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A modified supported molten-salt Wacker catalyst involving palladium chloride/copper chloride
is developed by replacing the conventional aqueous reaction medium (H,O + HCI) with a eutectic
melt of cuprous chloride and potassium chloride and supporting it on a porous support. Experimen-
tal studies for the oxidation of ethylene to acetaldehyde over the supported molten-salt catalyst
(SMSC) show the kinetics to be similar to the aqueous-phase Wacker process and the SMSC
diffusion-reaction characteristics to be well predicted by the theoretical model of R. Datta and R.
G. Rinker (J. Catal. 95, 181 (1985)). The SMS catalyst was found to be extremely stable owing to
the essentially nonvolatile nature of the molten salt whereas the aqueous-phase supported liquid-
phase catalyst deactivated rapidly due to the evaporation of the solvent. The developed supported
molten-salt catalyst appears to have substantial advantages over the commerical liquid-phase
Wacker process. Further, the SMSC technique utilized here should prove to be useful in develop-

ing efficient catalysts for many other processes.

1. INTRODUCTION

The Wacker process (2) for the manufac-
ture of acetaldehyde by air oxidation of eth-
ylene using an aqueous PdClL~CuCl, solu-
tion along with HCI is among the earliest
and still one of the major industrial pro-
cesses catalyzed by homogeneous transi-
tion-metal compounds. While it is gradually
being displaced as the major route in the
production of acetic acid from acetalde-
hyde oxidation by the methanol carbonyl-
ation process based on rhodium complex
catalyst with methyl iodide as co-catalyst,
it is still the major industrial route for
producing acetaldehyde. The catalyst is
also useful in the oxidation of higher olefins
3, 4.

There are, however, some major engi-
neering concerns associated with the con-
ventional liquid-phase Wacker process.
These include inefficient catalyst utilization
in the gas sparged bubble-column or tubular
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reactors containing inert packing, the re-
quired separation of catalyst solution from
the product, and the very significant corro-
sion problems associated with the catalyst
solution owing to its low pH (3). The cata-
lyst recirculation system in the the original
industrial Wacker process was constructed
with expensive titanium alloys (3). For
these reasons, several investigators have
attempted to ‘‘heterogenize’ the Wacker
catalyst so as to use it for vapor-phase reac-
tion but these efforts have been met with
varying degrees of success. Smidt er al. (5)
briefly describe a process in which an ethyl-
ene—oxygen mixture saturated with water
vapor is passed over a fixed bed of porous
particles containing the palladium-copper
catalyst solution within the pores. Komi-
yama and Inoue (6, 7) studied the perfor-
mance of a supported liquid-phase catalyst
(SLPC) analog of the aqueous catalyst solu-
tion. In the SLPC technique, the liquid cat-
alyst solution is coated as a thin film on the
pore walls of the porous support, much like
a chromatographic packing containing a lig-
uid phase. The ethylene—oxygen mixture
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was bubbled through a water saturator in
order to compensate for the vaporization of
the solvent in SLPC at the reaction temper-
ature. However, this procedure can result
in complete filling of the pores with water
with a resultant loss in activity due to in-
creased diffusional resistance. Katz and
Pismen (8) also mention that such a catalyst
is very sensitive to humidity and that pore
filling causes a decrease in activity. Desai ef
al. (9) have studied the aqueous Wacker
supported catalyst for CO oxidation. Even
at 60°C, they experienced stability prob-
lems due to solvent evaporation and, there-
fore, a water vapor saturator was used.
Evnin et al. (10) describe a solid heteroge-
neous catalyst based on palladium-doped
vanadium pentoxide with Ti, Ru, Pt, or Ir
as a third component and supported on a-
Al Os. They report good reactivity under
relatively mild conditions (383 to 440 K and
0.1to 3 MPa). The catalyst containing Pd?*,
Ru?*, and V,0; showed good stability while
most other formulations deactivated rap-
idly. Rony (11) has briefly described the use
of molten salts as the solvent for a sup-
ported Wacker catalyst.

It is our objective here to describe the
development of a supported molten-salt
(SMS) Wacker catalyst (formulated along
Rony’s suggestion) for ethylene oxidation
to acetaldehyde. The catalyst developed by
us is extremely stable, active, and selective
under relatively mild conditions (468 K and
0.16 MPa), makes extremely effective utili-
zation of the PdCl,/CuCl, catalyst (almost
complete utilization) since the catalyst is
coated as a film approximately 30-70 A
thick on the walls of the perous support,
and essentially eliminates corrosion prob-
lems. The developed catalyst. consists of
PdCl,/CuCl, solution in a eutectic of 65
mol% cuprous chloride and 35 mol% potas-
sium chloride (melting point = 423 K) that
is supparted on a porous silica support. The
kinetics of this catalyst are described here
as are the SMS transport and reaction char-
acteristics. The results of reaction rate for
SMSC are compared with the theoretical
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model of Datta and Rinker (/) for transport
and reaction in SLPC.

2. CHOICE OF SOLVENT

It is evident from the above discussion
that while a number of investigators have
attempted to use the Wacker process in the
SLPC mode, evaporation of the aqueous
solvent (H,O + HCI) and consequent loss
of activity have been the major stumbling
blocks. Thus, in our search for an appropri-
ate low-volatility solvent, the supported
Wacker reaction was initially studied using
the conventional aqueous solvent. This
SLP catalyst was observed to deactivate al-
most completely within 2 h. The addition of
ethylene glycol to the solvent improved the
stability of the catalyst somewhat, but still
almost complete deactivation occurred in
less than 1 day. It was the continuing prob-
lem of deactivation due to the evaporation
of the solvent that subsequently led us to
test molten-salt eutectics as possible sol-
vents.

Molten salts are versatile and often better
solvents than water and many other room
temperature liquids, being capable of dis-
solving such diverse substances as water,
metals, oxides, and other salts (12). These
should, thus, make ideal solvents for the
supported liquid-phase catalysis technique
for many catalyst systems over a wide
range of temperatures, since an almost infi-
nite variety of eutectic mixtures with melt-
ing points in the range below 100 to above
1000°C is available (/3). Molten salts pos-
sess a number of other advantages. For ex-
ample, molten salts have nonelectrolyte
properties similar in magnitude to those of
room temperature liquids, despite the obvi-
ous temperature differences, and have very
low volatility. However, very few indus-
trial catalytic systems use molten salts as
the reaction media, the two major excep-
tions being the V,0s catalyst dissolved in a
melt of potassium pyrosulfate for the indus-
trial SO, oxidation reaction and the Deacon
process (14). The reason that molten salts
have not attracted much attention as reac-
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tion medium may be due to the fact that
molten electrolytes are very corrosive and
readily corrode reactors when used as a
bath. However, this problem is obviously
circumvented by operating in the SMSC
mode. Further, it should be apparent that
even many conventional heterogeneous
catalysts could be converted into SMSC.

In an attempt to find an appropriate eu-
tectic melt, three different melts were
tested, namely, (i) 60 mol% CuCl, and 40
mol% KCI (m.p. approximately 723 K); (ii)
54 mol% ZnCl, and 46 mol% KCI (m.p. 503
K); and (iii) 65 mol% CuCl and 35 mol%
KClI (m.p. 423 K). The zinc chloride system
displayed no activity. Since the melting
point of the CuClL,—KCl system is high (723
K), substantial amounts of undesirable
products (CO, + H,0), as a result of the
combustion of ethylene, were produced
along with the desired product, acetalde-
hyde. On the other hand, the eutetic melt of
CuCl and KCI was found to produce acetal-
dehyde at high rates while producing only a
small amount of combustion products (se-
lectivity of acetaldehyde was about 95%) at
about 468 K. This selectivity is no lower
than that obtained with the aqueous-phase
catalyst (3). This was, therefore, the sol-
vent of choice for further study.

3. EXPERIMENTS
(a) Materials

The catalyst, PdCl,/CuCl;, and the sol-
vent components (CuCl, KCI, HCl) were
used directly as purchased from Aldrich
Chemical Co. The porous support used, Sil-
ica T-1571 (see Table 1 for its characteris-
tics) in the form of 4- to 5-mm spherical
pellets, was obtained from United Cata-
lysts. The gases used were purchased from
Air Products, Inc., and were of high-purity
grade.

(b) Catalyst Preparation

The catalyst used is a mixture of PdCl,
and CuCl, while the solvent is a eutetic melt
of CuCl and KCl. The catalyst preparation
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TABLE 1

Physical Characteristics of United Catalyst T-1571
Spherical, Silica Support

BET surface area 1.3 x 10° m¥kg

Average pellet diameter 45X 103 m
Pellet bulk density 9.62 x 10?2 kg/m’
Average pore diameter 1.8 X 103 m
Porosity of dry support 0.71
Estimated dusty-gas constants
ot 5.1 X 1078 m?
ol 3.1 % 10°m
cy 0.5041

involved dissolving the required amounts of
all of these substances in an appropriate
aqueous liquid, impregnating the porous
support, and then drying off the liquid
thereby leaving only the catalyst and sol-
vent salt mixture in the support. Known
amounts of catalyst and salt mixture were
dissolved in a dilute, warm, aqueous solu-
tion of hydrochloric acid in order to dis-
solve all the salts. Gentle stirring of this
mixture for 24 h resulted in a homogeneous,
dark green solution.

The liquid-loaded pellets were prepared
as follows: (a) the catalyst and solvent were
dissolved in the dilute acidic solution, as
described above, in a volumetric ratio cor-
responding to the desired liquid loading; (b)
the pellets were kept under vacuum over-
night to remove air from the pores; (c) the
vacuum pump was then shut off and the
catalyst solution was added, breaking the
vacuum and immersing the pellets; (d)
the pellets remained immersed in the solu-
tion for about 24 h; and (e) the pellets
were finally removed from the solution
and placed in a vaccum oven at 110°C for
about 12 h to evaporate the hydrochloric
acid and water from the pores. Final weight
gain of support confirmed the amount of
catalyst—salt mixture remaining in the pore
space. Liquid loading, ¢, at the reaction
temperature was then calculated using the
melt density (1103 kg/m? at 468 K). The
maximum possible loading thus achievable
experimentally with repeated impregna-
tions was about 85%.
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(¢) Apparatus and Procedure

The reaction was conducted in a continu-
ous 3-in. Berty catalytic reactor, equipped
with a variable speed magnetic drive as-
sembly, obtained from Autoclave Engi-
neers. Gas feed mixtures of ethylene and
air entered the reactor at the bottom on one
side and were removed at the bottom on the
other side. A sparging unit containing water
was included in the apparatus. This permit-
ted the moisture content of the gas feed
stream to be varied for those experiments in
which the effect of water concentration on
reaction rate was studied. A Teledyne
Hastings—Raydist mass flow meter pro-
vided accurate measurement of ethylene
flow rate while a rotameter, calibrated with
a soap bubble-film meter, provided the total
flow rate measurements. A large excess of
air with respect to ethylene was always
maintained in the feed.

For studies of reaction kinetics without
any diffusional limitations, a carefully
weighed sample of well-ground supported
catalyst (the pellets were loaded to a liquid
loading of about 20% and pulverized using a
mortar and pestle in order to minimize in-
trapellet diffusion and obtain an effective-
ness factor of unity) was spread in a thin
layer in a crucible which, in turn, was
placed in the catalyst basket of the reactor.
The reactant gas mixture was continuously
passed through the reactor (the impeller in
the reactant was kept spinning at a constant
rate of about 1000 rpm to minimize any gas-
phase resistance to mass and heat transfer)
and the resulting product stream was passed
through a heated line (to avoid condensa-

tion of acetaldehyde) leading to a gas chro-.

matograph for analysis::'An average run
lasted approximately 6 h, and the conver-
sion obtained for each run represents the
average value of five measurements taken 4
to- 5 h after starting the run.No change in
reaction rate or selectivity was detected for
the entire duration. The crushed catalyst
particles with an average diameter of ap-
proximately 0.1 mm were confirmed to be
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TABLE 2

Operating Conditions for Reaction Kinetics Runs

Solvent (m.p. 423 K) 35 mol% KCl/65 mol% CuCl

PdCl; concentration 7.2 mol/m?
CuCl, concentration  123.4 mol/m?
Temperature 468 K
Pressure (absolute) 0.16 MPa
Gas flow rate (STP) 1.2 X 10-%to 1.7 X 10~ m¥/s
Volume of 20% 0.15 cm?

loaded crushed

catalyst (Vi)
Feed composition

M)

Ethylene 5%

Air 95%
Stirrer speed 1000 rpm

free of diffusional retardation by using the
Weisz—Prater criterion (15). Some kinetic
runs were also made with only the catalyst
melt contained in a crucible which was
placed in the reactor. After accounting for
the diffusional retardation within the melt
pool, the rate of homogeneous reaction was
found to be the same as that in the sup-
ported melt. It was, therefore, concluded
that the support had no effect on the cata-
lyst and was chemically inert. For runs to
study the interaction of diffusion and reac-
tion in SLPC, a similar procedure was fol-
lowed except that the pellets were loaded to
a desired value and used intact. Typical op-
erating conditions for Kkinetic runs are
shown in Table 2 while the typical operat-
ing -conditions for intact SMSC runs are
shown in Table 3. Continuous sampling was
done on all reactant and product gas
streams using an on-line HP5840A gas
chromatograph equipped with an automatic
gas sampling valve. A }-in. by 6-ft Porapak
Q column was used with temperature pro-
gramming from 323 to 408 K at the rate of
20 K per minute.

4. RESULTS AND DISCUSSION
(a) Reaction Kinetics

The mechanism of the Wacker ethylene
oxidation in the aqueous phase is well stud-
ied (4, 16). For the overall reaction given by
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TABLE 3
Operating Conditions for SMSC Runs

Solvent (molten-salt 35 mol% KC1/65 mol% CuCl

eutectic)

PdCl, concentration 7.3 mol/m?
CuCl, concentration 130 mol/m?
Temperature 468 K
Pressure (absolute) 0.12 MPa

Gas flow rate (STP) 2 X 1077 m¥/s

No. of pellets in 6
reactor
Feed composition (M)
Ethylene 6%
Air 94%
Stirrer speed 1000 rpm
PdCly

CH, + 30, aren CH,CHO

this mechanism leads (3) to the following
rate expression at concentrations of palla-
dium below 0.04 M and assuming that water
is present in large excess:

_ k[Pd?*]
"I

It was decided to experimentally study
the reaction kinetics for the catalyst in the

[C.H4] = k'[CHL]. 1
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F1G. 1. The effect of ethylene concentration on the
rate of reaction under conditions given in Table 2.
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Fi1G. 2. The effect of oxygen concentration on the
rate of reaction under conditions given in Table 2.

melt as against this expression. The experi-
mental results corroborated this form for
the developed catalyst as well. The experi-
mental reaction rate was calculated using

r=F(Cay — Ca)/Vea. (2)

Figures 1 and 2 were obtained by using
the condition shown in Table 2 while vary-
ing the ethylene and oxygen concentra-
tions, respectively. Figure 1 is the result of
varying the mole fraction of ethylene in the
feed between 1 and 8%, while Figure 2 is
the result of varying the mole fraction of
oxygen (the tank of air was replaced with a
tank of oxygen and nitrogen was used as an
inert for just this series of runs) in the feed
between 15 and 48%. These results, in the
range tested, confirm the fact that the rate
is first-order in ethylene concentration and
zero-order in oxygen concentration, in
agreement with Eq. (1).

Figures 3 and 4 were obtained by using
the conditions shown in Table 2 while vary-
ing the PdCl, and CuCl, concentrations in
the melt, respectively. Figure 3 is the result
of varying the concentrations of PdCl, in
the melt between 1 and 10 mol/m?, while
Fig. 4 is the result of varying the concentra-
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F1G. 3. The effect of PdCl, concentration on the rate
of reaction under conditions given in Table 2.

tion of CuCl; in the melt between 10 and
1000 mol/m?. By replotting the data in Fig.
3 on log-log coordinates, it was found that
the rate is proportional to [Pd**]%#. This
result agrees reasonably well with Eq. (1)
and has also been confirmed by Komiyama
and Inoue (6) for aqueous catalyst systems.
While the results from Fig. 4 cannot be
compared directly to Eq. (1), because it
only correlates the rate to the total chloride
concentration, the result is in good agree-
ment with the observation (3) that varying
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F1G. 4. The effect of CuCl, concentration on the rate
of reaction under conditions given in Table 2.

RAO AND DATTA

amounts of CuCl; in the solvent has no ap-
preciable effect on the rate of reaction in
the industrial Wacker process.

Figure 5 was obtained by using the condi-
tions in Table 2 while varying the amount of
water in the feed stream. The feed mixture
of ethylene and air was bubbled through a
sparging system containing water. By vari-
ation of the temperature of the water in the
sparger, different amounts of water vapor
could be introduced in the feed stream. It
was assumed here that at any given sparger
temperature, the gas stream is saturated
with water vapor as it passes through the
sparger. Figure 5 is plotted as total vapor
concentration (amount of water introduced
plus a constant amount produced by the
side reaction) versus reaction rate. It can be
seen that after an initial increase in the re-
action rate at small amounts of water in the
feed, the rate becomes constant as the cata-
lyst becomes diluted by the water and even
starts to decrease. The small maximum in
the reaction rate corresponds to about 6
mol% water in the feed. These results are
not totally unexpected, as Komiyama and
Inoue (7) found similar results, using water

56 +

REACTION RATE {moi/m3s)

1 1 1 1 i 1
2.2 24 2.6 2.8 30 3.2
WATER VAPOR CONCENTRATION {(mol/m3)

FiG. 5. The effect of water concentration on the rate
of reaction under conditions given in Table 2.
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F1G. 6. An Arrhenius plot of the pseudo-first-order
rate constant, k', under the conditions given in Ta-
ble 2.

as the solvent, except that the initial in-
crease in reaction rate noted by them was
much greater. The initial slope of Fig. 5 cor-
responds to the rate being proportional to
[H,019? and then, eventually, the rate of
reaction is essentially independent of the
amount of water in the feed. It may be men-
tioned here that all other runs, except for
this series, were done using a dry feed (only
ethylene and air), although some small,
constant amount of water is produced due
to combustion of ethylene as a side reac-
tion. This side reaction is, thus, not alto-
gether undesirable since the presence of a
certain amount of water is essential for the
reaction to occur (3). No other products
were detected.

Figure 6 was obtained by using the condi-
tions in Table 2 while varying the tempera-
ture of the reaction over the narrow range
between 448 and 498 K. In Fig. 6 the recip-
rocal of the absolute temperature is plotted
against In £’. From the slope and intercept
of this plot, it was determined that the ap-
parent activation energy and the preex-
ponential factor for the pseudo-first-order
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rate constant k' are 10.5 kcal/mol and 1.45
x 10* s71, respectively. The activation en-
ergy of the 10.5 kcal/mol thus obtained
compares well with the value of 9.6 kcal/
mol reported by Komiyama and Inoue (6)
at lower temperatures in the aqueous
phase. The low value for the apparent acti-
vation energy may possibly be explained by
the fact that the pseudo-first-order rate con-
stant &’ actually involves several equilib-
rium constants of intermediate steps (3) as
well as concentrations. No reaction was ob-
served below 423 K, the melting point of
the eutectic.

Finally, it must be mentioned that the re-
action kinetics for the developed catalyst
are remarkably similar to that for the aque-
ous-phase catalyst despite the obvious dif-
ferences.

(b) Diffusion and Reaction in SMSC

While the reaction kinetics reported in
the above section were not influenced by
diffusion as ensured by utilizing pulverized
catalysts, the conversion obtained over in-
tact SMSC pellets is likely to be influenced
by diffusion. This section describes analy-
sis of diffusion and reaction in SMS Wacker
catalyst and calculation of effectiveness
factor. The analysis is also useful in study-
ing the effect of liquid loading, g, on the
observed rate of reaction.

A few different models have been pro-
posed in the literature for the transport and
chemical reaction of gaseous species in
SLPC (19-21) in which catalytic liquids are
dispersed within inert porous supports. The
latest of these is based on the dusty-gas
model as developed by Datta and Rinker
(1). This is the model that will be used in
our analysis here.

If we represent C;H,, CH;CHO, and air
by A, B, and C, respectively, then the oxi-
dation reaction can be written as

A+ C— B.

By assuming the pellet as essentially iso-
baric (dP/dz — zero within the pellets), the
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overall flux of A in SLPC can be shown (],
22) to be adequately described by

dci _ _,, dCi
dz T dz
(3)
The overall diffusivity of A, D,., takes the
form (22)

NA = _(Dge + leie)

Dy = CY1 — 2/{_&+1B_
A 2( Q) DAC DAB

1 1 > 1 }
A <DAC " Das - (1 — @)"*Dya
+ CYHAD%q% )

where Dy,, the Knudsen diffusivity of A, is
given by

3 (8RgT>”2

kA — Cg 7TMA . (5)

Further, since A and B are present in
trace amounts in C under our experimental
conditions, we may use average values for
their mole fractions within the catalyst,
thus yielding an invariant effective diffusiv-
ity. Then, for spherical geometry the effec-
tiveness factor becomes

E, = iz (ppcoth ¢, — 1), 6)
p

where ¢,, the Thiele modulus for a SLPC
pellet for a pseudo-first-order, irreversible
reaction is given by

OH '\
R PG

The theoretical reaction velocity, defined
as the ratio of reaction rate to concentration
of A in the gas phase at the surface, is given
by (1)

ra _ B ,
S =3 OHAGK'E,,. 8)
The experimental reaction velocity is calcu-
lated by

G-Lliknl o
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TABLE 4

Values of Constant Parameters
Employed in the Calculations for
Oxidation of Ethylene in SMSC

at 468 K
Parameter Value

Dyy 1.23 x 1073 m¥s
D¢ 2.29 x 1073 m?s
Dy 3.57 x 1075 m?¥s
D% 1.58 X 107° m¥s
H, 1.25
k' 0.17 57!

where X is the conversion of ethylene and
A, is the total external surface area of
SMSC pellets exposed to reactants in the
stirred reactor.

The parameters used in the above equa-
tions are presented in Table 4 and were ob-
tained as follows: The binary gas diffusion
coefficients were calculated from the Chap-
man-Enskog formula (23); the Knudsen
diffusion coefficient was calculated by Eq.
(5); the liquid-phase diffusion coefficient
was calculated using the Wilke-Chang
equation (24); and the partition coefficient,
H,, was estimated by extrapolating the va-
por pressure curve for ethylene. The
pseudo-first-order rate constant was ob-
tained from kinetic experiments described
in the last section. The dusty-gas structural
parameters given in Table 1 were estimated
by comparing the flux relationship in DGM
to the parallel pore model which results in
the following expressions (/) (where tortu-
osity is estimated by 1/6):

02 2
cl = —81 (10)
)= % 6%a (11)
Cd = 92 (12)

In Fig. 7, the theoretical reaction veloc-
ity, calculated using Eq. (8) and the param-
eter values listed in Table 4, is plotted
versus the liquid loading along with experi-
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Fi1G. 7. Experimental points and the theoretical reac-
tion velocity curve for the oxidation of ethylene in
SMSC under conditions given in Table 3.

mental points obtained by using Eq. (9). As
predicted, the data verify a maximum in the
reaction rate for an optimum liquid loading.
The experimental points are scattered and
deviate somewhat from the theoretical
curve. However, the overall agreement is
quite good considering that (i) the model
involves no adjustable parameters, and (ii)
the dusty-gas parameters estimated as
above cannot be expected to be very accu-
rate.

(c) Stability of SMS Catalyst

Finally, the stability of the supported
molten-salt  catalyst developed was
checked by allowing the reaction to run
continuously for approximately 1 week.
These results are also compared to the sta-
bility of a SLPC pellet using an aqueous
(50% ethylene glycol and 50% water) sol-
vent. The data for both these systems are
plotted simultaneously in Fig. 8 as reaction
rate versus time. From this plot the advan-
tages of the supported molten-salt catalyst
developed here are evident. With the aque-
ous-phase SLPC the reactivity becomes
nearly zero (even though it is initially some-
what higher than the reactivity for the mol-
ten-salt system) within a 24-h time period
due to the evaporation of water. When no
ethylene glycol was present in the aqueous
phase catalyst, the catalyst deactivated
within 2 h. On the other hand, however, the
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molten-sait system was found to be ex-
tremely stable throughout the 150-h time
frame.

5. CONCLUSIONS

It was the objective of this study to
develop a stable supported molten-salt
Wacker catalyst for the production of acet-
aldehyde by the air oxidation of ethylene.
After investigating some alternatives, we
were led to the choice of a eutectic melt of
CuCl and KCI (m.p. 423 K) as an excellent
solvent for the PdCL-CuCl, catalyst mix-
ture supported on a silica support. This
supported molten-salt catalyst overcomes
the major disadvantages of the conven-
tional Wacker process, namely, inefficient
use of the catalyst in a sparged or bubble-
column commercial reactor, corrosion
problems of the catalyst solution, and the
problem of separating catalyst from prod-
uct, while at the same time maintaining a
95% selectivity of the product, acetalde-
hyde. The melt provides a very stable me-

v 50 % WATER-50 % ETHYLENE GLYCOL (363K)

40 o CuCl/Kc{ EUTECTIC MELT (468K)

o
=]

REACTION RATE {mol/m3s)
5
T

.

24 48 72 96 120 144
TIME, h

F1G. 8. A comparison of the stability of SLP catalyst
using an aqueous-phase (50% water and 50% ethylene
glycol) solvent (liquid loading of about 27%) and
SMSC (liquid loading of about 30%) under the follow-
ing conditions: [PdCl,] = 7.7 mol/m?, {[CuCl,] = 130
mol/m?, a pressure of 0.16 MPa, and a total flow rate of
1.2 X 107% m¥/s.
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dium in which this reaction can proceed.
The Kkinetics and SMSC diffusion-reaction
characteristics of this process also agree
well with the theoretical predictions. It is
apparent that this SMS catalyst has poten-
tial for commercial application. Further,
the SMSC technique described here should
find considerable application in developing
efficient catalysts from homogeneous and
even heterogeneous catalysts.

APPENDIX: NOMENCLATURE

A gaseous component A (ethylene)
A, total external surface area of pellets
exposed to reactants (m?)

a mean pore radius of pellet (m)

B gaseous component B
(acetaldehyde)

C gaseous component C (air)

Cs outlet concentration of A from the

reactor

Cao inlet concentration of A to the
reactor

CS, concentration of A in the gas phase
at the pellet surface (mol/m3)

C3 D’Arcy permeability for the dry
support (m?)

CY dusty-gas Knudsen diffusion
constant for the dry porous
support (m)

C?  dusty-gas molecular diffusion
constant for the dry porous
support (dimensionless)

C%  dusty-gas constant for liquid-phase
diffusion (dimensionless)

C$ concentration of A in gas phase
(mol/m?)

C$, gas-phase concentration of A at the
pellet surface (mol/m?3)

D% molecular diffusivity of A in liquid
phase (m?/s)

D;  binary molecular diffusivity in gas
phase (m?%/s)

Dy Knudsen diffusivity (Eq. (5); m%/s)

D,. overall effective diffusivity of A in
liquid-loaded support (m?%s)

D§. effective diffusivity of A in the gas

phase (m?/s)

RAO AND DATTA

D%. effective diffusivity of A in the
liquid phase (m?¥'s)
E, effectiveness factor for SLPC

(dimensionless)

F volumetric gas flow rate through
reactor (m?%/s)

gas—liquid partition coefficient for A
(mol/m? liquid)/(mol/m? gas)

k'  pseudo-first-order homogeneous
reaction rate constant Eq. (1) (s

molecular weight of A

molar flux of A in pellet (mol/m? s)

P total pressure (Pa)

q liquid-loading parameter
representing the ratio of the pore
volume occupied by the liquid
(dimensionless)

pellet radius (m)

gas constant = 8.314 J/mol - K

rate of reaction per unit volume of
molten catalyst solution (mol/m? s)

ra  rate of reaction per unit external

surface area of pellet (mol/m? s)
T temperature (K)

Hy

Ve volume of molten catalyst solution
(m?)

X  conversion of ethylene

X; mole fraction of species i in gas
phase

z radial distance in SLPC pellet (m)

Greek Symbols

¢, Thiele modulus for SLPC (dimen-
sionless)

0 porosity of dry support (m*m?)
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