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The silver, ammonium, copper, and aluminum acidic salts of 12-molybdophosphoric acid have been prepared, mono-
substitution, and their catalytic behavior measured for dehydration of tert-butanol. The reaction has been carried out in a flow 
system at the temperature range of 323-423 K and the reaction product was analyzed chromato-graphically. The effects of 
pretreatment temperature, time, partial pressure of alcohol, and non-steady-state regimes have been studied. The samples 
were characterized by TG, DSC, and BET surface areas. These studies have confirmed a correlation between structural 
stability and the salt cation, with the silver salt of H3PMo12O40 being the most thermally stable. However, the ammonium 
molybdophosphate is the less stable catalyst due to the catalyst reduction. Mono-substitution of protons in H3PMo12O40 
with silver and ammonium form high surface area solids, as compared to copper and aluminum salts. The number of weakly 
or moderately strong acidic sites remains relatively unchanged with pretreatment temperature to 673 K. All catalysts are 
highly selective to produce isobutene which is predominate product. Isobutene formation is zero order reaction independent 
of the partial pressure of tert-butanol. This revealed that the dehydration reaction proceeded on the surface of solid 
catalysts (a surface-type reaction). In this case, the catalytic activities were determined by the concentration of protons on 
the catalyst surface and hence on the surface acidity. 
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Introduction 

Isobutene is an alkene precursor in the synthesis of 
methyl tert-butyl ether. MTBE is widely used as an 
oxygenate for gasoline(1) not only to enhance the octane 
number but also to make motor vehicle fuel burn more 
cleanly, replacing toxic additives like lead, thereby 
significantly reducing toxic tailpipe pollution(2). 

Heteropoly acids and related compounds have 
attracted considerable attention owing to their highly 
promising potential in industrial applications for acidic 
catalysis and selective oxidation(3-20). These types of 
compounds display a great potential of specific 
synthesis reactions for replacing sulfuric acid to satisfy 
the requirements of environmental protection(21). 

Heteropoly acids are composed of primary, 
secondary, and tertiary structures. The primary structure 
is the structure of the heteropoly anions, and the 
secondary structure is the three dimensional 
arrangement of the polyanion and counter 
cation(6d,15,22,23). It was very important to realize that the 
primary structure is stable, whereas the secondary 
structure is flexible. The tertiary structure is very 
influential on the catalytic function of solid heteropoly 
acids (6d, 15). The tertiary structure is the structure of 
solid heteropoly acids as assembled. The size of the 

particles, pore structure, distribution of protons in the 
particle, surface area, mode of aggregation, etc., are the 
elements of the tertiary structures(15). Counter cations 
greatly influence the tertiary structure of HPAs. 

For anhydrous sample, each polyanion interacts with 
three isolated acidic protons. When the water content 
increases, the water molecules protonated in the pseudo 
liquid phase to form H3O+ and H5O2

+ accompanied by 
the decrease in the amount of isolated acidic protons(24). 
One of the remarkable characteristics is that some solid 
HPAs (group A, hydrogen forms included) absorb easily 
a large quantity of polar or basic molecules such as 
alcohol and nitrogen bases in the solid bulk(25). The 
absorption depends on basicity and the size of the 
molecule to be absorbed and the rigidness of the 
secondary structure. The rigidness of HPAs depends on 
the counter cation (size, charge, etc) and apparently on 
the water content(26). Group B salts like CsxH3-

xPW12O40(x>2) adsorbed even polar molecules only on 
the surface(27). 

It is generally accepted that dehydration of alcohols 
takes place on either Bronsted or Lewis acid sites. The 
reactivity of alcohols is in the order: MeOH < EtOH < 
PrOH, BuOH, and EtOH < iso-PrOH < tert-BuOH(28,29), 
which can be interpreted in view of the relative stability 
of corresponding carbenium ions or affinity of each 
alcohol to protons. 
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The aim of this study is to examine the influence of 
mono, di- and trivalent cations on the activity, 
selectivity and stability of the molybdophosphoric acid 
towards the dehydration of tert-butanol to produce 
isobutene as a predominate product. 

Experimental 

Catalyst preparation 

The acidic salts of multivalent cations (Mx
n  +H3-nxP 

Mo12O40, abbreviated as Mx, where M = Ag, NH4, Cu, 
and Al) were prepared by the titration of an aqueous 
solution of H3PMo12O40 (0.025 mol dm-3) at 323 K with 
aqueous solutions of the corresponding nitrates (0.025 
mol dm-3). The aqueous solution of nitrate was added 
dropwise at a rate of about 1 ml min-1 with constant 
stirring for 2h. For Cu0.5 and Al0.33, precipitates were not 
obtained by the titration, so that the solution was 
evaporated at 343 K to give a solid. In cases of NH4 and 
Ag, solutions containing precipitates were obtained. 
These were also evaporated to dryness in a similar way. 
All the solid samples were dried at 393 K for 4 hours. 

Catalysts characterization 

Several techniques were employed for the characterization 
of solids such as: 

The surface area was determined by nitrogen 
adsorption-desorption at 77 K. Thermal and differential 
scanning calorimetry analyses were carried out on a 
thermogravimeter (Shimadzu TGA-50) at a heating rate 
of 20 and 10 K min-1, respectively. 

The Ag+, Cu2+, and Al3+ contents of the salts were 
determined by atomic absorption spectrophotometry 
(AAS). For the ammonium salt, the cation composition 
was calculated from the nitrogen content determined by 
elemental analysis. 

Catalytic reactions 

Synthesis of isobutene from tert-butanol was performed 
in a flow system at an atmospheric pressure in the 
temperature range from 323 to 423 K. Tert-butanol was 
fed by bubbling argon through an isothermal saturator 
kept at a constant temperature. Prior to the reaction, the 
samples were pretreated in situ at 623 K in the argon 
flow for 3 hours. The pressure of tert-butanol was 
changed from 13.5 to 300 Torr by changing the 
saturator temperature. Gases at the outlet of the reactor 
were analyzed with a gas chromatograph (Perkin Elmer 
AutoSystem XL having an FID) equipped with a 
capillary column of 15 m length packed with Carbowx 
20M). 

Blank runs have been performed without catalyst 
under the same experimental conditions similar to those 
measurements. No conversion of tert-butanol was 
observed in the temperature range investigated. 

Results 

Characterization of catalysts 

Table 1 shows the chemical composition, surface areas 
and the surface acidity calculated for the investigated 
catalysts. It can be seen that the acidic salts of silver, 
copper, and aluminum, the degree of exchange of 
protons in the parent acid was in good agreement with 
the expected theoretical value, whereas it was higher for 
the NH4

+ salt. The deviation of the ammonium salt with 
respect to the expected degree of exchange has also 
been observed by others(30-32). Moffat et al. found that a 
deficit of ammonium carbonate employed in the 
preparation produces a substantial change(31). However, 
an excess of cation was used during the precipitation 
step in order to obtain the stoichiometric ammonium 
compounds(30,32). 

 
Table 1: Chemical composition, surface area and surface acidity calculated for acidic salts of molybdophosphoric acid. 

Sample Cation/K.U.a SBET
b 

(m2g-1) 
Surfacec acidity 

(μ mol g-1) Chemical formulae 

H3PMo12O40 
AgH2PMo12O40 
NH4H2PMo12O40 
Cu0.5H2PMo12O40 
Al0.33H2PMo12O40 

- 
0.93 
1.40 
0.54 
0.31 

8.0 
60.9 
47.5 
21.2 
19.1 

20.7 
106.5 
66.5 
36.9 
33.6 

H3PMo12O40 
AgH2PMo12O40 

(NH4)1.4H1.6PMo12O40 
Cu0.5H2PMo12O40 
Al0.33H2PMo12O40 

a : Cation content per Keggin unit as calculated from chemical analysis 
b: Measured from the nitrogen adsorption measurements. 
c: Calculated from chemical formulae and surface areas 

 
 
BET surface area of HPMo was 8 m2 g-1. For all the 

salt examined, the surface area is increased when 
compared to the parent acid. On the other hand, the 
surface areas increase as the diameters of the substituted 

cations are increased from group A (Cu2+, Al3+) to group 
B(NH4

+, Ag+). The surface area is large for silver and 
ammonium molybdophosphates because very fine 
particles are formed during titration due to the very low 
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solubility in water(33,34). However, the low surface areas 
of copper and aluminum salts, as compared to the silver 
and ammonium salts, can be explained by their high 
solubility in water and the fine particles did not 
precipitate(33,35). Also, Moffat et al. have been explained 
the larger surface areas for the salts of large monovalent 
cations by the rotation and translation of the Keggin 
anions, so that the barriers between the interstitial voids 
presents in the parent acid are partially removed 
allowing the formation of channels between the anions 
and the counter cations(36-39). 

The surface acidity is estimated from BET surface 
area and the content of H+ in the chemical 
formulae(15,40,41) (Table 1). The surface acidity of the 
present acid increases with the partial substitution of 
proton by the cations. This can be attributed to their 
high surface area (19-61 m2 g-1) compared with 8 m2 g-1 
for the parent acid. 

The number of the crystallization water and the 
thermal stability of the parent acid and its acidic salts 
were performed by TG and DSC analyses (Figs 1 and 2). 

 

 
Fig. 1: TGA curves of molybdophosphoric acid and its 

acidic salts 
 

During thermal gravimetric analysis, water of 
hydration evolved first, leaving anhydrous Keggin units 
with associated protons at temperatures up to 573 K. As 
the temperature continued to increase, above 673 K 
"protonic water" usually called "constitutional H2O" 
evolved. This water is formed by extraction of an 
oxygen atom from the Keggin anion by two protons, 
thus decomposing the hetropoly anion structure. The 
decomposition of HPMo is observed at 697 K with Δ H 
= -61 Jg-1 (Table 2). In agreement with previous 
findings, the complete dehydration of free and 
constitutional water from HPMo is mostly achieved by 
> 673 K. Above 703 K the Keggin structure of HPMo is 
completely destroyed(42-44). It is found that the 
introduction of copper and aluminum cations lead to 
decrease in the thermal stability of the parent acid. This 
is consistent with results of previous findings(45). They 
concluded that bi- and trivalent metal salts are not 
stable. 
 
 
 

 
Fig. 2: DSC curves of molybdophosphoric acid and its 

acidic salts 
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Table 2: TG-DSC data for acidic salts of molybdophosphoric acid. 

DSC 
Sample Abbreviation Physisorbed  

hydration/KUa Protonic water/KUb Exo 
[K] 

ΔH 
J g-1 

H3PMo12O40 
AgH2PMo12O40 
(NH4)1.4H1.6PMo12O40 
Cu0.5H2PMo12O40 
Al0.33H2PMo12O40 

HPMo 
AgPMo 

(NH4)1.4PMo 
Cu0.5PMo 
Al0.33PMo 

12 
8 
6 

10 
12 

1.5 
1.0 

…..c 
0.95 
1.0 

697 
694 
695 
675 
652 

-61 
-82 
-29 
-41 
-60 

a : Water evolved at low temperature (less than 573 K). 
b: Water loss from decomposition of Keggin unit. 
c: Decomposition of ammonium molybdophosphate to ammonia, water and nitrogen(52). 

 
The higher thermal stability of AgPMo is ascribed to 

the partial substitution of protons by large monovalent 
cation(16, 46-48). The reason could be that the larger cations 
are coordinated to more oxygen atoms on the periphery 
of Keggin structure and consequently cause atoms in 
anions to have small mobility, which means the crystal 
is more stable(49). However, in case of ammonium 
molybdophosphate the exothermic peak do not seem to 
suffer temperature shift, although the enthalpy values is 
decreased from - 61 to - 29 Jg-1 for the parent acid and 
ammonium salt, respectively (Table 2). This can be 
explained by the reduction of catalyst leading to 
formation of the reduced heteropoly anions, due to the 
possibility of NH4

+ cation being a source of hydrogen(50,51). 
It is known that decomposition of ammonium molybdo-
phosphate is proceed via elimination of ammonia, 
water, and nitrogen beginning around 673 K(52). 

Catalytic reaction 

Effect of pretreatment temperature for 
molybdophosphoric acid 

The effect of pretreatment temperature on tert-butanol 
dehydra-tion and selectivity towards isobutene 
formation is shown in Fig. 3. As the pretreatment 
temperature increases from 373 to 673 K, the 
conversion is relatively increased and then decrease 
with further increase in temperature up to 723 K, while 
the selectivity is nearly constant. This can be attributed 
to slightly increasing the number of acid sites of 
sufficient strength required to facilitate the reaction as 
the pretreatment temperature increase to 673 K beyond 
which it decreases. This is consistent with the results of 
Moffat et al.(53a) who reported that the number of 
weakly or moderately strong acidic sites relatively little 
changed with pretreatment temperatures to a maximum 
value at approximately 673 K and then decreases as 
pretreatment temperature increased. This result shows 
that the strongly acidic sites is not necessary for this 
reaction. 

The significant decrease in the catalytic activity at 
723 K is ascribed to the decomposition of the acid into 
the corresponding single oxides. This is evident from 
TG-DSC data (Table 2). 

 

 
Fig. 3: Effect of pretreatment temperature on 

conversion of tert-butanol (a) and selectivity for 
isobutene formation (b) over molybdophosphoric acid 

 

Effect of reaction temperature 

Fig. 4 shows the changes in the conversion for the 
acidic salts of HPMo upon the variation of the reaction 
temperature. In these experiments the data were 
collected after the reaction reached approximately the 
stationary state at each temperature. The results 
obtained indicate that the activity increases with 
reaction temperature up to 373 K, beyond which the 
activity changes little. The predominate product is 
isobutene with small amount of isooctene. The 
isooctene is formed as a result of the dimerization of 
isobutene(30,53b). The maximum conversion to isooctene, 
7%, was obtained over Al0.33PMo at 373 K (not shown) 
which may be attributed to presence of both Bronsted 
and Lewis acid sites on aluminum molybdophosphate 
catalyst(54a&b). This agrees with the results of Connor et 
al.(54c), who found that the aluminum substituted of 
HPW is a good catalyst for propene oligomerization. 
The dehydration activity is in the following order: 

AgPMo > Cu0.5PMo > Al0.33PMo > HPMo > (NH4)1.4PMo 

 



 59

 
 
The significant enhancement of AgPMo can be 

attributed to: (i) its high surface acidity which arise 
from its high surface area (Table 1). And/or (ii) the 
rapid migration of protons which participate in the 
reaction. This is evident from the conductance value 
obtained in this study, the value is increased from 200.3 
to 240.4 ohm-1 cm2 mol-1 for HPMo and AgPMo, 
respectively. This is consistent with results of BaBa et 
al.(55,56). They found that the mobility of protons was 
enhanced by the presence of silver. 

The partial substitution of protons by copper and 
aluminum cations enhances the catalytic activity of 
parent acid. This can be explained by (i) these salts do 
not form precipitate by the titration, the solution was 
evaporated to dryness to obtain the solid salts. During 
this procedure, pH of the solution increased and in 
consequence the hydrolysis of the polyanion possibly 
took place to certain extent. The hydrolysis would form 
weakly acidic H+(33). (ii) the dissociation of coordinated 
water(6d,14,57) and/or water produced during the 
reaction(29,58,59) as a function of the electronegativity of 
the metal cations, which form protons by a following 
reaction. 

Mn+ + mH2O → [M(H2O)m]n+ → [M(H2O)m-1(OH)](n-1)+ + 
+ H+ 

and/or (iii) their high surface acidity (Table 1). 
However, the ammonium molybdophosphate although 

having a high surface acidity is less active as compared 
to the HPMo. Due to the possibility of NH4

+ cation 
being a source of hydrogen, resulting of the catalyst 
reduction. The catalyst reduced or partially reduced 
after pretreatment(50,51). 

The selectivity towards isobutene formation over all 
investigated samples remains nearly constant with the 
reaction temperatures in the range 94-98%. This can be 
attributed to the dimerization activity being little 
changed with the reaction temperature (not shown). 

Effect of reaction time 

Fig. 5 shows the time courses of tert-butanol dehydration 
at 373 K catalyzed by molybdophosphates. The 
conversion decreases with time and reaches a stationary 
state value at different time-on-stream. It is believed 

that this decrease in conversion results from the 
relatively slower rate of regeneration of the Bronsted 
acid sites in comparison with the rate of formation of 
the olefinic products on a release of protons(37). Previous 
studies(28a,60-62) showed that the decrease in conversion 
due to the retention of the alcohols and/or their 
decomposition products on the catalysts.  

 

 
 
The stability of the catalyst during the reaction was 

estimated from the value of the activity retained (Ar) by 
the catalyst at the end of the experiment. This value is 
the ratio of the conversion at 4h to that at initial stage. 
The results obtained are summarized in Table 3. The 
highest stability of silver molybdophosphate among 
these salts may be attributable to its highest mobility of 
protons(55,56). On the other hand, the stability increased 
from 0.52 for HPMo to about 0.63, and 0.86 for 
Al0.33PMo and Cu0.5PMo, respectively. This indicates 
that the formation of H+ species, as mentioned before, 
over these catalysts improve also the stability of 
catalysts(6d, 14, 29,57-59). 

The selectivity to isobutene was nearly 100% for all 
investigated catalysts. This indicates that all of the 
catalysts possess sites of sufficient acidic strength to 
facilitate the dehydration reaction and are inactive for 
isobutene dimerization under these conditions. 

 
Table 3: Initial activity (Ai), final activity (Af), activity 
retained (Ar), and apparent activation energy for tert-
butanol dehydration over acidic salts of molybdo-
phosphoric acid. 

Sample 
(abbreviated)

Ai. 10-3 

mol h-1 g-1
Af. 10-3 

mol h-1 g-1 
Ar Ea 

kJ mol-1

HPMo 
AgPMo 
(NH4)1.4PMo
Cu0.5PMo 
Al0.33PMo 

44.6 
48.8 
42.5 
47.8 
45.7 

23.3 
46.0 
19.2 
41.0 
29.0 

0.52 
0.94 
0.45 
0.86 
0.63 

32.8 
18.1 
42.8 
23.2 
18.3 
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Effect of alcohol partial pressure 

The pressure dependence for isobutene formation over 
investigated catalysts is shown in Fig. 6. The conversion 
is independent of the partial pressure of alcohol, 
whatever the catalyst examined. The zeroth-order 
dependence for tret-butanol dehydration indicates that 
the surface is fully covered by alcohol because an 
adsorbed species of strong tertiary carbenium ion is 
mostly likely to form on the surface. This data agrees 
with the results obtained by several authors(28a,61,63). 

 

 
 
On cessation of the flow of alcohol to the sample 

after steady state is reached, the rate of isobutene 
formation gradually decreases and not falls sharply at 
the onset of purging for 45 minutes (Fig. 7). This 
behavior can be explained by the existence of strongly 
adsorbed species on the acid sites of catalyst surface(63). 

For AgPMo catalyst, the interaction of tert-butanol 
on acid sites is stronger than other investigated samples 
(Fig.7). 

 

 

Apparent activation energy 

The apparent activation energy, Ea, cab be calculated 
from the slope of a plot log k versus 1/T by application 
of Arrhenius equation. The values of Ea thus obtained 
are listed in Table 3. It is evident that the partial 

substitution of the protons in HPMo by Ag+, Cu2+, and 
Al3+ cations decreases the Ea value from 32.8 to 18.1, 
23.3 and 18.3 kJ mol-1, respectively. The decrease in the 
value of Ea is due to enhancement of their catalytic 
activity, which is the normal case for catalytic promotion. 
However, the catalyst containing ammonium cation 
produces an increase in Ea than the parent acid. Such 
behavior can be attributed to a decrease of its catalytic 
activity. 

Mechanism of isobutene formation 

The dehydration of alcohols over heteropoly compounds 
proceeds via a carbenium ion mechanism(28,64). The 
following conclusion can be drawn from the data 
obtained in this study: 

1- The activity correlates well with the surface 
acidity, indicating that the dehydration of tert-
butanol over heteropoly compounds belongs to 
the surface-type reactions. However, the effect of 
acidity on the selectivity towards isobutene 
formation is not significant. 

2- The predominate product was isobutene with 
small amounts of isooctene. 

3- Isobutene formation took place via a unimolecular 
mechanism, whereas isooctene via a biomolecular 
mechanism. 

4- The dehydration of tert-butanol is a zeroth-order 
reaction. This indicates that the surface is fully 
covered by tert-butanol, due to the strong 
interaction of the alcohol on the acid sites 
(Bronsted sites). 

From the previous data, the following reaction 
mechanism is proposed: 

(CH3)3COH + H+ … OKu   →   (CH3)3COH2
+   … OKu  (1) 

(CH3)3COH2
+  … OKu    →    (CH3)3C+ + H2O + OKu

 (2a) 

(CH3)3C+ + OKu   →   (CH3)3C- O-
K u  (2b) 

(CH3)3C-O-
K u   →   (CH3)2-C=CH2 + H+ … OKu   (3) 

The process is clearly analogous to that already 
described for the dehydration of methanol and 
ethanol(28,29). They suggest that the alkylation of the 
catalyst may be vital intermediate step in the dehydration 
of alcohol in general. 

In step (1), tert-butanol is rapidly bound to the 
catalyst via a strong H-bonding interaction with the 
proton, forming the molecular ion (CH3)3CO H2

+ .  The 
dissociation of this molecular ion (step 2) is identified 
as the rate determining step in the dehydration reaction. 
The role of the proton is evidently to weaken the C-O 
bond sufficiently, via a complex formation, to induce 
cleavage by mild thermal activation. 

 

2- fast 

298 K 

2- 

2- 2- 

2- 

2- 

slow 

Δ < 323 K 

fast 



 61

REFERENCES 

1 PEOPLES J. E., Fuel Rejorm. 1(1) (1991) 27. 
2 HADDER G. R., Energy 21 (1992) 118. 
3 AOSHIMA A., TONOMURA S., YAMAMATSU S., 

Polym. Adv. Technol. 2 (1990) 127. 
4 CORMA A., Chem. Rev. 95 (1995) 559 
5 HASIK M., TUREK W., STOCHMAL E., LAPKOWSKI 

M., PORN A., J. Catal. 147 (1994) 554. 
6 a HILL C. L., Ed. Polyoxometalates. Chem. Rev. 

98 (1998) 1 
 b POPE M. T., MULLER A., Eds. Polyoxometalates: 

from Platonic Solids to Anti Retroviral Activity, 
Kluwer Academic Publishers: Dordrecht, 
Netherlands, 1994 

 c HILL C. L., Ed. Polyoxometalates in Catalysis. J. 
Mol. Catal. 114 (1996) 1. 

 d OKUHARA T., MIZUNO N., MISONO M., Adv. 
Catal. 41 (1996) 113. 

7 HILL C. L., PROSSER-MCCARTHA C. M., Coord. 
Chem. Rev. 143 (1995) 407. 

8 IZUMI Y., NATSUME N., TAKAMINE I., TAMAOKI I., 
URABE K., Bull. Chem. Soc. Jpn. 62 (1989) 2159. 

9 IZUMI Y., URABE K., ONAKA M., "Zeolite, Clay and 
Heteropoly Acid in Organic Reaction". VCH, 
Tokyo, 1992. 

10 KOZHEVNIKOV I. V., Russ. Chem. Rev. 56 (1987) 
811, 62 (1993) 473. 

11 KOZHEVNIKOV I. V., Catal. Rev. Sci. Eng. 37 (1995) 
311. 

12 KOZHEVNIKOV I. V., Stud. Surf. Sci. Catal. 90 
(1994) 21. 

13 MISONO M., OKUHARA T., CHEMTECH 23 (1993) 
23. 

14 MISONO M., Catal. Rev. Sci. Eng. 29 (1987) 269, 30 
(1988) 339. 

15 MISONO M., Porc. 10th Int. Congr. Catal., Budapest, 
(1992) (Elsevier, Amsterdam, 1993) P. 69 

16 MISONO M., Stud. Surf. Sci. Catal. 75A (1993) 69. 
17 MIZUNO N., MISONO M., J. Mol. Catal. 86 (1994) 

319. 
18 OKUHARA T., MIzuno N., MISONO M., Adv. Catal. 

41 (1996) 113. 
19 ONO Y., in Perspective in Catalysis, ed. Thomas J. 

M., Zamaraev K. I., Blackwell, London, 431 (1992). 
20 ZAMARAEV J. S. x, O'CONNOR C. T., FLETCHER J. C. 

Q., J. Catal. 147 (1994) 441. 
21 YUE W., XINGKAI Y., XIANGGUANG Y., XINPING 

W., WENLING C., YUCAI H., Ind. Eng. Chem. Res. 
35(8) (1996) 2546. 

22 JEANNIN Y., HERVE G., PROUST A., Inorg. Chem. 
Acta 189 (1992) 319. 

23 POPE M. T., MULER A., Angew. Chem. Int. Ed. 
Engl. 30 (1991) 34, In Polyoxometalates: From 
Platonic Solids to Anti-Retrioviral Activity; Pope M. 

T., Muler A., Eds.; Kluwer: Dordorecht (1994) P. 
315. 

24 UCHIDA S., INUMARU K., MISONO M., J. Phys. 
Chem. B. 104 (2000) 8108. 

25 OKUHARA T., TATEMATSU S., LEE K. Y., MISONO 
M., Bull. Chem. Soc. Jpn. 62 (1989) 717. 

26 MIZUNO N., WATANABE T., MISONO M., J. Phys. 
Chem. 94 (1990) 890. 

27 OKUHARA T., ARAI T., ICHIKI T., LEE K. Y., 
MISONO M., J. Mol. Catal. 55 (1989) 293. 

28 a HIGHFIELD J. G., MOFFAT J. B., J. Catal. 98 
(1986) 245. 

 b HIGHFIELD J. G., MOFFAT J. B., J. Catal. 95 
(1985) 108 

29 SAITO Y., COOK P. N., NIIYAMA H., ECHIGOYA E., 
J. Catal. 95 (1985) 49. 

30 CORMA A., MARTINEZ A., MARTINEZ C., J. Catal. 
164 (1996) 422. 

31 MARTINEZ D. x, MOFFAT J. B., Langmuir, 7(10), 
(1991) 2273. 

32 SOLED S., MCVICKER G. B., BAUMGARTNER J. E., 
GATES W. E., Prepr. ACS Symp., Div. Petr. Chem., 
Anaheim Meeting, Apr. 2-7 (1995) 122. 

33 KOYANO G., UENO K., MISONO M., Appl. Catal. 181 
(1999) 267. 

34 NA K., LIZAKI T., OKUHARA T., MISONO M., J. Mol. 
Catal., 115 (1997) 449. 

35 Kagaku Binran Kisohen II. 4th ed., Maruzen, Tokyo, 
(1993) P: 252, 278, 287, 617. 

36 a MCGARVEY G. B., MOFFAT J. B., J. Colloid 
Interface Sci. 125 (1988) 51. 

 b MCGARVEY G. B., MOFFAT J. B.. J. Catal. 130 
(1991) 483 

 c MOFFAT J. B., J. Mol. Catal. 52 (1989) 169. 
 d BONARDET J. L., CARR K., FRAISSARD J., 

MCGARVEY G. B., MCMONAGLE J. B., SEAY M., 
MOFFAT J. B., in: Advanced Catalysis and 
Nanostructured Materials, ed. Moser W. R., 
(Academic Press, San Diego) (1996) 395. 

 e BONARDET J. L., FRAISSARD J., MCGARVEY G. 
B., MOFFAT J. B., J. Catal. 151 (1995) 147. 

 f BONARDET J. L., MCGARVEY G. B., MOFFAT J. 
B., FRAISSARD J., J. Colloid Surf. A, 72 (1993) 
191. 

37 PARENT M. A., MOFFAT J. B., Catal. Lett. 48 (1997) 
135. 

38 PARENT M. A., MOFFAT J. B., J. Catal. 177 (1998) 
335. 

39 PARENT M. A., MOFFAT J. B., Langmuir 12 (1996) 
3733. 

40 OKUHARA T., NISHIMURA T., MISONO M., in: Proc. 
11th Int. Congr. Catal., Stud. Surf. Sci. Catal., 101, 
eds. Hightower J. W., Delgass W. N., Iglesia E., Bell 
A. T., (Elsevier, Amsterdam), (1996) 581. 



 62

41 OKUHARA T., NISHIMURA T., WATANABE H., NA 
K., MISONO M., In: Acid-Base Catalysis II; 
Kodansha, Tokyo; Elsevier, Amsterdam (1994) 419. 

42 BONDAREVA V. M., SANDRUSHKEVICH T. V., 
MAKASIMOVSKAYA R. I., PLAYASOVA L. M., 
ZIBOROV A. V., LITVAK G. S., DETUSHEVA L. G., 
Kinet. Catal. 35 (1994) 114. 

43 MIOC U., DAVIDOVIC M., TJAPKIN N., COLOMBAN 
Ph., Solid State Ionics 46 (1991) 103. 

44 SONG I. K., MoOn S. H., LEE W. Y., Korean J. 
Chem. Eng. 8 (1991) 33. 

45 a EGUCHI K., YAMAZOE N., SEIYAMA T., Nippon 
Kagaku Kaishi 336 (1981). 

 b INDIRA V., JOY P. A., SARADA G., GOPINATHAN 
C., Indian J. Chem. Sect. A: Inorg., Bio-inorg. 
Phys., Theor. Anal. Chem., 37A(6) (1998) 473. 

46 MCGARVEY G. B., MOFFAT J. B., J. Catal. 128 
(1991) 69 

47 MIZUNO N., MISONO M., Chem. Lett. (1987) 967. 
48 NA K., OKUHARA T., MISONO M., J. Chem. Soc. 

Faraday Trans. 91(2) (1995) 367. 
49 TSUJIMICHI K., KUBO M., VETRIVEL R., MIYAMOTO 

A., J. Catal. 157 (1995) 569. 
50 AKIMOTO M., IKADA H., OKABA A., ECHIGOYA E., 

J. Catal. 89 (1984) 196 
51 MAROSI L., AREAN C. O., J. Catal. 213 (2003) 235. 
52 ALBONETTI S., CAVANI F., TRIFIRO F., GAZZANO 

M., KOUTYREV M., AISSI F. C., ABOUKAIS A., 
GUELTON M., J. Catal. 146 (1994) 491 

53 a GHOSH A. K., MOFFAT J. B., J. Catal. 101 (1986) 
238. 

 b BABA T., ONO Y., ISHIMOTO T., MORTTAKA S., 
TANOOKA S., Bull Chem. Soc. Jpn. 58 (1985) 
2155. 

54 a HIGHFIELD J. G., MOFFAT J. B., J. Catal. 88 
(1984) 177. 

 b HIGHFIELD J. G., MOFFAT J. B., J. Catal. 89 
(1984) 185. 

 c VAUGHAN J. S., O'CONNOR C. T., FLETCHER J. 
C. Q., J. Catal. 147 (1994) 441. 

55 BABA T., ONO Y., Zeolite, 7 (1987) 292. 
56 BABA T., NOMURA M., ONO Y., in "Acid-Base 

Catalysis II" (Hattori H., Misono M., ono Y. Eds.), 
Elsevier/Kodanasha, Amsterdam/Tokyo (1994) 419. 

57 Baba T., Watanabe H., One Y., J. Phys. Chem. 87 
(1983) 2406. 

58 EBEID F. M., LAILA I. A., AMIN N. H., ABD-ALLA F. 
F., Indian J. Chemistry 31A (1992) 921. 

59 OKUHARA T., HASHIMOTA T., HIBI T., MISONO M., 
J. Catal., 93 (1985) 224. 

60 a MAKAROVA M. A., WILLIAMS C., THOMAS J. 
M., ZAMARAEV K. I., Catal. Lett., 4 (1990) 261. 

 b MAKAROVA M. A., WILLIAMS C., THOMAS J. 
M., ROMANNIKOV V. N., ZAMARAEV K. I., 
THOMAS J. M., J. Chem. Soc. Faraday Trans. 86 
(1990) 581. 

 c WILLIAMS C., MAKAROVA M. A., MALYSHEVA 
L. V., PAUKSHTIS E. A., THOMAS J. M., 
ZAMARAEV K. I., J. Chem. Soc. Faraday Trans. 
86 (1990) 3473. 

 d WILLIAMS C., MAKAROVA M. A., MALYSHEVA 
L. V., PAUKSHTIS E. A., TALSI E. P., THOMAS J. 
M., ZAMARAEV K. I., J. Catal. 127 (1991) 377. 

 e STEPANOV A. G., ROMANNIKOV V. N., 
ZAMARAEV K. I., Catal. Lett. 13 (1992) 395. 

 f STEPANOV A. G., ROMANNIKOV V. N., 
ZAMARAEV K. I., Catal. Lett. 13 (1992) 407. 

 g STEPANOV A. G., MARYASOV A. G., 
ROMANNIKOV N. V., ZAMARAEV K. I., Magn. 
Res. Chem. 32 (1994) 16. 

 h MAKAROVA M. A., WILLIAMS C., ZAMARAEV K. 
I., THOMAS J. M., J. Chem. Soc. Faraday Trans. 
90 (1994) 2147. 

 i MAKAROVA M. A., PAUKSHTIS E. A., THOMAS J. 
M., WILLIAMS C., ZAMARAEV K. I., J. Catal. 149 
(1994) 36. 

 j ZAMARAEV K. I., THOMAS J. M., in: Advances in 
Catalysis, Vol. 41, eds. Eley D. D., Haag W. O., 
Gates B., (Academic Press, San Diego) (1996) 
335. 

61 OHTSUKA R., MORIOKA Y., KOBAYASHI J., Bull. 
Chem. Soc. Jpn. 62 (1989) 3195. 

62 PHILLIPS C. B., DATTA R., Ind. Eng. Chem. Res. 
36(11) (1997) 4466. 

63 OHTSUKA R., MORIOKA Y., KOBAYASHI J., Bull. 
Chem. Soc. Jpn. 63 (1990) 2071. 

64 LEE K. Y., ARAI T., NAKATA S., ASAOKA S., 
OKUHARA T., MISONO M., J. Am. Chem. Soc. 114 
(1992) 2836. 

 
 




