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Several acid-catalyzed reactions were investigated over partial Na salts of 12-tungstophosphoric 
acid (NaxH3-xPW12040). Thermal desorption of pyridine absorbed in the bulk combined with infra- 
red measurement demonstrated that the Na salts were purely protonic acids and their “bulk” 
acidity (strength and amount) decreased as the Na content increased. On the basis of the absorptiv- 
ity of reactants into the bulk of catalysts and the activity patterns for several acid-catalyzed 
reactions, it has been proposed that catalytic reactions are divided into “bulk-type” and “surface- 
type” reactions. In the case of the “bulk-type” reactions such as dehydration of 2-propanol or 
conversion of methanol to hydrocarbons, the reactants were readily absorbed in the bulk and the 
catalytic activities for these reactions were well correlated with the bulk acidity of the Na salts 
measured by the thermal desorption of pyridine. It was very probable that these reactions pro- 
ceeded mainly in the bulk. On the other hand, reactions of hydrocarbons like butene and cumene, 
which were adsorbed only on the surface, take place only on the surface (“surface-type” reac- 
tions). 

INTRODUCTION 

The structures of 1Zheteropoly com- 
pounds in the solid state are characterized 
by the Keggin structure (primary structure) 
(I) and the secondary structure (three-di- 
mensional arrangement of Keggin anion, 
water, cation, etc.) (2, 3). In the Keggin 
anion of 1Ztungstophosphoric acid 
(H3PWj20&, tungsten atom is located at 
the center of an oxygen octahedron. The 
phosphorus atom is surrounded by 12 W06 
octahedra forming a PO4 tetrahedron by 
corner sharing. The crystal structure of 
hydrates like H3PW12040 * 29H20 and 
H3PW12040 . 6H20 has been well defined 
(I, 4). This well-definable structure is suit- 
able for fundamental studies for modifica- 
tion or control of catalytic properties. 

’ Part V. Mizuno, N., Katamura, K., Yoneda, Y., 
and Misono, M., J. Catal., in press. 

* Present address: Mitsubishi Chemical Industries 
Ltd. 

3 Present address: Sumitomo Chemical Co., Ltd. 

One of the purposes of the present inves- 
tigation is to clarify how the acidity and cat- 
alytic activity can be controlled by the par- 
tial substitution of H+ with Na+. In the 
acid-catalyzed reactions over solid acid cat- 
alysts, the control of acidity (strength and 
amount) is important, because each reac- 
tion requires proper acidity to proceed se- 
lectively. 

A second purpose is to demonstrate the 
important role of the catalyst bulk. We al- 
ready reported that polar molecules like 
water and alcohols easily penetrate into and 
come out of the bulk, expanding and con- 
tracting the interstitial space between the 
Keggin anion, while nonpolar molecules 
like hydrocarbons do not (3). Due to this 
variable nature of the secondary structure, 
some reactions proceed in the bulk at the 
state which may be termed “pseudo-liquid 
phase” (2, 5). Therefore, in the present 
work, the bulk acidity as well as the absorp- 
tion properties of reactant into the bulk was 
measured. The reactivity of alcohols ab- 
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sorbed in the bulk was evaluated by thermal 
desorption. Several reactions of alcohols 
and hydrocarbons were examined and com- 
pared with the acidity and absorptivity. 

EXPERIMENTAL 

Catalysts. H3PWi20~ was synthesized 
from Na2W04 and Na2HP04 according to 
the literature (6), as described previously 
(3). The partial sodium salts of H3PWi2040 
were prepared by use of Na2C03. The aque- 
ous solution of Na2C03 was added drop- 
wise to the aqueous solution of H3PWi204,, 
(abbreviated as H3PW12) with vigorous stir- 
ring at 25°C. The resultant solution was 
concentrated by evaporation at about 50°C 
and then dried in a KOH desiccator for 2 
days. The sodium salts obtained will be de- 
noted “formally” as NaxH3-xPW12040 (ab- 
breviated as NaXHJ-,PWi2 when necessary) 
on the basis of the ratio of Na to polyanion. 
Cesium salt was prepared by the use of 
C&O3 in the same manner as in the case of 
the sodium salts. The solution with the pre- 
cipitate was evaporated to dryness at 50°C. 

Water content and surface area. Water 
content was measured by use of a quartz 
spring balance (sensitivity: 14.4 mg/mm) in- 
stalled in a vacuum system (3). About 0.8 g 
of catalyst placed in a quartz basket was 
evacuated at desired temperature. One 
molecule of water per anion corresponded 
to the variation of about 5 mg. The content 
was calculated from the weight loss, assum- 
ing the decomposition of H3PWi204,, . nHzO 
to fP205 + 12WO3 + (n + %)HzO at 450°C. 
Surface area was determined by the BET 
method using nitrogen, after heating in 
U~CUO at desired temperatures for 1 h. 

Other measurements. Absorption and 
desorption of pyridine were followed by the 
quartz spring balance. The catalysts were 
exposed to pyridine (20 mm Hg) at 25°C for 
2 h after the evacuation at 130°C for 1.5 h. 
Then they were evacuated for 1.5 h at each 
temperature. The catalysts which had been 
used for thermal desorption were pressed 
into KBr disks and infrared spectra were 
recorded with a Fourier transform infrared 
spectrometer (JEOL FTIR-10) at 25°C. 

Absorption of ethanol was measured by 
following the pressure decrease in a static 
system having a volume of 180 ml. The cat- 
alyst was evacuated at 130°C for 1 h, and 
then ethanol (30 mm Hg) was introduced at 
25°C. After the amount of ethanol absorbed 
became about 7 molecules/anion, the cata- 
lyst was evacuated at 25°C for 1 h. Thermal 
desorption of ethanol, in which tempera- 
ture was raised stepwise, was carried out in 
the same system. Gases desorbed at each 
temperature were collected except for 
methane in a trap kept at liquid nitrogen 
temperature and analyzed with a gas chro- 
matograph. 

Catalytic reactions. A continuous flow 
reactor was used ,for dehydration of 2-pro- 
panol, decomposition of formic acid, and 
alkylation of toluene with methanol. The 
catalyst was placed in a glass tubular reac- 
tor (5.5 mm of inside diameter) and then 
treated at desired temperatures in flowing 
helium prior to reaction. The reactants 
were introduced into the helium stream by 
an evaporator-saturator set in a thermo- 
stat. 

The isomerization of cis-2-butene and 
cracking of cumene were carried out by 
means of a pulse method. The reactants 
(0.2 ml of cis-2-butene as gas or 2 ~1 of 
cumene as liquid) were injected with a mi- 
crosyringe into a helium stream at the inlet 
of reactor. Dehydration of ethanol and con- 
version of methanol to hydrocarbons were 
examined in a closed circulation system 
connected to a gas chromatograph. The 
methanol conversion was carried out at 
285°C with the initial methanol pressure of 
80 mm Hg after the catalyst was preevac- 
uated for 1 h at the reaction temperature. 
The products were collected and analyzed 
after the reaction period of 100 min. 

Products were analyzed with gas chro- 
matographs. The columns used were Pora- 
pak Q for propylene, 2-propanol, CO, and 
formic acid. VZ-7 and Benton 34 columns 
were used for the analysis of butenes and 
aromatic hydrocarbons, respectively. Etha- 
nol, diethyl ether, and ethylene were ana- 
lyzed by a Porapak Q column. Cl-C4 hy- 
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drocarbons formed by the conversion of 
methanol were analyzed by using molecular 
sieve 5 A, Porapak Q, and VZ-7 columns. 

RESULTS 

Characterization of bulk properties. The 
water content and surface area obtained in 
the present study are summarized in Table 
1. The salts dried at room temperature con- 
tained 13-15 molecules of water per anion 
and the number of water molecules tended 
to decrease as the Na content increased. 
About one molecule of water remained af- 
ter the evacuation at 130°C for all catalysts 
and the evacuation at 300°C removed al- 
most completely the water of crystalliza- 
tion. The surface areas were almost inde- 
pendent of the pretreatment temperature 
from 100 to 300°C and decreased monoto- 
nously with the Na content. 

The acidity measured by thermal desorp- 
tion of pyridine is shown in Fig. 1. The up- 
take of pyridine was 8-10 molecules per 
heteropoly anion at 25°C within 2 h. In the 
case of HJPWIZ, three molecules of pyridine 
were held after the evacuation at 130°C. 
The three pyridine molecules in H~PW~Z 
were strongly held even at 3OO”C, and pro- 
longed evacuation for 2.5 h at the same 
temperature changes very little the number 
of pyridine. In the case of Na,H3-,PWu, 
the number of pyridine molecules which re- 
mained at 130°C exceeded those expected 

Evacuation Temperature/‘C 

FIG. 1. Thermal desorption of pyridine from 
HJPWuOti and its Na salts. After pyridine was ab- 
sorbed at 25”C, the samples were evacuated for 1.5 h 
at each temperature. 

from the formula, e.g., 1.2 molecules of 
pyridine were still held in Na3PW12 as 
shown in Fig. 1. Nonetheless, the number 
tended to decrease with increasing Na con- 
tent. It was further noted that pyridine was 
desorbed at lower temperature as the Na 
content increased. The number of pyridine 
molecules held after the 300°C evacuation 
was 1.5, 0.7, and 0 for NaH2PW12, 
Na2HPWr2, and Na3PW12. This thermal be- 
havior of pyridine may be considered to re- 
flect the “bulk” acidity. 

The infrared spectra of pyridine held in 
H3PW12 and Na,PWrz are shown in Fig. 2. 
The spectra of pyridine held in HJPWIZ 

TABLE 1 

Surface Area and Water Content of NarH3-xPW12040 

Catalyst Surface area Water content 
WM (molecules/anion) 

Evacuation Before After evacuated 
temperature (“C) treatment at 130°C 

100 200 300 

Hd’Wdh 4.8 5.2 5.3 21.5 1.0 
NaHzPW120M 3.7 3.8 3.7 14.5 1.1 
Na2HPW12040 2.3 2.6 2.8 13.5 1.2 
NaPWdb 0.6 1.0 0.8 13.0 1.1 
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FIG. 2. Infrared spectra of pyridine held in (a) H3PWIZ040 after evacuation at 3Oo”C, (b) NasPW,204n 
after evacuation at 13o”C, and (c) Na3PW12040 after evacuation at 300°C. 

were essentially the same as that of the au- 
thentic pyridinium ion (7, 8). The band at 
1620 cm-r observed in spectrum c is due to 
HZ0 which was absorbed during the prepa- 
ration of the KBr disk. Significant portion 
of the band at 1616 cm-’ in spectrum b is 
also due to absorbed water. When infra- 
red spectra of ammonia absorbed in 
NaXH3-XPW,2 were taken in an in situ cell, 
only a band at about 1415 cm-l (NH,+) ap- 
peared. These results show that these cata- 
lysts are purely protonic acids. As for the 
characteristic band of pyridinium ion, the 
intensity of the band observed over 
Na3PWu after evacuated at 130°C was 
about one-third that over H3PW12, which 
was consistent with the result of the ther- 
mal desorption (Fig. 1). The band due to 
pyridinium ion on Na3PW12 disappeared 
completely after the evacuation at 300°C. 
The spectra of all the Na salts in the region 
of 800-1100 cm-’ were identical to that of 
H3PW12, indicating that the Keggin struc- 
ture was mostly retained after the forma- 
tion of Na salts and thermal desorption up 
to 300°C. 

As for the adsorption or absorption of 
molecules, hydrocarbons like ethylene and 
benzene were adsorbed only on the surface 
of H3PWu (3) and Na,H3-XPW12. The 
amount of ethylene which was irreversible 
held was less than 0.03 molecules of ethyl- 
ene per anion for all the catalysts at 25°C. 
On the other hand, alcohols such as metha- 
nol, ethanol, and propanol were readily ab- 
sorbed in the bulk of NaXHj-,PWu at 25°C. 
The amounts of ethanol absorbed at 30 mm 
Hg within 10 min were 8,7.5,6, and 3.5 per 
anion for Na,H3-,PW,2040 (X = 0, 1, 2, and 
3: preevacuated at 130°C). 

Figure 3 shows the desorption products 
in the stepwise thermal desorption of etha- 
nol. Desorption as ethanol from H3PW12 
was observed below 100°C as shown in Fig. 
3A. The evolution as ethylene started 
above 75°C and the amount of desorbed 
ethylene reached maximum at 75-100°C. 
Above 150°C ethane, propane, and meth- 
ane were mainly detected in the desorbed 
gases (9). Over the sodium salts, desorbed 
gases were mostly ethylene and ethanol. As 
shown in Fig. 3B, peak of ethylene desorp- 
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FIG. 3. Thermal desorption of ethanol absorbed in the bulk. (A) Variation of products as a function 
of temperature over H3PW12040. (B) Ethylene formation as a function of temperature over 
NarH3-xPW12040. 

tion shifted to higher temperatures as the 
Na content increased, that is, IOO-130°C 
for NaH2PWi2 and Na2HPW12, and 130- 
160°C for Na3PW12. Diethyl ether was not 
detected for all the catalysts upon thermal 
desorption of ethanol. 

Catalytic reactions. The dehydration of 
2-propanol and the decomposition of formic 
acid proceeded without deactivation over 
all the catalyst producing only propylene 
and water from 2-propanol, and only CO 
and water from formic acid, respectively. 
In addition, the rates were almost indepen- 
dent of the pretreatment temperature in the 
range from 100 to 300°C over H3PWi2. 

As shown in Fig. 4, the catalytic activi- 
ties for these reactions decreased monoto- 
nously as the Na content of the salts in- 
creased. 

The results of the methanol conversion to 
hydrocarbons are given in Table 2. The 
main products were C1 through Cd hydro- 
carbons over these catalysts. Ono et al. re- 
ported similar products over the salts of Cu 
and Ag (10). The rate of the formation of C r 
through Cq hydrocarbons also decreased 
monotonously with the Na content. The 
distribution of product hydrocarbons varied 
little with the Na content of the salts, sug- 
gesting the same reaction pathway. This is 

TABLE 2 

Conversion of Methanol to Hydrocarbons over Sodium Salts at 285°C 

Catalyst 

HPW12040 

NaH2PWdho 
NaJWWt2040 

Nad’WdLo 

Rate” 
(ml (STP)/g h) 

19.2 
16.6 
4.5 
2.2 

C, 

14.5 
15.5 
20.9 
16.3 

c2 

1.0 
1.0 
1.1 
tr 

Product distribution (%)* 

CT G C; i-C1 n-C4 CT 

11.3 14.1 17.4 23.4 4.6 13.7 
11.0 15.3 17.1 21.3 5.5 13.3 
10.9 14.0 18.1 17.5 4.4 13.1 
9.0 15.2 16.9 25.8 5.6 11.2 

a The rate was calculated from the amount of methanol consumed to hydrocarbons in the gas phase. 
b The product distribution was calculated based on carbon: C,, paraffin; C;, olefin. 
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in contrast to the same reaction over or- 
ganic salts (II). 

Figure 4 shows the relationships between 
the activity for these reactions and the acid- 
ity of the bulk estimated from the number of 
pyridine molecules which remained after 
the evacuation at 300°C. Good correlations 
were found between the rates and the bulk 
acidity. The variation in the catalytic activ- 
ity for the isomerization of &Zbutene as a 
function of the Na content is shown in Fig. 
5. Decrease in the conversion with the 
pulse number was small in this reaction. In 
contrast to the reactions given in Fig. 4, the 
activity patterns for the butene isomeriza- 
tion greatly changed depending on the pre- 
treatment temperature and were not monot- 
onous: HjPW12 > Na2HPWu 2 NaHzPWu 
$ Na3PWr2 after treatment at 15O”C, and 
NazHPWu > NaJPW12 > NaH2PWr2 2 
H3PW12 after treatment at 300°C. It was 
noted that the activity itself changed signifi- 
cantly by the pretreatment temperature; the 
activity of HjPWu measured at 50°C in- 
creased by a factor of 7 as the pretreatment 
temperature was reduced from 300 to 50°C. 

Number of pyrid ine /Anion 

FIG. 4. Relationships between catalytic activity and 
bulk acidity. (0) Dehydration of 2-propanol (0.1 g, 
lOO”C, 2-propanol: 4%, total flow rate: 200 ml/min). 
The conversion was 9.5% over H3PW12040. (A) De- 
composition of formic acid (0.2 g, lSO”C, formic acid: 
5.4%, total flow rate: 100 mhmin). The conversion was 
54.6% over H3PWn04. (0) Conversion of methanol to 
hydrocarbons (0.25 g, 285°C). The abscissa represents 
the number of pyridine which were not desorbed by 
evacuation at 300°C. 

X in NaXH3-XPW12040 

FIG. 5. Activity pattern for the isomerization of cis- 
2-butene. The reaction was carried out at: (a) 25°C 
after treatment at 15O”C, (b) 50°C after treatment at 
300°C (c) at 100°C in the presence of water (3.2%) 
after treatment at 300°C. 

It is remarkable that when the reaction was 
carried out in flowing helium containing 
HZ0 (3.2%) at lOo”C, the activity decreased 
linearly with the content of Na in a similar 
manner as in Fig. 4. 

Table 3 shows the results of dealkylation 
of cumene and alkylation of toluene. The 
conversion of the cumene cracking (based 
on benzene) greatly decreased with the 
pulse number. About 10% of cumene in- 
jected remained on the catalysts for each 
pulse and the ratio of propylene to benzene 
in the product was 0.5-0.6. The deactiva- 
tion tended to decrease as x in 
NaXH+XPW12 increased. Irregular activity 
pattern was found also for this reaction: 
Na3PWu > H3PWu > Na2HPWu > 
NaH2PW12. In the case of alkylation of tolu- 
ene, the catalytic activity based on toluene 
conversion was almost the same among the 
catalysts at the initial stage (1 h), but the 
activity decreased greatly with the reaction 
time, and Na3PWr2 became most active at a 
later stage because of its smaller deactiva- 
tion. The selectivity was almost indepen- 
dent of the Na content, o-xylene being the 
main product. 

The variation of the gas phase composi- 
tion and the amount of ethanol absorbed 
were measured during the course of the de- 
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TABLE 3 

Cracking of Cumene and Alkylation of Toluene with Methanol over NaxH3-xPW,2040 

Catalyst Cracking of cumeneY Alkylation of tolueneb 

Conversion (%) Conversion Selectivity (%)’ 
Pulse number (%I 

Time (h) P m 0 
1 2 3 

o-1 l-2 

H3PW12040 14.5 3.9 2.3 3.6 0.7 29.6 24.0 46.2 
NaH2PW12040 0.5 0.2 0.1 3.3 0.9 31.0 26.5 42.5 
Na2HPW,z040 6.3 2.9 1.9 3.2 0.3 39.4 3.0 57.6 
N@W&~ 16.5 10.5 7.5 3.4 1.5 25.2 17.8 57.0 

(1 The reaction was carried out at 250°C after the catalysts (0.2 g) were pretreated at 300°C for 1 h (pulse size: 2 
~1, flow rate: 30 mumin). 

* The reaction was carried out at 300°C after the catalyst (0.5 g) was pretreated at 300°C for 1 h (toluene: 2.8%, 
methanol: 8.4%, total flow rate: 50 mumin). 

c In the product at the later stage of reaction (l-2 h); p: para-xylene, m: meta-xylene, o: ortho-xylene. 

hydration of ethanol over H3PWr2. Results 
are shown in Fig. 6. Rapid absorption cor- 
responding to about one molecule of etha- 
nol per anion was observed at the beginning 
of the reaction (dotted line in Fig. 6). The 

Timelmin 

FIG. 6. Time course of the dehydration of ethanol 
over H3PWt20U). The reaction was carried out at 100°C 
after the catalyst (0.3 g) was preevacuated at 130°C for 
1 h. The pressure of ethanol was increased abruptly 
(A), and the gases were trapped (B). C2HSOH(a) repre- 
sents the ethanol in the bulk (calculated from material 
balance). 

amount of ethanol absorbed corresponds to 
about 10 surface layers, if one assumes that 
the surface area of H3PWIz is 5 m*/g and the 
cross section of ethanol is 26 A*, which is 
estimated from the density of liquid etha- 
nol. When the pressure of ethanol was in- 
creased abruptly (broken line A in Fig. 6), 
the rate of diethyl ether formation was ac- 
celerated approximately in proportion to 
the second order of the ethanol pressure. 
On the other hand, the rate of ethylene for- 
mation did not change and the amount of 
absorbed ethanol changed only slightly 
upon the pressure jump. After 80 min, the 
circulating gases were collected by a trap 
kept at liquid nitrogen temperature (broken 
line B in Fig. 6). The amount of diethyl 
ether recovered was equal to that in the gas 
phase, indicating that no diethyl ether came 
out from the bulk. The amounts of ethylene 
and ethanol recovered exceeded those in 
the gas phase owing to the desorption from 
the bulk. 

DISCUSSION 

Bulk acidity. The Na salts of H3PWr2 as 
well as H3PW12 itself are very soluble in 
water, while K and Cs salts are water insol- 
uble. The decrease in the surface area by 
the formation of Na salts was in contrast to 
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the case of Cs salts, of which the surface 
area was 170 m2/g. 

The acidity of NaxH3-xPW12 may be simi- 
larly estimated as was done previously (2, 
3), since pyridine was easily absorbed in the 
bulk of the Na salts to form pyridinium ion, 
and the Keggin structure was retained dur- 
ing thermal desorption. The amount of pro- 
tons present in the bulk can be estimated 
from the amount of pyridine which are pro- 
tonated and the acid strength is reflected in 
the desorption temperature. It may be 
stated, therefore, on the basis of the trend 
in Fig. 1 that the formation of Na salts de- 
creased both the acid amount and the acid 
strength. 

The acid amount of the sodium salts esti- 
mated from the number of pyridinium ion 
exceeded the number of protons expected 
from the formula. It is known that 
PWi20& undergoes hydrolysis which pro- 
duces protons in aqueous solution when pH 
increases slightly (1, 12): PWi20& + 
3&o + Pw,,oj< + wod2- + 6H+. h’l- 
deed, upon titration of H3PWi2040 with 
NaOH, pH was almost unchanged even 
when the ratio of OH-/heteropoly anion ex- 
ceeded 3. Therefore, probably partial deg- 
radation by hydrolysis had taken place dur- 
ing the preparation of the salts. In contrast, 
the stoichiometric salts of Cs exhibited 
very low protonic acidity. In this case, the 
salt was water insoluble and formed precip- 
itate instantaneously, so that the degrada- 
tion by hydrolysis was likely much sup- 
pressed during the preparation. 

“Bulk-type” and “surface-type” reac- 
tions. The presence of two types of the ac- 
tivity patterns (Figs. 4 and 5) in the cata- 
lytic reactions over the partial Na salts 
seems closely related to the difference in 
absorptivity of reactants; polar molecules 
readily penetrate into the bulk of 
Na,HT-,PWi2, while nonpolar molecules 
are adsorbed only on the surface. The cata- 
lytic activity for the dehydration of 2-pro- 
panol, the decomposition of formic acid, 
and the conversion of methanol decreased 
monotonously with the incre,ase of Na con- 

tent and was correlated well with the bulk 
acidity (Fig. 4). This activity pattern is nat- 
urally understood if one assumes that these 
reactions proceed mainly in the bulk. It will 
be indicated in the following section that 
dehydration of alcohol actually proceeds in 
the bulk. Therefore, this type of reaction 
may be called “bulk-type” reactions. 

The bulk acidity is also reflected in the 
thermal desorption of ethanol absorbed in 
the bulk (Fig. 3B). In this case, formation of 
ethylene from ethanol requires the fission 
of the C-O bond on the Bronsted acid site, 
so that the ease of the dehydration depends 
likely on the acidity of the catalysts. There- 
fore, in the thermal desorption of ethanol, 
desorption temperature of ethylene will 
shift to higher temperature as the acid 
strength decreases. Actually, desorption as 
ethylene occurred at higher temperature 
over the Na salts than H3PWr2 (Fig. 3), 
which was consistent with the decrease in 
the acid strength by the formation of the Na 
salts. 

The catalytic activity for the “bulk-type” 
reactions was little dependent on the pre- 
treatment temperature (13). It is likely that 
although the secondary structure changes 
during pretreatments by the removal of the 
water of crystallization, the secondary 
structure becomes very similar by its rear- 
rangement under the reaction conditions. 
Probably water formed by the reaction 
made this rearrangement easier (2). 

On the other hand, the activity patterns 
for the second type reactions (Fig. 5 and 
Table 3) were complicated and were quite 
different from those of the “bulk-type” re- 
actions. For example, the most active cata- 
lyst was Na2HPW1* for the isomerization of 
cis-Zbutene, and Na3PWi2 for the cracking 
of cumene and alkylation of toluene. These 
reactants were not absorbed into the bulk, 
but were adsorbed only on the surface. 
Therefore, these reactions must proceed 
only on the surface. The anomalous activity 
patterns of these reactions may be caused 
by the difference between the surface acid- 
ity and the bulk acidity. It is understandable 
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that the surface acidity is sensitive to pre- 
treatments. Actually, the catalytic activity 
for butene isomerization greatly depended 
on the pretreatment temperature (Fig. 5). 
These reactions may be called “surface- 
type” reactions. 

It is of interest to note that the activity 
pattern for the isomerization of butene 
changed to that of “bulk-type” reactions in 
the presence of water vapor (Fig. 5~). Since 
butene was not absorbed into the bulk even 
in the presence of water vapor under the 
reaction conditions, this change might not 
be due to the change from “surface-type” 
to “bulk-type” reaction. The rearrange- 
ment of the secondary structure have prob- 
ably been accelerated by the presence of 
water, and the surface acidity became close 
to that of the bulk. Probably, the water con- 
tent, which influences significantly the cata- 
lytic activity, also became stationary in the 
presence of water vapor. This may be the 
reason why the “surface-type” reaction ap- 
parently reflected the bulk acidity in this 
case as in the “bulk-type” reactions. 

Role of the bulk in the dehydration of eth- 
anol. Followings are noted in the results 
given in Fig. 6. (1) Considerable amount of 
ethanol is present in the bulk during the re- 
action. (2) Distinct difference in the pres- 
sure dependence exists between diethyl 
ether and ethylene formation: little pres- 
sure dependence of the ethylene formation 
and nearly second-order dependence of di- 
ethyl ether were observed. (3) The amount 
of ethanol absorbed did not change much 
during the reaction and upon the pressure 
jump of ethanol. The difference in the pres- 
sure dependence for the two reactions indi- 
cates that the reactions take place on differ- 
ent sites. Little dependence of both the 
formation of ethylene and the absorbed 
amount of ethanol on the pressure of etha- 
nol suggests that ethylene is formed from 
the absorbed ethanol. On the other hand, 
the second-order dependence of diethyl 
ether formation is understood by the reac- 
tion between the two molecules adsorbed 
on the surface. 

The absence of diethyl ether in the bulk 
during the reaction is confirmed by the fol- 
lowing results. (1) The amount of diethyl 
ether recovered after the run (Fig. 6) was 
almost equal to that present in the gas 
phase, so that the amount of diethyl ether in 
the bulk was negligible. (2) Diethyl ether 
was not absorbed in the bulk at low pres- 
sure (30 mm Hg) at 25°C. (3) Diethyl ether 
which was absorbed by raising the pressure 
(100 mm Hg) was easily expelled from the 
bulk by the ethanol vapor. 

All of these results are understood if one 
assumes that ethylene is produced from 
ethanol absorbed in the bulk and diethyl 
ether is formed from ethanol adsorbed on 
the surface. The fact observed in the ther- 
mal desorption of ethanol that ethanol ab- 
sorbed in the bulk was dehydrated to ethyl- 
ene but not to diethyl ether supports the 
above idea. On the basis of these results, 
we propose the following scheme (Scheme 
1) for the dehydration of ethanol (9). 

C&OH(g) (C2H5)20@) 

* 

C2H50H(ab) C2Hs-----OH&b) 

SCHEME I. Reaction model for the dehydration of 
ethanol. 

As for the dehydration of 2-propanol, we 
measured directly the amount of 2-propanol 
in the bulk at the stationary state of flow 
reaction (5, 14). The amount of 2-propanol 
held in the bulk of HjPWll was 4-8 mole- 
cules/anion at 80-90°C. Details will be re- 
ported in the forthcoming paper. 

We proposed to call the state of hetero- 
poly acids under these reaction conditions 
“pseudo-liquid phase” (2). We regard this 
as an important feature of heteropoly com- 
pounds, which distinguishes them from the 
ordinary solid acids. This concept well ex- 
plains some characteristic catalysis of het- 
eropoly acids, e.g., very high catalytic ac- 
tivity of heteropoly acid particularly at low 
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temperatures for the dehydration of 2-pro- 
pan01 despite its low surface area (25). An- 
other possible reason for the high activity is 5. 
the formation of a complex between alco- 
hols and heteropoly anion, which may be 6. 
accelerated in the “pseudo-liquid phase”. 7. 

A complex of this kind has recently been 8. 
reported ( 16). 

9. 

and Levy, H. A., Acta Crystallogr. Sect. B 33, 
1038 (1977). 
Okuhara, T., Hashimoto, T., Misono, M., 
Yoneda, Y., Niiyama, H., Saito, Y., and Echi- 
goya, E., Chem. Lett. 1983, 573. 
Bailar, J. C., Inorg. Synth. 1, 132 (1939). 
Parry, E. P., J. Catal. 2, 371 (1963). 
Furuta, M., Sakata, K., Misono, M., and Yoneda, 
Y., Chem. Lett. 1979, 31. 
Okuhara, T., Kasai, A., Hayakawa, N., Misono, 
M., and Yoneda, Y., Chem. Lett. 1981, 391. 
Ono, Y., Baba, T., Sakai, J., and Keii, T., J. 
Chem. Sot. Chem. Commun. 400 (1981). 
Hibi, T., Okuhara, T., Misono, M., and Yoneda, 
Y., Chem. Lett. 1982, 1275. 
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