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Abstract

Partial oxidation of ethylene with a gas-cell system were studied at 353 K. The gas-cell structureMasHeO|(Pd-
black+ VGCF)-anod¢H;POy/silica—woo|cathod¢O,] (VGCF: vapor growing carbon fiber). Addition of NO to;@tream
at the cathode dramatically enhanced the oxidation rate of ethylene to MeCHO more than 10 times with high selectivities
>95%. The enhancement of the formation rate of MeCHO was due to the acceleration of the electrochemical oxidation rate of
Pd to P&* at the anode by a strong oxidant of f@roduced from @ and NO. NQ was electrochemically reduced to®
and NO that functioned as a mediator over the graphite-cathode. When a membrane of carbon matrix hBiGingyads
chosen instead of #HPOy/silica—wool, both H and e could conduct from anode to cathode side through tsle®j/carbon
matrix, self-short circuiting condition. The oxidation o$l84 could perform with the self-shorted cell reactor excluded elec-
tric parts. Several carbon matrices were tested for the oxidation by the self-shorted cell and the suitable one was a sheet of
(VGCF+ AC + PTFB (AC: active carbon) prepared by the hot-press method. This self-shorted gas-cell was more active than
the cell system. In the case of propene oxidation, acetone was selectively produced with the self-shorted cell. Kinetic studies
were carried out to get information for reaction mechanism of the alkene oxidation. The self-shorted cell works as a new type
of membrane catalytic system for the oxidation of alkene [alkene|oxidation catalyst|mixed conductcarad Ef |reduction
catalyst|oxidant]. This membrane catalyst also functioned as a hydrogen permeation membrane. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction system has several advantages compared with the cur-
rent Wacker process in the aqueous HCI with BdClI
Selective partial oxidation of alkenes in the gas and CuCj as catalysts. These are as follows: (a) the
phase using alkene-Crell systems has been previ- separation of MeCHO from the reaction system is
ously reported, as shown in Fig. 1 [1-3]. WhesHg very easy because of the heterogeneous system in
was supplied to the gas-cell systemyHZ was elec- the gas phase; (b) the cell system requires no chlo-
trochemically oxidized with HO to MeCHO over the  rides, and so, the formation of chlorine containing
Pd-anode. Protons and electrons were, respectively,by-products can be avoided; (c) the danger of explo-
conducting through a lead wire and electrolyte to sionis reduced becauseldy and Q are separated by
the cathode, and reduced Qoxidant). The gas-cell the membrane; (d) the cell cogenerates electricity and
valuable oxygenates (MeCHO) when a load is put in
* Corresponding author. Tel./fax:81-3-5734-2144. the outer circuit. However, the rate of oxygenate for-
E-mail address: yamanaka@o.cc.titech.ac.jp (I. Yamanaka). mation in this cell system was very low (1-2 turnover
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e~ 2. Experimental

2.1. Thecell system

The reactor and the principle of the cell system were
already mentioned in Fig. 1. The gases at the cath-
ode and anode are separated with a silica—wool disk
(thickness 1 mm) holding aqueousPy, (85 wt.%)
current as an electrolyte. The anode (thickness 0.2 mm) was
collector -
anche cathode prepqred from Pd-black (20 mg), vapor growing car-
H3POs4agq. bon fiber (VGCF, 50 mg) and PTFE powder (5mg)
_ _ ' by the hot-press method [1,2]. The cathode (thickness
,I\:/:g.C:'.oDlagram of GH4—O, cell system for the synthesis of 0.2mm) was prepared by the same procedure from
' graphite (70mg) and PTFE (5 mg) with and without
Pt-black (20 mg). The geometric area of both the elec-
trodes was 2cf The two electrodes were attached
number of Pd-atom for MeCHO formation in 1h). on both the sides of §#POu/silica-wool disk. The cell
We have recently found that an addition of NO into Was connected to a conventional gas flow system. The
the stream of @ dramatically enhanced the current OXxidation started by shorting the circuit at 353 K. Cur-
and the formation rate of MeCHO more than 10 times rentand charge passed were monitored by a zero-shunt
[4]. ammeter (Hokuto HM-104A) and a coulomb meter
As described above, the cell system for the par- (Hokuto HF-201). The cathode and anode potentials
tial oxidation of GH4 has advantages compared with during reactions were measured by an electrometer
the current Wacker process. However, the complicated (Hokuto HE-106) with a standard Ag|AgCI electrode
cell structure was a big disadvantage for industrial (0.196V vs. NHE) with a capillary bridge inserted to
application. The cell reactor needs current collectors, the HsPOu/silica—wool disk.
lead wires and their ports. If the center part in Fig. 1
could conduct both M and €7, as shown in Fig. 2, we  2.2. Membrane catalyst
could exclude the electric parts from the reactor and
a self-shorted cell system would be developed. This The membrane catalyst (Fig. 2) was assembled as
self-shorted cell is as a new type of membrane cata- below. First, the H and € mixed conduction sheet
lyst |catalyst for oxidation|mixed conductor of tnd (thickness 0.5mm) was prepared by impregnating
e~ |catalyst for reduction|. In addition, this membrane HsPOs (ag.) (85wt.%) into a carbon matrix. This

catalyst is expected as a hydrogen permeation mem-carbon matrix was prepared from a mixture of car-
brane. bon materials (7Omg) and PTFE powder (5mg) by

the hot-press method [1,2]. The carbon matrix was
soaked in HPO, (85wt.%) for 1 day. Conduction of
H* was expected through the channel g, and
e~ conduction was through carbon matrix. Thus, this
sheet would function as the hydrogen(tand €)
permeation material. Second, a porous sheet catalyst
(thickness 0.2 mm) for alkene oxidation was the same
as the porous Pd-anode, as described above. Another
1 - . porous sheet catalyst (thickness 0.2 mm) for reduc-

2;‘:3?‘;?“ E)lr)l(ggctor Zz‘:;dsl?n tion of a gas mixture of @ and NO was the same

y as graphite-cathode. The two sheet catalysts were at-

Fig. 2. Conception of a new type of membrane catalyst, self-shorted tached on both the sides of the carbon sheet holding
cell system. H3PO4. The assembled membrane catalyst from the

collector
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three different sheets was attached at the center of theof the formations of MeCHO and CCand of the cur-

reactor, as shown in Fig. 2.
2.3. Reaction conditions

A gas mixture of alkene (39kPa) and water va-

por (13 kPa) balanced with He to atmospheric pres-

rent responding to the addition and removal of NO
into the & stream. Under open-circuit conditions, no
products were obtained. When the circuit was shorted,
a current density of 3mA cn? flowed and MeCHO
was produced selectively (>97%). The addition of NO
to the stream of @increased the current density, re-

sure was passed through the anode or the oxidationmarkably, to 35 mA cm? and the formation rates of

side. A gas mixture of @(51 kPa) and He or that of

MeCHO and CQ. When the addition of NO was

02 (51kPa), NO (25kPa) and He was passed through stopped, both the current and the formation rates im-

the cathode or the reduction side. The total flow rate
in both the compartments was 32 mlmin Oxida-
tion of alkene was carried out for several hours for

both the reaction system at 353 K. Products were an-

alyzed by a GC (ShimazuGC-8A with TCD detec-

mediately decreased. The addition and removal of NO
reversibly increased and decreased the current and the
formation rates of MeCHO and GOThe selectivity

to MeCHO was always greater than 95%. The current
efficiencies were evaluated from the formation rates of

tor and Porapack-Q and active carbon (AC) columns) MeCHO as a 2e reaction and C@as a 6€ reaction.

and a HPLC (Shimazu VP-10 with UV detector and
ODS-3 column) at every 30 min. Product selectivities
were calculated on the basis of carbon number.

3. Results and discussions
3.1. Effect of NO addition to the gas-cell

The oxidation of GH,4 using the gas-cell was per-
formed at 353 K. Fig. 3 demonstrates the time profiles

0; 0;+NO 0, 0,+NO
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Fig. 3. Effect of NO addition to @ stream at the cathode on the
oxidation of GH4 at the anode with the ££4—O, cell at 353 K.
The anode: Pd-blackVGCF, GH4 39 kPa, HO 13 kPa, balanced
with He, total flow rate 32 mImint. The cathode: Pt-black Gr,
O, 51kPa, or @ 51kPa+ NO 25kPa, balanced with He, total
flow rate 32 mlmir?.

The current efficiencies were roughly 100% within the
experimental error of=10%.

We have already proposed the reaction scheme for
the oxidation of GH4 by the GH4—O; cell [3,5,6].
The oxidation of GH4 into MeCHO is caused by Pd
electrochemically generated. The rate of MeCHO for-
mation under short-circuit conditions depends on the
Pt formation. Thus, the rate of MeCHO formation
or that of Pd* formation should depend strongly on
the anode potential under short-circuit conditions.

3.2. Electrochemical potential

The cathode potential for the,84—(02 + NO)
cell under open-circuit conditions was 1.00V (vs.
Ag|AgCl), which was considerably higher than the
values (0.86V) observed for the,B4—0, cell and
the GH4—NO cell (0.85V). The increase in the cath-
ode potential for the gH4—(O2 + NO) cell must be
due to the formation of N@(Eq. (1)), a stronger ox-
idant than @ and NO. The addition of NO to £in
the cathode compartment colored the anode gas into
brown, obviously indicating the generation of RO

NO + 10, — NO, €))

The open cell voltage for theEi4—(02 + NO) cell
was 0.74V which was larger than the value (0.60V)
for the GH4—0O, cell. Under short-circuit conditions,
the polarizations at the anode and the cathode for
the GHs—(O2 + NO) cell were 0.62 and 0.07V, re-
spectively. The cathode polarization of 0.07V was
considerably smaller than that for the;—O, cell
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(0.19V), suggesting the easier reduction of NiGan The NO produced here would regeneratesNt©cord-

0O,. The anode potentials under short-circuit condi- ing to Eq. (1). Thus, NO works as a mediator (or cat-
tions for the GH4—(O2 + NO) and GHs—0O, cells alyst) for the electrochemical reduction 0.0

were 0.88 and 0.65V (vs. Ag|AgCI), respectively.

The higher anode potential for the former under 3.4. Oxidation of C;H4 by a self-shorted cell system
short-circuit conditions may explain the remarkable

enhancement in the current and the formation rate As described so far, thes€,—(O, + NO) cell sys-

of MeCHO when NO was cofed with £ Consider- tem showed a very good performance for the synthesis
ing the redox potential of PgPF+ = 0.79V (vs. of MeCHO. However, the complicated cell structure
Ag|AgCl), we can expect an easy formation ofPd  was a big disadvantage for industrial application.
at the anode for the f££H4—(0O> + NO) cell under The cell reactor needs current collectors, lead wires
short-circuit condition, which inevitably increases the and their ports. If the center part of the membrane
current and the formation rate of MeCHO. Therefore, (HzPQu/silica—wool) could conduct both Hand e

the addition of NO to the @stream enhanced the for-  (Fig. 2), we could exclude the electric parts from the
mation of MeCHO due to the accelerated formation of reactor and develop a self-shorted cell system. Based
Pdt. on this idea, several carbon matrices holdingPBy
(ag.) of 85wt.% (HPOQ4/carbon matrix) were tested
for oxidation. If we chose a suitablesROy/carbon
matrix, conduction of @ was expected through car-
The oxidation of GH4 for the GHs—O, cell bon matrix and conduction of Hwas through the

did not proceed using the graphite-cathode with- channel of HPO,. _
out Pt-black. An active precious electrocatalyst _Several HPQi/carbon matrices were tested for
such as Pt-black was essential for the reduction C2Ha Oxidation, as shown in Fig. 4. Th@d-black+
of Op. In the case of the §Hs—~(O; + NO) cell, VGCF)-anode in the cell system works as an oxi-
the same good electrocatalytic performance for the dation catalyst at the reaction system in Fig. 2 and
formation of MeCHO was obtained by using the the graphite-cathode works as a reduction catalyst.
graphite-cathode. When a low pressure of NO These catalysts were the same components for the
(5kPa) was supplied to the graphite-cathode, a good eXPeriments in Fig. 4. When we chosgRO;/(AC +
performance for the oxidation of€l; was obtained, ~YGCP), HsPQs/carbon-felt, HPOs/(VGCF+ celite),
a current density of 18.5mAcm and a MeCHO  and HPOs/(VGCF + hydrophilic-PTFB for the
formation rate of 5.@molmin-lcm 2 The re- ~ Matrix holding POy (AC, VGCF), significant ox-
duction of NG should occur quite easily over the idation of GH, was observed producing MeCHO
graphite-cathode. The maximum formation rate of @nd CQ. The VGCF material cannot hold 3RO,
MeCHO of 8.6umolmin~tcm2 was obtained us- (2d.), but has a good electric conductivity (0.012
ing the graphite-cathode under the following condi- $2M). On the other hand, AC, carbon-fel, celite, and
tions: P(C2H4) 39 kPa,P(H.0) 13 kPapP(0,) 50 kPa, hydrophilic-PTFE materials have hydrophilic prop-
P(NO) 25kPaT 353K. erty. These materials could holdzPO; (aq.). The
The analyses of the effluent gases from the cathode Selectivities to MeCHO were greater than 95% for
compartment indicated no formation ohNN,O and the four systems. In addmo_n, no oxygenates were
NHs. The analysis of the products (NBH and NH) obsgrved in the reduction side. ThesPOu/carbon
dissolved in the POy electrolyte in a silica—wool by ~ Matrix also worked as a separator. _
using a Nessler's reagent revealed the formation of a  When a gas mixture of ©and NO removed with
small amount of NHOH or NHs (14—24umol h™2, He, the formations of MeCHO and G@mmediately
2-4% current efficiency). These results suggest that Stopped. When a gas mixture 0gs, H20, Oy, and

NO, should be reduced mostly to NO at the cathode NO Was passed over the oxidation catalyd-blackt-
[4]: VGCF) in a separate experiment, formation of £0

was observed as a major product [4]. These results
NO, + 2H" 4+ 26~ — NO + H,0 (2) strongly suggested that thesPiOy/(VGCF 4+ AC)

3.3. Cathode reactions
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[H3PO4/Carbon felt

[H3PO4/(Celit
+VGCF)] |1

H3PO4/[(Hydrophili
-PTFE+VGCF)] [:]

[H3PO4/AC

[H3PO4/VGCEF]

H3POg4/carbon-matrix

[H3PO4/(AC
+VGCF)]
N CO,

MeCHO

T T

10

Formation rate of products / umol cm? min-1

Fig. 4. Effect of various carbon matrices holdingsR0; as a H and € mixed conductor on the oxidation of 28,

to MeCHO by the self-shorted cell (the membrane catalyst) at 353K. Reaction systeshts, [@20|(Pd-black+ VGCF)
catalystH™ and e mixed conductagraphite cataly$0,, NO]. Oxidation side: GH,4 37 kPa, HO 16 kPa, balanced with He, total flow rate
32mimin!. Reduction side: @ 76 kPa, NO 25kPa, total flow rate 32 ml mith

functioned as the mixed conductor of tand e and

the oxidation of GH4 should proceed through the
reaction scheme as in Fig. 2, self-shorted cell. This
self-shorted cell seems to be a new type of membrane
catalyst.

3.5. Optimum conditions for the MeCHO
formation by the membrane catalyst

As mentioned above, the most effectivgRrOy/
matrix was PO,/ (VGCF+ AC). The formation rate
of MeCHO of 11.3wmol min—1 cm~2 was larger than
that of 8.6umol min~1cm~2 observed in the gas-cell
system. Fig. 5 shows the effect of the amount of AC
in the carbon matrix (VGCH- AC + PTFE (5 mg))
on the oxidation of GH4. Sum of VGCF and AC
was constant of 70 mg. The catalytic activities for the
oxidation of GH4 strongly depended on the content
of the carbon matrix. The formation rate of MeCHO

15

Formation rate of products
/ pmol min-! cm-2

0 10 20 30 40 50 60 70
Amount of AC added / mg

Fig. 5. Effect of amount of AC added to tHie#GCF+ AC) matrix
holding HsPO4 on the oxidation of @H4 with the membrane
catalyst at 353K. Total amount of VGCF and AC was 70mg,
other conditions were the same as Fig. 4.
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Fig. 6. Effect of P(CoHs) on the oxidation of GHs with the
membrane catalyst at 353 K. Reaction conditions were the same
as Fig. 4, except foP(CzHa).

increased with increase in the amount of AC added.
This increase in the oxidation activity may be due to
an increase in M conductivity through H channel
(H3POy/AC). The maximum formation rate of Me-
CHO (12.7umol min—1 cm~2) was obtained at 40 mg
of AC. Excess addition of AC to the carbon matrix de-
creased the catalytic activity. This unfavorable effect
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Fig. 7. Effect of P(H,O) on the oxidation of gHs with the
membrane catalyst at 353 K. Reaction conditions were the same
as Fig. 4, except foP(H,0).

MeCHO formation may be due to the competitive
adsorption between4El4 and HO on the oxidation
catalyst.

3.6. Propene oxidation by the membrane catalyst

may be due to anincrease in electric resistance because The membrane catalyst was applied for the

of a high electric resistance of AC. Balance of H
conduction (HPO4/AC) and € conduction (VGCF)
is important for the oxidation by the membrane
catalyst.

Fig. 6 shows the effect of partial pressure oHz
on the oxidation by the membrane catalyst at 353 K.
The formation rate of MeCHO slightly depended on
the P(CoHj). A low P(CaoHy4) of 5kPa was enough
for the oxidation. Therefore, one-pass yield of Me-
CHO increased with decreasiR§CoH,), 15% yield at
P(CyH4) = 5kPa. This result suggested that adsorp-
tion of G;H4 was enough to théPd-black+ VGCF)
catalyst at lower pressure obBj4.

Fig. 7 shows the effect of partial pressure of wa-
ter vapor on the oxidation by the membrane catalyst
at 353 K. When water vapor was not supplied to the

reaction system, the membrane catalyst did not func-

tion as a separatoi?(H,O) > 7kPa was enough
for the membrane catalyst to perform the oxidation
of CoH4. The formation rate of MeCHO slightly de-
creased with increasing(H20). This decrease in the

oxidation of propene to get some mechanistic
information for the oxidation because some dif-
ferent types of oxidations of propene were ex-
pected, epoxidation (propene oxide), allyl oxidation
(acrolein), and Wacker oxidation (acetone) [1-7].
Oxidation of propene was carried out with sup-
plying propene (39kPa) instead of,lds to the
same membrane catalyst i@, H>O|(Pd-black+
VGCEF) catalysfH3PO4/(VGCF  +  AC)|graphite-
catalystO,, NOJ.

Fig. 8 shows the temperature dependence of the
oxidation of GHg by the membrane catalyst. Prod-
ucts were acetone as the major one,,G@d a trace
amount of acrolein, but there was no formation of
propene oxide. Even at 313K, the formation of ace-
tone and CQ were observed. The formation rate of
acetone considerably increased with rising tempera-
ture. The maximum formation rate of acetone was ob-
tained at 353 K. On the other hand, increases in the
formation rate of CQ@ were small at all temperatures.
The experiment at >372 K was not favorable because
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F|g 8. Temperature dependence on the oxidation of propy- Flg 9. Effect OfP(HzO) on the oxidation of propylene with the
lene with the membrane catalyst at 353K. Oxidation side: membrane catalyst at 353 K. Reaction conditions were the same
(Pd-black+ VGCF) catalyst, GHg 37 kPa, HO 90% of saturated as Fig. 8, except foP(H20).
vapor pressure, balanced with He, total flow rate 32 mithirRe-
duction side: graphite catalyst,,(0’6 kPa, NO 25kPa, total flow
rate 32 mimin?.

VGCF) was strong enough to compare with the ad-

sorption of GH4. In other words, @Hg should cover

of an evaporation of PO, from the (VGCF + AC) the surface of the oxidation catalyst even at lower pres-

matrix. sure of GHg. Higher pressure of §Hg did not en-
The highest formation rate of acetone was hance the formation of acetone, but seemed to slightly

11.3umol min—1 cm~2 with a high selectivity of 95%. inhibit the oxidation. The adsorptions of alkene and

These results clearly proved that the Wacker type H2O should be a competitive process on the oxidation
oxidation of alkene proceeded over the membrane catalyst.
catalyst, with no allyl oxidation and no epoxidation.

Fig. 9 shows the effect of partial pressure of water
vapor on the oxidation by the membrane catalyst. 15

The formation rate of acetone linearly increased
1 acetone
10 T
T @ —8

with increase inP(H20). The formation rate of C®
also increased witlP(H20). In the case of gH4
oxidation in Fig. 7, a low pressure of ;@ was
enough for the formations of MeCHO and €O
Dependence oP(H20) on the oxidation of gHg
was very different from that observed for thet;

Formation rate of products
/ umol min-! cm-2

oxidation. 5
Therefore, effect oP(C3Hg) on the oxidation was ] CO;
studied in Fig. 10. The formation rate of acetone {1 = A N
slightly increased with decreasii®{C3Hsg). This de- ] acrolein
pendence oP(CzHg) on the oxidation was contrary 0 :’“""IE' o '27;' ' '3'0' ' ';'(T‘ ‘ '5'0’ '36*0
for that observed for the £E14 oxidation (Fig. 6). A
P(C3Hg) / kPa

low partial pressure of §Hg of 5 kPa was suitable for

the oxidation by the membrane catalyst. Fig. 10. Effect ofP(C3Hg) on the oxidation of propylene with the
The results of Figs. 9 and 10 suggested that the ad- membrane catalyst at 353K. Reaction conditions were the same
sorption of GHg on the oxidation catalygPd-black+ as Fig. 8, except foP(CzHe).
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3.7. Hydrogen permeation property

In order to prove the mixed conduction of"Hand

|. Yamanaka et al./Catalysis Today 71 (2001) 189-197

proceed through the mixed conduction of ldnd €,
as we expected.

e~ through the membrane, hydrogen permeation ex- 3.8. Reaction scheme

periments were carried out using thé§-black+
VGCF)|H3POy/(VGCF+ AC)|(Pt-black+ graphite]
membrane. A gas mixture of H0-101kPa) and N
(0-101 kPa) was introduced to the oxidation side in-
stead of GH4, and pure Ar gas was introduced to the
reduction side instead of Cand NO. Fig. 11 shows
the effect of the partial pressure obldn the perme-
ation rates of Hand N> from the oxidation side to the
reduction side. The permeation rate of iWas con-
siderably larger than that of N The permeation rate
of Hy increased with increasing(Hz). The ratio of
the permeation rate of Hand N (a separation fac-
tor) at P(H2) = P(N2) = 50.5kPa was more than
150, which was far larger than the factor of 3.75 es-
timated by Knudsen diffusion mechanism [8]. When

The experimental results in this work propose that
the oxidation of GH4 to MeCHO and GHg to acetone
by the membrane catalyst proceeded through Wacker
type oxidation catalyzed by Bd, as shown in Fig. 12.

First, Pd in the oxidation catalyst oxidized to Pd
by the strong oxidant of N@produced from @ and
NO at the opposite side. A strong oxidation potential
of NO, was propagated through the mixed conductor
of H" and e (H3PQOy/(VGCF+AC)) to the oxidation
catalyst. A concentration of Pd on oxidation catalyst
should be saturated. Pdoxidized GH4 with H,0 to
MeCHO and H [3,5,6]. Both H™ and € conducted
into the mixed conductor to the opposite side and re-
duced NQ to H,O and NO over the graphite-catalyst.

the similar permeation experiment was carried out by Adsorptions of GH4 and HO on the catalyst were

using a mixture of H and He(P(H2) = P(He) =
50.5kP3g, the separation factor of Hand He was 40

easy at lower pressures. The steady-state concentra-
tion of P& should be enough. Therefore, the for-

which was larger than the separation factor of 1.41 mation rate of MeCHO would be determined by the
(Knudsen diffusion). These results clearly proved that chemical reaction rate between®¢dC,H4 and HO.

the permeation of Hlwas not due to the Knudsen dif-

To enhance the formation rate of MeCHO, the chem-

fusion mechanism. The hydrogen permeation would ical reaction rate between Pd CoHs and HO must

Permeation rate / umol cm-2 min-1

Na
—
7

80

1
LT

O—

—— —
40 60
P(H2) / kPa

Fig. 11. Permeation rate of Hand N as functions of
P(H2) (or P(N2)) through the three-layered membrane cata-
lyst at 353 K. Reaction system: pHt+ N|(Pd-black+ VGCF)
catalystH;POs/(VGCF + AC) sheel(Pt-black+ VGCF) catalyst

Ar + H20]. P(Hz) + P(N2) = 1atm.

be improved by modification of Bd species on the
oxidation catalyst. In the case ogBg oxidation, ad-
sorption of GHg on the oxidation catalyst should be
strong and inhibited the adsorption ob®. Thus, a

(Pd+VGCEF) catalyst
for oxidation

Graphite catalyst
for reduction

Fig. 12. Model of the reaction mechanism of the oxidations of
CoHs and GHg by the membrane catalyst.



I. Yamanaka et al./Catalysis Today 71 (2001) 189-197

higher pressure of $0 was suitable for the oxida-
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of alcohol, selective hydrogenation of unsaturated

tion. The formation rate of acetone should increase at compound, hydroformylation of alkene, etc. [9].

higher pressure of $#0 > 50 kPa. To perform a dras-

tic acceleration of the acetone formation, an improve-
ment of catalysis of Pd species is essential as similar

to the GH4 oxidation.

4. Conclusion

As described so far, the new type of the mem-
brane catalyst system, [alkenid,O|(Pd-black +
VGCF)|H3POs/(VGCF + AC)|graphitgO,, NOJ,
was active for the Wacker oxidation o84 and GHg
at 353K. The turnover number of Pd for MeCHO
formation was over 10 in 1h. This catalytic activity
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