ SiO2 39.0 −4.6

potassium salts of HPW exhibited an excellent catalytic 
performance and acting as dehydrating catalyst for tert- 
butanol; 

6) Substitution of one proton of HPW by one Cs or K 
cation in the unsupported catalysts decreased effectively 
its catalytic performance. But, supporting Cs1PW and 
K1PW on silica resulted increasing in the catalytic activ- 
ity due to an effective increase in the SBET; 

7) On the other hand, the catalytic activity of unsup- 
ported Kx and Csx salts of HPW (x = 2, 2.5) decreased by 
supporting on silica surface. This might be attributed to a 
strong interaction between remained free protons of acid 
and OH of silica surface; 

8) The catalytic activity and selectivity towards dehy- 
dration and dimerization processes of the unsupported 
and supported catalysts are much affected by the number 
of substituted acid protons by alkali metal. 
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