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Abstract 

H,PMo,~O~,, embedded in a polysulfone film was prepared by blending H3PMo,,0,,, with polysulfone using dimethylfor- 
mamide as a common solvent and its catalytic activity for 2-propanol conversion reaction was examined. The prepared film 
catalyst showed a higher yield for acetone but a lower yield for propylene than H3PM~,2040 itself. The decrease of acidic function 
of the film catalyst was mainly due to dimethylformamide strongly adsorbed on the acid sites of H,PMo,~O,,,, while the increase 
of oxidation function was due to uniformly and finely distributed H,PMo,,Ojo in the film. When the film catalyst was used as a 
membrane, it showed higher ratio of acetone to propylene than H3PM~,204,j itself. 
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1. Introduction 

Heteropoly acid has both acidic and redox cat- 
alytic functions [ 1,2]. The primary structure, 
called ‘Keggin structure’, is very stable, but the 
secondary structure of a heteropoly acid is unsta- 
ble and liable to be changed according to the sur- 
roundings [ 31. Owing to the flexible nature of the 
secondary structure of heteropoly compounds, 
polar substances like water, alcohols and amines 
readily penetrate into the bulk of heteropoly com- 
pounds by expanding the interstices between poly- 
anions to form pseudo-liquid phase [4], while 
non-polar molecules like olefins are adsorbed only 
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on its surface. Thus, there are two typical reaction 
types in the heteropoly acid catalyst system, the 
bulk type reaction and the surface type one. Het- 
eropoly acids supported on silica [ 5-101, TiO? 
[ 1 l] or bonded to ion exchange resins [ 12,131 
have been used in order to prevent catalyst dis- 
solution in homogeneous liquid phase reactions 
or to enlarge the surface area. Recently, it was also 
reported that heteropoly acids were doped to the 
conjugated polymers to reduce the acidic function 
but to enhance the redox function of the hetero- 
poly acids [ 14-171. 

A heteropoly acid is highly soluble in some 
organic solvents. Taking advantage of such a 
property, it can be blended with a polymer to form 
a film catalyst by using a common solvent dis- 
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solving both a heteropoly compound and a poly- 
mer [ 18,191. Since polymer materials are 
thermally unstable at high temperatures, their util- 
ization has been restricted in low temperature 
ranges [20]. However, if a heteropoly acid is 
blended with a suitable polymer, it can be uni- 
formly dispersed with very fine particles in the 
bulk of the polymer and its catalytic function can 
be changed. In other words, a high catalytic activ- 
ity according to the high dispersity of catalysts in 
the bulk of the film can be expected for some 
reactions even at low reaction temperatures. In 
addition to this, different permeation properties of 
reaction species through the catalyst-blended pol- 
ymer film can affect product selectivity. In this 
study H,PMo,,O,,,-blended polysulfone (abbre- 
viated as PMo-PSF hereafter) film catalyst was 
prepared and its catalytic activity for 2-propanol 
conversion reaction was investigated in different 
reactor systems. 

2. Experimental 

2.1. Preparation of Pikfo-PSFfilm 

PMo from Fluka was dissolved in water, 
extracted with diethyl ether, and recrystallized. 
PSF (Udel-1700 from Union Carbide Co.) was 
used as a blending polymer. Before blending, PMo 
and PSF were calcined at 300°C and 150°C 
respectively. Then, both PMo and PSF were 
simultaneously dissolved in dimethylformamide 
(denoted as DMF hereafter). The solution con- 

flow in I I + 

sisting of 4.67 wt% of PMo, 23.81 wt% of PSF, 
and 7 1.43 wt% of DMF was cast on a glass plate. 
It was dried in air for 4-5 h and subsequently in 
vacuum for 2 h at room temperature to form a thin 
film, in which heteropoly acid is embedded. The 
thickness of a film can be controlled according to 
the casting conditions. The chemical structure of 
PSF is shown below. 

2.2. Reaction procedures 

2-Propanol conversion was carried out in three 
different catalytic reaction systems as illustrated 
in Fig. 1. Fig. 1 (a) shows the conventional fixed 
bed reactor packed with unsupported PMo. PMo- 
PSF film was cut into small pieces (2 mm X 2 
mm). It was named as a film-catalyst. This film- 
catalyst was packed in a fixed bed reactor as shown 
in Fig. 1 (b) (this system was denoted as PMo- 
PSF-F hereafter). In order to characterize the film 
as a catalytic membrane, a pseudo membrane reac- 
tor, as shown in Fig. 1 (c) , was devised, where the 
PMo-PSF film was used as a membrane with a 
catalytic function (this system was denoted as 
PMo-PSF-M hereafter). The effective permea- 
tion area of PMo-PSF-M was 17.65 cm2. The 
reactor system of Fig. 1 (c) is somewhat different 
from the previous membrane reactor system [ 201. 
The rejected stream from PMo-PSF-M was not 
necessary, because 2-propanol accumulation was 
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Fig. 1. A simplified schematic diagram of the tested reactor type: (a) a fixed bed reactor using unsupported PMo; (b) a fixed bed reactor packed 

with PMo-PSF-F; and (c) a pseudo membrane reactor using PMo-PSF-M. 
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negligible in this experiment. Before the reactions, 
all catalysts were pretreated at 150°C in air stream 
for 30 min, and then 2-propanol was continuously 
pumped by a syringe pump (SAGE instruments), 
vaporized in a heated tube, mixed with air as a 
carrier gas, and fed into the reaction system. The 
amounts of PMo catalyst were the same, 150 mg, 
in all reaction systems. The products were ana- 
lyzed with a gas chromatography (HP-5890 II) 
using a column packed with Porapak Q. Conver- 
sion and the product selectivity were calculated 
on a basis of the carbon balance. 

2.3. Characterization 

According to our previous report [ 191, IR spec- 
tra showed Keggin structure in PMo-PSF film, 
and the XRD pattern of PMo-PSF film was similar 
to that of PMo . nH,?O. It suggests that there 
remains some chemisorbed DMF, even after ther- 
mal treatment at 150°C. ESCA analysis showed 
the oxidation state of MO in PMo-PSF film was 
6+. It was also observed from the analysis of SEM 
and EDX that PMo was finely and uniformly dis- 
tributed through PMo-PSF film. In this study, the 
glass transition temperatures (T,) of PSF and 
PMo-PSF were measured by DSC (TA 200 of 

TA Instruments). In order to confirm the effect of 
blending on the surface and bulk properties of 
PMo, ammonia chemisorption experiments were 
carried out at room temperature. The surface areas 
of PMo, PMo-PSF, and PSF film were measured 
with a BET surface analyzer (Micromeritics 
ASAP-2000). 

3. Results and discussion 

3. I. Thermal analysis 

Fig. 2 shows the DSC data of PSF and PMo- 
PSF. The glass transition temperatures were meas- 
ured at the second scan, after most moisture in 
PSF and PMo-PSF was removed during the first 
scan from the room temperature to 300°C. T, of 
PSF and PMo-PSF were found to be 187°C and 
174°C respectively. This result suggests that there 
is no interaction between PMo and PSF in the 
course of blending and that PMo in PMo-PSF acts 
as an impurity resulting in an increase in mobility 
of PSF molecules and the blending is physical. 
Since the reaction was carried out at temperatures 
ranging from 120 to 150°C and the thermal 
decomposition temperature of PMo was 430°C 

Temperature / “C 

Fig. 2. DSC data (heating rate = I S’C/min) of (a)PMc+PSF-F and (b) PSF 
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Table 1 
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Amounts of ammonia adsorbed at room temperature 

Sample Adsorbed amounts (moles/total-g) Equivalent adsorbed amounts (moles/PMo-Keggin unit) Ratio a 

PSF film 
PMo 
PMo-PSF 
PMoDMF 

5.066X 1o-4 
7.951x 1o-7 14.52 1 
1.543 x lo-’ 12.27 0.85 
1.796~ IO-’ 3.28 0.23 

’ Ratio based on the PMo. 

PMo-PSF film is expected to be thermally stable 
during the reaction. 

3.2. Suvface and bulk characteristics of PMo 

In order to investigate the surface and bulk 
properties of PMo distributed in PMo-PSF film, 
adsorption experiments for ammonia and nitrogen 
were carried out at room temperature. Since 
ammonia is a polar compound, considerable 
amounts of ammonia can penetrate into the bulk 
of heteropoly acid and adsorb there [ 11. As shown 
in Table 1, the adsorbed amount of ammonia on 
PMo powder is 14.52 molecules/PMo-Keggin 
unit. Subtracting the adsorption amount of ammo- 
nia on PSF film itself, the adsorbed amount of 
ammonia on PMo in PMo-PSF film is equivalent 
to 12.27 molecules/PMo-Keggin unit. It is 
believed that the reduction in adsorbed ammonia 
on PMo-PSF film results from DMF that was used 
as a solvent for the preparation of the film. In order 
to examine the effect of adsorbed DMF on the 
ammonia adsorption on PMo, PMo powder was 
dissolved in DMF, recrystallized, and thermally 
treated at 150°C (this is named as PMo-DMF) . 

The adsorbed ammonia on PMo-DMF was 3.28 
molecules/PMo-Keggin unit. This result suggests 
that adsorption of DMF on PMo in PMo-PSF is 
weak in comparison with that on PMo powder so 
that adsorbed DMF on PMo-PSF is diffused 
slowly into the atmosphere, or that the bulk prop- 
erty of PMo in PMo-PSF is modified upon blend- 
ing with PSF. 

In order to examine the surface character, the 
surface area of PMo, PMo-PSF and PSF film was 
measured by the BET method and given in 
Table 2. The surface area of PMo in PMo-PSF 

Table 2 
BET surface area 

Sample Surface area (m2/ Equivalent surface Ratio a 
total-g) area (m’/PMo-g) 

PSF film 5.53 
PMo 5.67 5.67 1 
PMoPSF 8.43 22.93 4.04 

a Ratio based on the PMo. 

film was calculated by subtracting the surface area 
of PSF itself. As shown in Table 2, the surface 
area of PMo powder is 5.7 m*/g and that of PMo 
in PMo-PSF is equivalent to 22.9 m*/g. PMo in 
PMo-PSF film has about 4 times larger surface 
area than that of PMo powder. The increase in 
surface area of PMo in PMo-PSF film is surely 
caused by the high dispersity of PMo through the 
film. 

3.3. Acidic function of PMo 

The DMF-TPD experiment (heating 
rate = 10°C carrier gas flow rate = 30 cm3/min) 
on PMo powder showed that DMF desorption 
started at 150°C and represented two maximum 
points at 270 and 337°C as shown in Fig. 3. TPD 
data suggests that DMF, an organic base, is 

;I> 1 
100 300 500 

Temp. I “C 

Fig. 3. TPD of adsorbed DMF on PMo. 
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Table 3 
The amount of product over PMo and PMo-PSF-F at 140°C 

Catalyst Moles of product ( X IO molecules/Keggin unit-h) Acetone selectivity TON per Keggin unit 

Propylene Acetone 

PMo 73.1 0.6 0.8 1.43 
PMo-PSF-F ’ 24.2 3.4 12.3 2.16 
PMo-DMF h I.5 0.3 16.1 0.18 
PMo-PSF-F/PM0 0.33 5.67 15.4 0.37 
PMo-DMF/PMo 0.02 0.50 20.9 0.02 

Reaction conditions: W/F= 112.6 g-PMo-h/2-propanol-mol. Carrier gas flow = 3.73 cm’/min 
.’ Thickness = 0.069 mm. 

h PMo recrystallized after dissolving in DMF and thermally treated at 150°C. 

strongly adsorbed on the acid sites of PMo during 
blending PMo and PSF, remains on PMo at the 
reaction temperatures from 120 to 15O”C, and will 
affect the acidic catalytic activity of PMo. 

3.4. Effect of DMF on the catalytic activity 

Propylene is formed by the acidic function of 
PMo via the dehydration of 2-propanol, whereas 
acetone is produced by the oxidative dehydroge- 
nation of 2-propanol via the redox mechanism on 
PMo. 

Table 3 shows the catalytic activities of PMo, 
PMo-PSF-F and PMo-DMF at 140°C. The data 
were taken after 300 min from the reaction start- 
up. Among the catalysts examined, PMo-DMF 
showed the least yield for both propylene and ace- 
tone. Its activity for propylene and for acetone are 
2% and 50% compared with PMo powder, respec- 
tively. This means that the propylene formation 
over PMo is greatly affected by DMF, an organic 
base, strongly adsorbed on the acid sites of PMo. 
However, the acetone formation is not affected 
seriously by DMF although DMF decreases the 
acetone formation to some extent. However, 
PMo-PSF-F shows lower yield for propylene but 
higher yield for acetone than PMo. The decrease 
of propylene is also mainly due to DMF although 
the DMF effect is smaller than that in PMo-DMF. 
It is noteworthy that the yield for acetone over 
PMo-PSF-F is 5.67 times that over PMo, 
although the remaining DMF in PMo-PSF-F also 
can give a negative effect on the formation of 

acetone, as shown in the case of PMo-DMF. 
Therefore, it can be inferred that the increase of 
oxidation function of PMo-PSF-F is due to the 
enlarged surface character of PMo that is uni- 
formly and finely distributed in the PMo-PSF-F. 

As mentioned before, propylene is formed on 
the acid sites of PMo and acetone is formed by the 
oxidative dehydrogenation on oxide sites of PMo. 
Two reaction paths forming propylene and ace- 
tone are a competitive parallel reaction. For PMo 
powder catalyst the propylene-forming reaction is 
found to be a dominant path, judging from the 
result that the yield for propylene is much greater 
than the yield for acetone. Therefore, among the 
three catalysts given in Table 3, PMo showed the 
highest 2-propanol conversion. However, PMo- 
PSF-F shows about 5 times higher yield for ace- 
tone and lower yield for propylene than PMo. This 
is because the acidic function of PMo in PMo- 
PSF-F is inhibited by the adsorbed DMF and the 
high dispersity of PMo in PMo-PSF-F increases 
the oxidative dehydrogenation reaction. PMo- 
DMF showed much lower activity for 2-propanol 
but its selectivity to acetone is much greater than 
PMo. 

3.5. EfSect of PSFfilm on the product selectivity 

Most of the catalysts in a film-catalyst are pres- 
ent in the bulk of the film. In order for a reaction 
to take place, reactants should be at first dissolved 
on the film, diffused inward to the catalyst through 
the film, and reacted on the catalyst, and then 
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products should be diffused outward through the 
film. Therefore, the reaction rate on a film-catalyst 
is greatly influenced by the mass transfer of reac- 
tants and products through the film. Furthermore, 
if there are multi-products, the selectivity to one 
product is necessarily affected by the dissolution 
and the diffusion rates of the products. The per- 
meabilities of acetone and propylene through the 
PSF film were different from each other as shown 
in Table 4. The permeability of acetone was 2.09 
times higher than that of propylene. The different 
permeation properties of reaction species would 
result in a higher concentration of propylene than 
that of acetone around PMo in PMo-PSF. Con- 
sequently this atmosphere would enhance the ace- 
tone yield by suppressing the propylene 
formation. Therefore, the formation rate of ace- 
tone over PMo-PSF-F would be higher than that 
over PMo. 

3.6. Reaction characteristics of PA40 and PMo- 
PSF-F 

Fig. 4 represents the formation rates of propyl- 
ene and acetone over PMo and PMo-PSF-F with 
respect to the time on stream. The thickness of 
PMo-PSF-F is 0.069 mm. PMo-PSF-F showed 
a higher rate for acetone and a lower rate for pro- 
pylene than PMo. The formation rate for propyl- 
ene over PMo decreases with the reaction time, 
due to the catalyst deactivation, whereas the for- 
mation rate for propylene over PMo-PSF-F 
slightly increases with the time. The slight 
increase of acidic function of PMo-PSF-F may 
be caused by the release of the weakly bonded 
DMF on acid sites of PMo or by the replacement 
of adsorbed DMF by 2-propanol molecules with 
the reaction time. The formation rate for acetone 
on the two catalysts was not greatly changed with 
the time on stream. 

Fig. 5 shows the formation rates for propylene 
and acetone over PMo and PMo-PSF-F with 
respect to the reaction temperature. As expected, 
PMo-PSF-F shows a higher rate for acetone and 
a lower rate for propylene than PMo. 

Table 4 
The permeability of each product through PSF membrane at 140°C 

Sample Water Propylene Acetone 

Permeability 123.48 1.94 4.05 
(cm2 cm/cm* set cm Hg) X 10” 
Perm-selectivity of acetone/propylene 2.09 
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Fig. 4. The formation rate of propylene and acetone over PMo and 
PMo-PSF-F catalyst with respect to ‘time on stream’ at 140°C: Wl 
F= 112.6 g-PMo-h/2-propanol-mole, air flow rate= 3.73 cm3/min, 
(0,O); PMo-PSF-F, (Ci,m); PMo, thickness of PMo-PSF- 
F = 0.069 mm. 

100 , ,4 

130 140 

Temperature I “C 

Fig. 5. The formation rate of propylene and acetone over PMo and 
PMo-PSF-F catalyst with respect to reaction temperatures: W/ 
F= 112.6 g-PMo-h/2-propanol-mole, air carrier flow rate= 3.73 
cm3/min, (0.0); PMo-PSF-F, ( q ,m); PMo, thickness of PMo- 
PSF-F = 0.069 mm. 
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Formation rates of acetone and propylene and the ratio of acetone/propylene over PMo and PMo-PSF-M with reaction temperatures 

Temperature PMo PMo-PSF-M ’ 

(“C) Acetone ( X IO Propylene ( X IO Acetone/propylene Acetone ( X IO Propylene ( X IO Acetone/propylene 

molecules/Keggin molecules/Keggin ( X IO’) molecules/Keggin molecules/Keggin ( x IO’) 

unit) unit) unit) unit) 

120 0.24 26.3 0.91 2.28 

I 30 0.43 46.3 0.93 4.58 

I40 0.63 74.7 0.84 6.78 

150 0.79 95.4 0.83 8.14 

Reaction conditions: W/F= 21.68 g-PMo-h/2-propanol-mol. Carrier gas flow = 3.73 cm’imin. 

17.77 12.83 

36.82 12.44 

55.2 I 12.28 

78.12 IO.42 

(’ Thickness = 0.24 mm. 

3.7. Catalytic activity of PMo and PMo-PSF-M 

A catalytic membrane reactor has the advantage 
over a conventional fixed bed reactor, that con- 
version can be achieved above an equilibrium 
value because compositions of a permeated stream 
through the membrane and a rejected stream from 
the membrane are different from each other. For 
the case that catalysts exist in the bulk of 
membrane (like PMo-PSF-F) , the product com- 
positions of a rejected stream in the feed side and 
a product stream are not so different. As a result, 
if a single reaction takes place in a catalytic pol- 
ymer membrane reactor (like PMo-PSF-M ) , the 
function of a membrane reactor is mostly reduced. 
However, as in this study, if chemical species pro- 
duced from multiple reaction schemes have dif- 
ferent permeabilities, the polymer membrane 
reactor has an advantage that a reaction producing 
a product having a higher permeability is favora- 
bly (selectively) taking place. In order to study 
the feature of the polymer membrane reactor, a 
pseudo polymer membrane reactor using PMo- 
PSF as a membrane was devised as illustrated in 
Fig. I (c) and as a model reaction, dehydration of 
2-propanol and oxidative dehydrogenation of 2- 
propanol were performed in the reactors of 
Fig. 1 (a) and 1 (c) under the same reaction con- 
ditions. PMo-PSF-M has a thickness of 0.24 mm 
and its cross-sectional area is 17.65 cm’. W/F 
based on PMo was 21.68 g-PMo-h/2-PrOH mole 
in both reactors. Table 5 shows the catalytic activ- 
ity of PMo and PMo-PSF-M and the ratio of 

acetone/propylene along with reaction 
temperatures. The formation rate of propylene 
over PMo-PSF-M is slightly lower than that over 
PMo. This is attributed to DMF adsorbed on PMo 
in PMo-PSF-M. However, PMo-PSF-M shows 
about 10 times higher formation rate for acetone 
than PMo, due to the high dispersity of PMo in 
PMo-PSF-M. Moreover, it is noteworthy that the 
ratio of acetone/propylene over PMo-PSF-M is 
about 15 times that over PMo at the temperatures 
from I20 to 150°C. The selectivity of acetone and 
propylene is affected by the basicity of the solvent 
used, by the dispersity of PMo in PMo-PSF-M, 
and by the permeabilities of both species through 
PSF. It is believed in this study that higher per- 
meability of acetone through PSF than propylene, 
as represented in Table 4, considerably contrib- 
uted to the increase in the selectivity for acetone. 
From this result, we can suggest that one desired 
reaction among multiple reactions can be favora- 
bly selected in the catalytic polymer membrane 
reactor by choosing proper polymer membranes. 

4. Conclusions 

Heteropoly acid catalyst was imbedded in a pol- 
ymer film by dissolving heteropoly acid and a 
polymer together in a common solvent, casting 
the solution, and drying it. This film-catalyst was 
used as a packed catalyst in a fixed bed reactor 
and also used as a catalytic membrane reactor. Its 
catalytic activity for 2-propanol conversion reac- 
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tion was examined in three reaction systems. 
PMo-PSF-F showed a higher yield for acetone 
and a lower yield for propylene than PMo. This is 
mainly because the acidic function of PMo is sup- 
pressed by the adsorbed DMF (organic base) and 
formation of acetone is enhanced by the uniformly 
and finely distributed PMo in PSF film. PMo- 
PSF-M showed a much higher ratio of acetone/ 
propylene than PMo. This is mainly due to higher 
permeability of acetone through PSF film than 
propylene. 
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