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Abstract

Our recent efforts made for the molecular design of solid acid catalysts utilizing heteropoly compounds are described first
and, then, as an example, the isomerization of n-butane in the presence of hydrogen catalyzed by a bifunctional catalyst
consisting of Pt and Cs, gH ,5PW,,0,, was examined mostly at 573 K. Presence of Pt suppressed substantially the catalyst
deactivation and gave much higher stationary activity, although the initial activity was lowered a little due to a decrease in
the concentration of butenes produced. It was further demonstrated that the activity of Pt for hydrogenolysis was nearly
completely suppressed by the protonic acid sites present near Pt, giving a very high selectivity for isomerization.
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1. Introduction

Heteropoly compounds or polyoxometalates
are ‘ metal—oxygen molecules’, and have been
proven to be useful catalytic materials in funda-
mental studies as well as in practical synthetic
processes. This is mainly because their acid—
base and redox properties can be controlled
systematically by proper choice of constituent
elements of polyanions and counter cations. This
control is made possible by taking advantage of
their molecular nature. In this article, our recent
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efforts directed to design the acidic property and
performance of solid acid catalysts are de
scribed.

We showed previoudly that it is important to
distinguish between the primary, secondary and
tertiary structure, in order to understand the
catalysis of solid heteropoly compounds [1,2].
The primary structure is the structure of the
heteropolyanion, and the secondary structure the
three-dimensional arrangement of the polyanion
and counter cation. Although the concept of
tertiary structure has not been established yet, it
contains crystal size, pore distribution, surface
area, mode of aggregation, etc. and is also
important [2]. In some cases, polar molecules
are absorbed into the solid bulk, forming a
‘pseudoliquid’ phase, and react there (bulk-type
catalysis). There is another type of bulk-type
catalysis (bulk-type I1), but this was found so
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forth only for oxidation catalysis at high tem-
peratures [1,2].

The isomerization of n-butane to isobutane,
which is an important process to provide feed-
stock for methyl tert-butyl ether (MTBE) and
C8 dkylates, is catayzed by solid acids com-
bined with noble metals. In general, isomeriza-
tion of n-akanes is catalyzed by this type of
solid catalysts, e.g., Pt/chlorinated alumina [3],
Pt/SiO, + zeolites [4], and Pd,H,_,,PW,,0,,
[5]. We attempted to utilize an acidic Cs salt of
12-tungstophosphoric acid, Cs,sH,5PW,,0,
[6,7], for the acid component of the catalyst for
this reaction and found that the addition of Pt or
Pd to Cs,sH,sPW,,0,, enhanced greatly the
stationary catalytic activity and selectivity for
n-butane isomerization in the presence of hydro-
gen [8,9]. We attributed this effect to: (i) Pt
accelerates the dehydrogenation of n-butane to
butenes which isomerize on acid sites of het-
eropoly compounds; (ii) the coke formation is
suppressed by hydrogen supplied via Pt. In this
work, we investigated in more detail the roles of
Pt and acidity in the bifunctional mechanism, by
varying the relative quantity of Pt to acid site
and varying the method of mixing the two
components.

2. Molecular design of solid acids

2.1. Acidity control by changing the primary
and secondary structure

As for the Keggin-type heteropolyanions,
XW,,0,y°, the acid strength in solution in-
creases with the valency of central atom, X.
P(V)[—3.6] >Si(IV)[ —3.4] > Ge(IV)[ —2.9]

> B(I11)[ —1.3] > Fe(lll) > Co(ll)[ —0.6]

(1)
where H, values of acetonitrile solution are
given in brackets [10]. (The H, data are also
given in Table 1 of [11], but there are typo-
graphical errors.) The catalytic activity of these

heteropolyacids in the solid state followed this
order [12].

In contrast to solution, the counter cations
play very important roles for heteropoly com-
pounds in the solid state. With increasing de-
gree of the neutralization or the substitution by
Na for protons, the catalytic activity in the
pseudoliquid phase decreases in parallel with
the amount of strong acid sites [1]. On the other
hand, the surface-type catalysis is more sensi-
tive to the nature of the surface and the control
is not so straightforward. Cs,H,_,PW,,0,,
(denoted by CsX hereafter) which will be de-
scribed below belongs to this category (surface-
type).

In the way as described above the counter
cation controls not only the acidic property but
aso the bulk-type behavior; dehydration of al-
cohols proceeds in pseudoliquid of
Na,H,_,PW,,0,, (bulk-type), while it takes
place on the surface with Cs and K salts
(surface-type).

The structure of the polyanion (primary struc-
ture) controls the acidity and bulk-type behavior
as well. A Dawson-type heteropolyacid,
H ¢P.W,5Oq,, exhibits much greater catalytic ac-
tivity for MTBE synthesis from methanol and
isobutene due to the easier formation of the
active pseudoliquid phase, athough its acid
strength (Hy = —2.9) is lower than H,PW,,0,,
[10,11].

2.2. Acidity control by changing the tertiary
structure — (Cs, K, NH,), H;_, PW,,0,,

Acidic cesium salts of 12-tungstophosphoric
acid, Cs,H,_,PW,,0,,, exhibit peculiar phe-
nomena [6]. When the catalytic activity is plot-
ted against the extent of the Cs substitution, the
catalytic activity decreases first, but increases
sharply when x= 2 - 2.5, and
Cs,HsPW,,0,, (Cs2.5) shows a very high
activity which is sometimes even greater than
that of the origina hydrogen form. Here, careful
control of conditions for titration is necessary to
obtain clear-cut results. The high activity of
Cs2.5 is more remarkable in liquid-phase or-
ganic reactions as shown in Fig. 1 [7].
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Table 1
Activity and selectivity for skeletal isomerization of n-butane catalyzed by bifunctional and mixed catalysts
Catalyst H*/anion  Conversion (%) Selectivity (mol%)

C1 c2 C3 i-C4 C5
1 wt% Pt—Cs2.5(1 @) 0.5 43 2.0 18 38 90.8 16
1 wt% Pt—Cs3(1 g) 0 44 307 467 206 20 0
H3(imp) /1 wt% Pt—Cs3 (1 g) 0.5 39 11 0.7 2.6 94.0 16
0.1 wt% Pt—Cs3 (1 g) 0 8 408 147 416 290 O
H3(imp) /0.1 wt% Pt—Cs3 (1 g) 0.3 15 0.7 0.5 13 97.5 0
H3(imp) /0.1 wt% Pt—Cs3 (1 g) 05 20 0.9 12 61 881 37
H3PW,,0,, (0.11 @) + 1 Wt% Pt—Cs3 (0.6 g) # 0.5 15 235 11.6 23.6 41.3 0
3wt% Pt/SiO, (0.2 9) 0 32 259 336 219 186 0
Cs, 5H o sPW,,0,0 (0.8 Q) + 3Wt% Pt/SI0, (0.2¢9) 2 05 54 146 171 143 523 17

& Physical mixture.

Feed gas: n-butane:H,:N, = 0.05:0.50:0.45; reaction temperature 573 K.

A nearly uniform distribution of protons and
Cs in the solid bulk (or the formation of solid
solutions of the hydrogen form and Cs3) after
heat treatment was demonstrated by P-NMR for
various values of x [13]. (These results were
published in part in [2] and [14].) If one consid-
ers that the surface area increases considerably
to about 130 m? g~ ! at Cs2.5 (compare with a
few m? g~! for the hydrogen form and nearly
null at x=2) and that average proton content
decreases linearly with X, the surface acidity (or
the number of surface protons) can be esti-
mated. The surface acidity very well parallels
the catalytic activity, as shown in Fig. 1.

Very probable preparation processes for
CsX's are schematically illustrated in Fig. 2.
When the amount of Csis low, ultrafine precipi-
tate particles (probably Cs3, 8—10 nm in diame-
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T

Relative catalytic activity
o
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Surface acidity/iumol g-1

x in CsyH3 xPW4204¢0

Fig. 1. Catalytic activity and surface acidity of Cs,H;_,PW,,0,,,
CsX. (@) Relative catalytic activity for akylation of 1,3,5-tri-
methylbenzene with cyclohexene, (O) surface acidity.

ter as estimated from the XRD line width) are
thickly covered by H,PW,,0,,, which is de-
posited upon evaporation of water, and form
large aggregates, whereby the hydrogen form is
possibly acting as cement. After heat treatment
they are converted to particles having a similar
size as before heat treatment and nearly uniform
composition. This homogenization process con-
firmed by P-NMR and XRD proceeds through
the diffusion of protonsand Csions. At x= 2.5,
the amount of Cs3 is greater and the hydrogen
form deposited on Cs3 is smaller, so that the
hydrogen form may form very thin films or
small islands on Cs3. Hence, a high surface area

after heat
treatment

after evaporation
to dryness

in solution

Csi +
H3PW12040

Fig. 2. Conceptua illustration of the preparation processes of
CsyH3_xPW1,04.
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of the ultrafine particles can be maintained.
Heat treatment produces fine particles having a
uniform composition of Cs,cH,sPW,;,0,,.
Similar behavior is aso observed for K and
NH, sdlts, although the change is less distinct.

It was demonstrated that their micropore
structure can be precisely controlled by the Cs
content and shape selective adsorption and
catalysis can be revealed [15].

3. Isomerization of n-butane catalyzed by
Pt + CsX

Cs2.5 is an excelent solid acid which was
developed as described above from our attempts
to understand and control the heteropoly cata-
lysts at the molecular level. In the extension of
this line of research, we found that a catalyst
consisting of Cs2.5 and Pt or Pd was an effi-
cient catalyst for isomerization of n-butane[8,9].
Here, we attempted to make clear the roles of
Cs2.5 and noble metals.

3.1. Experimental

Cs2.5, Cs3 [6,7] and Pt—Cs,-H,PW,,0,,
(Pt: 0.1-1.5 wt%) [8,9] were prepared as de-
scribed before. Pt—Cs,PW,,0,, (Pt: 0.1 and 1
wt%, denoted by Pt(0.1)-Cs3 and Pt(1)—Cs3,
respectively) were prepared similarly from
H,PtCl, and Cs3. Part of Pt—Cs3 was impreg-
nated with agueous solutions of H;PW,,0,, to
controlled loading levels after treatment in an
N, flow at 573 K. The dried solids were cal-
cined at 573 K in air. These are denoted by
H(imp) /Pt(0.1) or Pt(1)-Cs3. 3 wt% Pt/SiO,
was prepared by impregnation of SO, (JRC-
SIO-4, 347 m? g~ ') with an agueous solution of
Pt(OH),(NH ),. After the sample was calcined
at 773 K for 5 hin air, it was reduced at 723 K
inan H, flow.

Skeletal isomerization of n-butane was car-
ried out a 473-573 K in a continuous flow
reactor. A reactant gas mixture consisting of
n-butane (0.05 atm), H, (0-0.5 atm), and N,
(balance) was fed to 0.2-1 g of catalyst. The

total flow rate was 10 ml min~ 2. Prior to the
reaction, the catalysts were treated usually in an
N, flow a 573 K for 2 h. Products were
analyzed by gas chromatography.

3.2. Results

Figs. 3 and 4 show the effects of the amount
of H,;PW,,0,, added by impregnation to
Pt(0.1)-Cs3 and Pt(1)-Cs3. In both cases the
hydrogenolysis (or hydrocracking) of n-butane
prevailed when the hydrogen form was not
added. The rate was greater for Pt(1)—Cs3. As
the protons were introduced by the addition of
the hydrogen form, hydrogenolysis decreased
and isomerization to isobutane gradualy in-
creased. It is remarkable in Fig. 3 that hy-
drogenolysis almost disappeared at 0.09 ¢
H;PW,,0,, with atotal of 1 g catalyst (H* /an-
ion = 0.3). The cracking products beyond
H* /anion = 0.3 are mainly produced by acid-
catalyzed cracking, as discussed below.

Results obtained for the physical mixture of
P(1)-Cs3 (1 g and H,PW,,0,, (variable
amount) are shown in Fig. 5. Powder samples
were mixed only by shaking in a small bottle.
General trends similar to those in Figs. 3 and 4
may be noted.
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Amount of H3PW12040(g/g-cat.)

0 . —4
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Fig. 3. Effects of the amount of H3;PW,,0,, impregnated on 0.1
wt% Pt—Cs3 for the isomerization of n-butane. (O) total conver-
sion of n-butane, (@) selectivity to isobutane, (A ) conversion to
isobutane, (a) conversion to C1-C3. Feed gas: n-butane:H,:N,
= 0.05:0.50:0.45, reaction temperature: 573 K, catalyst weight

(H3PW,,0,, + Pt—Cs3); 1 g, W/F =40 g h (mol n-butane) .
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Fig. 4. Effects of the amount of H;PW,,0,, impregnated on 1

wt% Pt—Cs3 for the isomerization of n-butane. Legends and the
reaction conditions are the same as those of Fig. 3.

The effects of mixing Cs2.5 and Pt/SiO, are
shown in Figs. 6 and 7. Mixing was performed
only by shaking as in the previous systems. In
Fig. 6 are shown the results obtained by varying
the amount of Cs2.5 and in Fig. 7 those by
varying the amount of Pt/SO,. Pt/SO,
showed a total conversion of n-butane of 32%
with selectivity to isobutane of about 20% (Fig.
6). When Cs2.5 was added, isomerization to
isobutane increased, while the hydrogenolysis
remained almost constant.

As a result, the yield of isobutane increased
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Fig. 5. Effects of the amounts of H;PW,,0,, in the physical
mixtures with 1 wt% Pt—Cs3 for the isomerization of n-butane.
Legends and the reaction conditions are the same as those of Fig.
3. Catalyst weight: 1 wt% Pt—Cs3 (1 g) + H3PW,,0,, (variable).
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Fig. 6. Effects of the amount of Cs, sH 5PW,,0,, in the physical
mixtures with Pt/SIO, for the isomerization of n-butane. Leg-
ends and the reaction conditions are the same as those of Fig. 3.
Catalyst weight: Pt/SiO, (0.2 g)+ Cs, sH o 5PW,,0,, (variable).

with the addition of Cs2.5, but the selectivity
was less than 70%.

When a small amount of Pt/SiO, was added
to Cs2.5 which alone exhibited a high selectiv-
ity for isomerization, the rate increased sharply
maintaining the high selectivity, but the rate of
isomerization showed saturation with a further
increase in the amount of Pt/SiO,. On the other
hand, the hydrogenolysis increased gradualy
and continued to increase with the amount of
Pt/SIO, added. Consequently, the selectivity to
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Fig. 7. Effects of the amount of Pt/SiO, in the physical mixtures
with Cs, gH 5PW;,0,, for the isomerization of n-butane. Leg-
ends and the reaction conditions are the same as those of Fig. 3.
Catalyst weight: Cs, 5H o 5PW,,0,, (0.8 g)+Pt/SIO, (variable).
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isobutane declined at higher contents of
Pt/SiO,. Representative data are also given in
Table 1.

3.3. Discussion

3.3.1. Sructure of catalysts

IR indicated that the polyanion structure was
maintained for H(imp) /Pt—Cs3 catalysts. After
heat treatment of the impregnated catalysts, a
nearly uniform solid solution was probably
formed by the migration of proton and Cs ions
as observed previously for CsX. The migration
might have taken place to some extent for the
physical mixtures of hydrogen form and Pt—Cs3,
but the migration was rather limited as judged
from the reaction data in Fig. 5. The migration
seems to be still smaller for the physical mix-
tures of Pt/SIO, (Figs. 6 and 7).

The dispersion of Pt measured by CO adsorp-
tion changed only dlightly (from 33 to 20%)
after impregnation in the case of
H(imp) /Pt(1)—Cs3 [9]. Further, the catalytic
performance at the stationary state was almost
the same between the O,-pretreatment and the
H ,-pretreatment after the O,-treatment, indicat-
ing that the oxidation state of Pt before use had
little influence.

3.3.2. Roles of Pt

The reaction proceeds essentially by a bifunc-
tiona mechanism [8,9]. Pt promotes dehydro-
genation of n-butane and the acid isomerizes
butenes or butyls via sec-butyl cation. Since
only a smal amount of Pt was sufficient to
accelerate the isomerization as in the previous
work [9] and as shown by the results in Fig. 7,
the dehydrogenation—hydrogenation of n-butane
must be a rapid process.

rapid
n — butane < n — butenes or butyls
Pt

— sec — butyl cation
acid

— tert — butyl cation— — isobutane (2)
acid

The last step of Eq. (2) can proceed by
hydrogenation of isobutylene or by hydride
transfer from n-butane.

Another significant effect of Pt is the sup-
pression of catalyst deactivation in the presence
of hydrogen. When the hydrogen partial pres-
sure increased, both the initial rate and deactiva-
tion decreased. This indicates that the deactiva-
tion is due to coke deposition from butenes of
which the concentration is inversely related to
the hydrogen pressure. Pt probably suppresses
the concentration of coke precursors by supply-
ing hydrogen atoms to them.

3.3.3. Role of protonic acidity

The role of proton to isomerize n-butane via
sec-butyl cation may be obvious. What is very
remarkable in addition to this is that the activity
of Pt for hydrogenolysis (or hydrocracking) of
butane was nearly completely suppressed by the
presence of protonic acid of heteropolyacid. As
clearly seen in Figs. 3 and 4, when the protons
were introduced to Pt—Cs3 or the amount of
H,PW,,0,, impregnated increased, the hy-
drogenolysis decreased and the isomerization
gradually rose. This fact demonstrates that pro-
tons modified the catalytic performance of Pt.
Since dehydrogenation is rapid as discussed
above, the supply of butenes would not be
rate-limiting and hence the evolution of the
isomerization path should not affect the path for
hydrogenolysis as far as Pt portion was intact.
In fact, in the case of mixtures of Pt/SIO, and
Cs2.5 where Pt must be little affected by the
presence of Cs2.5, the activity for hydrogenoly-
sis remained nearly constant (Fig. 6).

This indicates that the function of Pt was
substantially modified and that close contact
between Pt and proton is required to cause this
modification. The necessity of close contact for
this effect is inferred also from the following
results. (i) The effect of proton impregnation
was greater when the Pt dispersion was higher
[9]. (ii) The effect was in the order
H(imp) /Pt(0.1)—Cs3 > H(imp) /Pt(1)—Cs3 >
physical mixture of hydrogen form and Pt—Cs3
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butenes Pt

C1, C2, C3

(without Ht)

butyl ® ith i+
AV e\ (with H)

Scheme 1. Reaction scheme of isomerization and hydrogenolysis of n-butane catalyzed by heteropolyacids combined with Pt.

> physical mixture of Pt/SiO, and Cs2.5. Since
the higher dispersion of Pt favors intimate inter-
action between Pt and support, and physical
mixing would bring about only loose contact,
this order is the plausible order of the closeness
of the contact between proton and Pt. A proba
ble reaction mechanism is illustrated in Scheme
1.

Cracking products increased again when a
large amount of hydrogen form was added to
Pt—Cs3 (Fig. 3). This cracking is not the hy-
drogenolysis catalyzed by Pt, but is acid-cata
lyzed cracking of oligomerized butenes. In the
cases of Pt—Cs3 and Pt/SO,, the concentra-
tions of C1 and C3 were nearly the same,
indicating the reaction of Eq. (3). Thisis proba
bly the nature of ‘ordinary’ Pt. On the other
hand, C3> C1 and C2 for acid-catayzed
cracking:

CHyy+H,—>CH,+ C;Hgor 2C,Hg 3
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