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The isotopic transient kinetics technique has been used to charac-
terise the surface species of Pd/Cd/silica and Pd/Au/silica catalysts
for vinyl acetate synthesis. The main feature of both types of
catalyst is a substantial film of acetic acid and water equivalent
to between two and three molecular layers. Additional tempera-
tureprogrammed desorption experiments have shown that the
amount of retained acetic acid is increased by the presence of
palladium and the potassium acetate promoter. No reversibly che-
misorbed ethylene or oxygen was detected. The major by-product,
CO,, was derived equally from ethylene and acetic acid under
these conditions. Analysis of the isotopic transients of the vinyl
acetate product has allowed an estimate of the active site densities
to be calculated. The transients also contain information about
product diffusivity. © 1994 Academic Press, Inc.

1. INTRODUCTION

Vinyl acetate (VA) is an important chemical intermedi-
ate used in the manufacture of paints, surface coatings,
and adhesives (1). It is currently produced by the gas-
phase reaction of ethylene, acetic acid, and oxygen using
a palladium-based catalyst:

C,H, + CH;COOH + { 0, = CH,COO - C,H, + H,0.

Moiseev et al. reported the homogeneous conversion of
ethylene and acetic acid to vinyl acetate in 1960 (2). This
process employed the chlorides of palladium and copper
with sodium acetate and was used commercially by sev-
eral companies including ICI (3). Some years later, Bayer
(4) and Hoechst (5) simultaneously developed similar gas-
phase processes which employed heterogeneous, palla-
dium-based catalysts. These proved to be attractive alter-
natives to the liquid-phase process, eliminating corrosion
(by avoiding chloride components) and substantially re-
ducing by-product formation.

Hoechst and Bayer catalysts differ in their components
and methods of preparation. With Hoechst catalysts, the
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three components—palladium acetate, cadmium acetate,
and potassium acetate—are impregnated evenly through-
out the silica support (in the form of 5-mm spheres). The
palladium acetate is reduced to palladium metal in a sec-
ond stage (6). With the Bayer catalyst and the later version
patented by Du Pont (7), palladium and gold are impreg-
nated as their chloride salts and reduced to give a thin
outer shell of metals around the spherical silica pellet.
Potassium acetate is then impregnated uniformly through-
out the catalyst.

In this work we have used the isotopic transient kinetics
(ITK) technique to study various catalyst types at 401
kPa and 423-428 K. Temperature-programmed desorp-
tion (TPD) experiments have been carried out to examine
acetic acid adsorption. Isotope labelling has also been
used to determine the source of the major nonselective
product, CO,.

ITK is a powerful method for probing the basic kinetics
of the important surface reactions of a chemical process
(8). It involves an instantaneous switch between feeds
of equal composition but different isotopic makeup. The
steady-state reactions remain unperturbed but the im-
posed isotopic transient essentially titrates adsorbed sur-
face species from the catalyst. Detailed information about
the concentrations and lifetimes of the active species as
well as kinetic data can be obtained by monitoring
these processes.

The technique has been developed over a number of
years primarily for the characterisation of Fischer-
Tropsch catalysts [e.g. Ref. (9)], although other reaction
processes have also been studied (10, 11). Generally, low-
surface-area, model catalysts are used to limit diffusional
effects since these mask the reaction kinetics. However,
model systems are often far removed from ‘‘real’’ cataly-
sis and the resulting kinetic analysis is of little use for
commercial modelling purposes. An appraisal of reactant
and product diffusion is essential in understanding the
response of a catalyst.

In this work, the catalyst formulations closely mimic
those of genuine commercial systems in terms of surface
area, pore structure, and metal and promoter loadings.
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This has undoubtedly complicated the analysis but our
subsequent treatment, we believe, allows us to deconvo-
lute the reaction kinetics and diffusion effects.

2. METHODS
2.1. Catalysts

The catalysts for the ITK experiments were prepared
according to the methods of Du Pont (7) and Hoechst (6).
In both cases the support material was Sud Chemie KA160
silica (180 m? g~") in the form of 5- to 6-mm-diameter
spheres. The uniformly impregnated Pd/Cd/silica/K cata-
lyst had nominal loadings of 2.1 wt.% Pd, 2.0 wt.% Cd,
and 2.4 wt.% K. The shell-impregnated catalyst had over-
all loadings of 0.56 wt.% Pd, 0.25 wt.% Au, and 2.9 wt.%
K, although the Pd and Au were concentrated in the outer
0.5 mm of the silica sphere.

For the TPD experiments, additional catalysts were
prepared using Sud Chemie KA2 silica spheres (45 mm
in diameter, 127 m? g~'). These were impregnated with
the acetate salts of palladium, cadmium, and potassium
according to the Hoechst procedure (6). GS 1541 silica
spheres (KaliChemie, 3-4 mm in diameter, 290 m* g~ ')
were also used in these experiments.

2.2. Isotopic Transient Kinetics

Three types of experiments were carried out and these
required different reactor configurations (Fig. 1). In the
12C,H,/"*C,H, exchange experiments the system was set
up as shown in Fig. la. The same configuration was used
for oxygen switching experiments except that the normal
ethylene and oxygen feeds were interchanged and 18-
oxygen was used in place of 13-ethylene. In both cases
the pressures of the two gas feeds were equalised using
aneedle valve and differential pressure transducer. Argon
was bled into the original feed ('2C,H, or '0,). The front
section of the reactor tube was used to vaporise the acetic
acid feed. The acetic acid used in these experiments had
2% water added to mimic plant conditions more closely.

In the experiments where ['2C-]acetic acid (99.7% pure,
no added water) was exchanged with [*C-Jacetic acid
(labelled in either the first or second carbon position) a
separate vaporiser was necessary for each feed (Fig. 1b).
These were included in the same furnace. The acetic acid
feeds were purged from the vaporisers by argon and nitro-
gen, respectively. Switches in the feeds were achieved
using a four-port Valco valve and the pressures equalised
by connecting the off-stream vaporiser outlet to a reactor
bypass. This was then reconnected downstream of the
reactor and sampling point but upstream of the back-
pressure regulator. The valve and all feed lines were
heated to about 403 K.

The catalyst bed temperature was monitored by a ther-
mocouple taped to the outside of the reactor tube (5-mm
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internal diameter). Gas volumes were adjusted to maintain
a gas hourly space velocity of 3850 h~! and a liquid hourly
space velocity of 1.08 h~!. Prior to starting the isotope
switching experiments, baseline data on the effect of reac-
tor pressure were obtained for both types of catalyst.
Each pressure was maintained for 2 h to obtain an average
of the space time yield (STY, mgy, cm23 h '), Conversion
levels of all reactants were restricted to below 5%.

Since both gas flows and pressures were limited by
the quantity and pressure of the isotopic supplies (Isotec
Limited), smaller catalyst volumes were used for the
switching experiments. Catalyst volumes of 2 cm® were
used for preliminary experiments to determine the effect
of reaction pressure, catalyst volumes between 0.5 and
1.0 cm® being used in the isotope switch experiments. In
most cases full catalyst pellets were used, but for experi-
ments with powdered catalysts these were crushed and
sieved to 0.5-1.0 mm.

The sampling capillary of the mass spectrometer (a VG
Quadrupole Spectralab 200) was situated at the rear of
the reactor. Typically, sampling of between three and
eight masses was achieved at 0.3- to 0.5-s intervals. The
raw data were stored within the operating computer and
then translated to a spreadsheet for further analysis.

The calculation of surface concentrations broadly fol-
lowed the method of Biloen er al. (8). Analysis of the
transient decay curves is described in the Appendix.

2.3. Temperature-Programmed Desorption
(TPD) Experiments

In the TPD experiments, 4-cm® samples were saturated
in a 15% acetic acid (99.7% pure)/helium gas stream at
428 K and 915 kPa. The bed temperature was then raised
at 10 K min~! to 523 K. In some cases, a cooling cycle
was also employed to readsorb acetic acid. Changes in
the gas-phase acetic acid concentration (as monitored by
a gas chromatograph and mass spectrometer) allowed the
volume of acid evolved (or readsorbed) to be calculated.

2.4. Isotope Tracer Experiments

Conventional isotopic tracer experiments were per-
formed to determine the extent of C,H, and acetic acid
combustion. These experiments required the use of a se-
ries of traps to remove acetic acid and vinyl acetate from
the effluent stream because of their substantial contribu-
tions to m/z 44 and 45 in the mass spectrometric analysis.
An ice bath was sufficient to remove acetic acid but was
not capable of removing all the vinyl acetate from the gas
stream. This was achieved using a further trap consisting
of acetone and solid CO, maintained at 218 K. In combina-
tion, these traps (Fig. 1a) allowed experiments to be per-
formed for up to 30 min before acid or acetate break-
through occurred.
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FIG. 1. (a) Apparatus used for ethylene (and oxygen) switching experiments. (b) Configuration for acetic acid exchange experiments.

An activated carbon trap was also needed to remove
low levels of ethyl chloride and butenes from the °C,H,
feed. Without this, catalyst deactivation was observed,
although this was reversible and normal activity was re-
sumed upon resumption of the ?C,H, feed. Background

measurements of m/z ratios 44 and 45 (in the '*C,H, feed)
were taken before and after each »C,H, switch. The
2C,H,, 0,, and N, feeds were used without further purifi-
cation and the contribution of impurities to m/z 44 and
45 was subtracted during data analysis.
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FIG. 2. Effect of total pressure on catalyst activity.
3. RESULTS or the active site concentration. We must therefore con-

3.1. Catalyst Performance

The variation of catalyst activity and selectivity with
reaction pressure was determined so that the results ob-
tained in the isotope switch experiments at 401 kPa could
be related to activity at normal reaction pressure (901
kPa). The results are shown in Fig. 2.

Activity was found to vary almost linearly with pres-
sure. Selectivity toward vinyl acetate was found to depend
on both pressure and time on stream. For the Pd/Cd/
silica/K catalyst, for example, the VA : CO, molar ratio
at 401-901 kPa was 7:1 during the period 2 to 6 h on
stream and 10 : 1 after 21 to 26 h. At 136 kPa the selectivity
was lower, with a VA : CO, ratio of 5: 1.

3.2. Ethylene Exchange Experiments

The transient in unreacted ethylene following a ’C,H,/
BC,H, switch is shown in Fig. 3. Within experimental
error the argon and '*C,H, decay curves are identical and
superimposed. The level of reversibly adsorbed ethylene
is therefore below the detection limit of the experiment
(1 umol g~").

The transients in the vinyl acetate product from samples
of a fresh Pd/Cd/silica/K catalyst at 428 K and 401 kPa
are shown in Fig. 4. Experiments were conducted on both
whole and crushed pellets. Whilst the overall productivi-
ties of these samples were similar, the transients are
clearly very different, suggesting variations in both the
concentration and lifetime of vinyl acetate species. Since
the decays of argon were identical the observed differ-
ences cannot be due to experimental variations.

It is unlikely that the simple act of crushing the catalyst
pellets has changed the fundamental steps of the reaction

clude that the desorption and elution of vinyl acetate are
hindered in the pelleted sample. The majority of the vinyl
acetate measured on this sample represents the quantity
of vinyl acetate diffusing through the catalyst since this
process is substantially slower than the rate of reaction.
With the crushed catalyst, the lifetime of vinyl acetate in
the system is shorter and close to the experimental limit
of measurement. The number of species residing on the
catalyst is also less (1.3 as opposed to 8.6 umol g~ ') and
is perhaps closer to a meaningful measure of the number
of active sites.

With fresh Pd/Au/silica/K catalyst pellets the effects
of diffusion are not observed to the same extent (Fig.
4). The Pd/Au/silica/K sample also contains fewer vinyl
acetate species (0.9 umol g~'), which probably reflects
the difference in active site concentration on the two cata-
lysts.

A detailed analysis of the decay curves is discussed in
Section 4.

3.3. Oxygen Exchange Experiments

No detectable transients or chromatographic delays
were observed in the unreacted oxygen nor was any
1080 observed. Any levels of reversibly chemisorbed
oxygen are therefore below the level of detection for
these experiments.

Within product water, oxygen exchange occurs over a
period of about 15 min following a switch to '*0,. This
implies that a large reservoir of water is present on the
catalyst during reaction (150-250 wmol g ~'). The isotopic
exchange of oxygen into product CO, occurs on a similar
time scale. However, full exchange is never achieved.
Even after 20 min, when the pool of water is effectively
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FIG. 3. Transient in unreached ethylene following '"C,H,/"’C,H, switch over powdered Pd/Cd/silica/K catalyst.

all H,"®0, CO, still contains a substantial fraction of '°0O. 3.4. Acetic Acid Exchange

This suggests that a substantial proportion of the CO, An acetic acid exchange experiment over a Pd/Cd/
originates from acetic acid (or vinyl acetate) oxidation. gjlica/K catalyst is shown in Fig. 5. The acetic acid
Quantification of these effects proved to be difficult. A pool is large (1800 wmol g=') and nearly 3 min of
more accurate method of assessing the relative oxidations  feed was required to provide sufficient material for the
of ethylene, acetic acid and vinyl acetate is discussed in  exchange. No kinetics could therefore be obtained from
Section 3.6. the acid transient. Inclusion of '*C from the acetic acid
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FIG. 4. Transient decay of ["’C]vinyl acetate following 2C,H,/"*C,H, switch over fresh catalysts.
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FIG. 5. CH;"*COOH/CH,""COOH exchange: response of unreacted acetic acid for Pd/Cd/silica/K pellets.

pool into the vinyl acetate product was also observed.
A similar amount of acetic acid (1911 wumol g~!) was
found to be adsorbed on the Pd/Au/silica/K catalyst.

3.5 Temperature-Programmed Desorption Experiments

Acetic acid retention was measured on a range of model
systems under normal operating conditions by a tempera-
ture-programmed desorption technique. It was found that
acetic acid retention was sensitive not only to the surface
area of the support but also to the loadings of potassium
acetate and palladium (Table 1).

The amount of retained acetic acid increased with the
surface area of the silica from 422 umol g~ ' on KA-2 (127

TABLE 1

Acid Adsorption and the Influence of
Catalyst Components

Loading (wt%)"
—_— CH,COOH adsorbed

m? g ') to 699 umol g~ ! on GS 1541 (290 m? g~ '). With
a 2.4 wt% loading of palladium (225 pmol g ') the amount
of acid retained by the silica support increased from 422
to 600 wmol g~'. Similarly, a 1.9 wt% potassium loading
(487 umol g~!') increased the acid content to 801 umol
g~ '. The effects also seemed to be accumulative, with the
acetic acid level increasing to 948 umol g ! on a sample
containing the same loadings of both potassium and palla-
dium. Cadmium acetate did not significantly affect acid re-
tention.

This TPD technique has since been shown to underesti-
mate the levels of retained acetic acid by up to 60% be-
cause a significant fraction remains adsorbed at 523 K,
the upper temperature of the temperature programme.
Higher temperatures could not be used because of acid
decomposition. However, the trends observed are proba-
bly still valid. The size of the acid film is clearly a complex
function of silica surface area and the loadings of potas-
sium and palladium.

3.6. Ethylene Tracer Experiments

Pd Cd K (umol g7%)
—_ — — 422
2.4 —_ — 600
—_ 1.9 —_ 385
—_ _— 1. 801
_ 1.9 1.9 733
2.4 1.9 1.9 948

@ Carrier used was Sud Chemie KA?2 silica.

For these experiments acetic acid and vinyl acetate
were removed from the gas stream prior to mass spectro-
metric analysis. This was achieved using a combination
of ice and cardice/acetone traps. The remaining gas
stream then consisted solely of ethylene, oxygen, nitro-
gen, and carbon dioxide. The background levels of m/z
44 and 45 changed in a complicated fashion after the feed
switch and increased as the traps became less efficient.
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switch to ’C,H,, and the second, the switch back to *C,H,.

These were measured before and after each experiment
and a background profile was simulated and subtracted
from the data. For a crushed Pd/Cd/silica/K catalyst with
a PC,H, feed (Fig. 6a), the equilibrium ratio of ?CO, to
3CO, was roughly 1: 1.

Isotopic composition of CO, by-product during an extended period of *C.H, + '*CH,')COOH feed. The first arrow indicates the

A further experiment was carried out using the crushed
Pd/Cd/silica/K sample. Vinyl acetate (wholly '*C) was
added to the acetic acid feed over the catalyst. The ethyl-
ene feed was then changed from '>C,H, to '*C,H, and the
product CO, was monitored (Fig. 6b) and compared with
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TABLE 2
Inventory of Surface Species on Working VA Catalysts

Concentration (wmol g~1)?

Pd/Cd/silica/K Pd/Auf/silica/K

Surface species (uniform impregnation) (shell impregnation)

CH, <1.0 <1.0
0, <13 <26
VA 1.3 0.9
H,0 154 230

AcOH 1800 1911

2 Detection limits are related to gas-phase concentrations. For
the reactants C,H,, O,, and AcOH, the limits are roughly *1
umol g~!. For VA, present in substantially lower concentration,
the sensitivity is correspondingly higher, approximately *0.1
wmol g~

the experiment mentioned previously (Fig. 6a). The
12C0,/3CO, ratio appeared to be unaffected by the pres-
ence of additional vinyl acetate and remained approxi-
mately unity.

4. DISCUSSION

4.1. Kinetic Analysis

The full suite of isotopic transient experiments has per-
mitted a detailed assessment of the surface species present
on a vinyl acetate catalyst during reaction. These are
summarised in Table 2. It was not possible to quantify
the number and reactivity of the CO, species aithough
some information has been obtained about the source of
the nonselective product (see Section 4.2.2).

At 401 kPa and 428 K the predominant species on a
working catalyst is acetic acid. The Pd/Cd/silica/K cata-
lyst, for example, retains 1800 umol g~!. This agrees well
with the figure of 1200 umol g~! which was recently re-
ported for a Hoechst-type catalyst at 400-440 K/701 kPa
as measured by a sorption method (12). Since the catalyst
contains only 198 and 615 pumol g~ ! palladium and potas-
sium the majority of the acid must be associated with the
silica support. The TPD results also indicate that the major
factor in acid retention is the silica support, with second-
ary roles being played by the potassium acetate and pal-
ladium.

The distribution of the acid is unknown. A crude esti-
mate, based on spheres packed to give the liquid density
0.89 g cm~?, yields an acetic acid ‘‘footprint’’ of about
0.25 nm?. For the pure silicas this gives a coverage less
than a monolayer. However, the TPD results are believed
to give an underestimate of the adsorbed acid. For the
two catalyst types, which had surface areas in the range
90-100 m? g~ !, the acetic acid coverage is equivalent to
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about three molecular layers but the acid may not be
evenly distributed over the silica surface. It could be asso-
ciated with the potassium acetate promoter, with the
metal centers, or with particular parts of the silica pore
structure.

The ITK measurement of vinyl acetate species not only
gives information about the active centers but also pro-
vides a means of calculating product diffusion rates. Since
all the vinyl acetate is produced within the catalyst pore
structure it provides an ideal probe of the local envi-
ronment.

A simple way of using the theory in the Appendix to
extract physical coefficients is to use Eq. (Al4) to fit the
12-V A response for Pd/Cd/silica/K pellets. The resuitant
fit is shown in Fig. 7 and yields the values ¢ = 0.500 s},
B =0.457s7", andy, = 0.112 s}, where « is the specific
rate of VA formation and B8 accounts for the effects of
voidage and vy, for pore transport. The steady-state re-
sponse X* and the time ¢, of the isotope switch are also
included as fitting parameters. ¢, in particular is difficult
to access more directly due to the smooth turnover of
the response function. The value of 8 should also be
obtainable via Eq. (A3) from the decay rate of argon (Fig.
8). The result from this is 8 = 0.460 s~', close to the
value deduced from the 12-V A response. The consistency
of the two B values supports the correctness of the theory.

Taking the Pd/Cd/silica/K pellet diameter to be 5.5 mm,
it can be estimated from vy, that the effective diffusivity D
of VA in the catalyst is 8.6 x 10~* ¢cm?® s~'. For the
powdered Pd/Cd/silica/K, particle size is decreased by
at least a factor of 5, and so v, is increased by a factor
of at least 25, relative to pellets. Therefore 12-VA loss
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FIG. 7. [C]Vinyl acetate decay for Pd/Cd/silica/K pellets. Sym-

bols: experiment; line: theoretical fit with parameters X* = 17.0 pwmol
min~', £, = 2595, =0500s"'",8=0457s"", and y, = 0.112s7",
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FIG. 8. Argon decay for Pd/Cd/silica/K powder. Symbols: experi-
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from the powder should be dominated by « and 8 except
at short times. Fitting these data with Eq. (A14) gives
very satisfactory visual agreement but the choice of an
optimum value of vy, is difficult. This may be due to the
range of sizes and shapes present in the powder. Assuming
v, — %, an unambiguous fit is obtained with a = 1.08
s™!, B = 0.455 s~! (Fig. 9). Whilst the 8 values obtained
from the different fits are all consistent, values of « differ-
ing by a factor 2 are found for pellets and powder. It is
difficult to be sure of the reason for this. It could be caused
by the range of shapes and sizes in the powder (when
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FIG. 9. [“C]Vinyl acetate decay for Pd/Cd/silica/K powder. Sym-

bols: experiment; line: theoretical fit with parameters X* = 16.0 umol
min~', 1, = 26.6 5, o = 1.08 ™}, and 8 = 0.455 57
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pellet data should give the correct value), by an inability
to distinguish more than the smallest two exponents for
the pellets (when powder data should give the correct
value), or by a deficiency of the theoretical approach to
the voids.

4.2. Mechanistic Implications

4.2.1. Vinyl acetate formation. Two mechanistic
schemes have been proposed for gas-phase, palladium-
catalysed, VA synthesis. One, suggested by Nakamura
and Yasui (13, 14), assumes the palladium remains in
metallic form throughout the reaction, the feed compo-
nents being adsorbed on the palladium surface. Coordi-
nated acetate then reacts with a vinyl palladium species
to give vinyl acetate:

C,H, + 2Pd = CH,~CH-Pd + PdH
0, + 2Pd = 2Pd-O
CH,COOH + Pd = Pd - CH,COOH

PdCH,COOH + PdO
PdOCOCH, + CH,CHPd
PdCH,CHOCOCH,
Pd-OH + Pd-H

= Pd-OCOCH, + Pd-OH
PdCH,CHOCOCH, + Pd
VA + Pd

PdH,O + Pd

Il

The second mechanism, proposed by Zaidi (15) and
Samanos et al. (16), assumes that the reaction occurs in
a manner similar to that of the homogeneous system (17).
In this, coordinated ethylene inserts into one of the
Pd-OAc bonds of a palladium/alkali metal acetate com-
plex which then decomposes to give vinyl acetate and
palladium metal. An oxidant such as quinone or Cu?* is
generally used to reoxidise the palladium to palladium
acetate (18). The reoxidation can occur in air but, in solu-
tion, the rate of dissolution is low (19). In the proposed
heterogeneous analogue of this reaction some of the palla-
dium is oxidised to palladium acetate. The kinetic limita-
tions of this reaction may be alleviated since the palladium
is highly dispersed:

Pd + 30, + 2AcOH
Pd(OAc), + AcO~

Pd(OAc), + H,0
Pd(OAc);

This species then reacts with C,H, from the gas phase,
giving vinyl acetate and regenerated palladium metal:

Pd(OAc); + C,H, = VA + AcOH + AcO~ + Pd
Under working conditions both catalyst types possess

a high concentration of adsorbed acetic acid equivalent
to three molecular layers. This is clearly insufficient even
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to provide a full coordination sphere and should not there-
fore be thought of as a true liquid. Nevertheless, this film
must play a significant role since many features of the
catalysts maximise retention (potassium acetate, support
pore structure). The TPD results show that some adsorp-
tion of acetic acid on palladium metal occurs under reac-
tion conditions but adsorption of acid on the silica surface
and by the potassium acetate could also be important.

The number of vinyl acetate precursors (or active sites)
accounted for only about 2% (Du Pont-type catalyst) and
0.7% (Hoechst-type catalyst) of the total palladium metal
loading. This assumes a one-to-one relationship between
vinyl acetate and palladium at each active site. No revers-
ible ethylene or oxygen adsorption was observed (al-
though the sensitivity of these experiments was not as
high as for VA measurements). If adsorbed ethylene and/
or oxygen are important during the catalysis then the
number of adsorbing sites is exceptionally low (<1 umol
g~ ') when compared with the amount of acid and water.
These observations are compatible with a supported lig-
uid-phase reaction scheme.

4.2.2. Carbon dioxide formation. Under normal plant
conditions VA catalysts operate with a selectivity well in
excess of 90%. The major by-product is CO, and this could
originate from full oxidation of either of the hydrocarbon
feeds or the vinyl acetate product. The relative impor-
tance of these various oxidations is rather difficult to de-
termine and views within the open literature are conflict-
ing. Various authors have assumed that ethylene
oxidation predominates, although this is based on the
observation that the rates of the individual oxidations
follow the order C,H, > VA > CH;COOQOH. In the only
isotopic labelling experiments aimed at determining the
source of CO,, acetic acid oxidation dominated at reduced
pressure (20).

Our isotope tracer experiments indicate that the ratio
of ethylene and acetic acid oxidations over a Pd/Cd/silica/
K catalyst at 423 K and 401 kPa was roughly 1:1. When
[*2C-Jvinyl acetate was added to the feed the proportion
of 12CO, was not increased. This shows that the secondary
combustion of vinyl acetate is not significant. However,
this observation does not totally rule out vinyl acetate
oxidation as a source of CO,. Gas-phase vinyl acetate
may not chemisorb or interact strongly with the catalyst
although the active intermediate itself may be prone to
combustion, It would be difficult experimentally to dis-
criminate between the individual or intermediate routes
to CO, formation. Simply by studying catalysts under
different conditions the isotopic ratio may be observed
to vary from unity, thereby implicating the oxidation of
the individual reactants. Even so, the oxidation of the
active intermediate could not be entirely ruled out unless
product CO, consisted of only one isotopic composition.
Further experiments are required to clarify this.
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5. CONCLUSIONS

Vinyl acetate synthesis has provided a challenging sys-
tem for study by transient kinetics. Our results highlight
the complexities of the reaction, with the major feature
being the presence of a substantial, condensed film of
acetic acid and water. TPD experiments show that acetic
acid retention is a complex function of surface area and
potassium acetate and palladium loadings. No reversibly
chemisorbed oxygen or ethylene was detected. These
findings are consistent with a supported liquid-phase type
of mechanism. Isotope analysis of the nonselective prod-
uct CO, has shown that it is derived equally from both
ethylene and acetic acid at 423 K and 401 kPa.

The transient in product vinyl acetate was determined
primarily by diffusion effects for uniformly impregnated
catalyst pellets. For crushed pellets or shell-impregnated
catalysts these effects are reduced. A detailed analysis of
the transient decays has been developed to deconvolute
the effects of product formation and gas transport in both
voids and pores.

Through the isotopic transient kinetics technique, de-
tailed kinetic descriptions have been provided for systems
of commercial significance. With these results (active site
estimates, surface concentrations, specific rates, trans-
port characteristics) it becomes possible to construct a
truly predictive, mechanistically based reactor model.

APPENDIX: REACTION-DIFFUSION ANALYSIS

The Appendix attempts to interpret ethylene isotope
switch results using solutions of macroscopic reaction-
diffusion equations. It is assumed that steady-state opera-
tion has been achieved prior to the isotope switch (at time
t = 0) and that the pellet surface acts as an absorbing
boundary for VA (i.e., as soon as a VA molecule reaches
the surface it is rapidly removed into a fast-flowing prod-
uct stream). Throughout the analysis steady-state (pre-
switch) values are denoted by an asterisk.

It is convenient to define the functions e ,(¢|v) for posi-
tive integers n by

e, (tlv) = 1, 1=<0,

e.(tlv) = i exp(—v;t)

T . s = O,
S0 = viv)

wherev = (v, v,,. .. ,0,). All the results of the analysis
below can be expressed in terms of the e,. Note that
e, (t[v) is just a single exponential for 7 = 0 and so e, has
a discontinuity in its derivative at ¢+ = 0. As » increases
from 1, successively higher derivatives of ¢, vanish for
t — 0+ . It has been implicitly assumed above that all v,
are distinct. Singular cases with two or more v, identical
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are easily dealt with by treating the equal exponents as
distinct and considering the appropriate limit. Indeed
when some of the v, are close but not identical, the evalua-
tion of e, is done by series expansion to minimise numeri-
cal error.

Transport Outside the Pellets

The experimental results cannot be fully interpreted in
terms of transport in the pellets alone, because gases must
pass through the voids of the microreactor to be detected.
To quantify this transport in voids, consider the signifi-
cance of the use of argon, which is added to the '*C,H,
but not the *C,H, in the transient kinetics experiments.
Argon is very sparingly soluble in the acetic acid layers
in the catalyst pores and therefore suffers no significant
diffusional resistance. Experimental evidence for this as-
sertion comes from Fig. 4, where it can be seen that the
loss of argon from the microreactor is independent of
whether the catalyst is in pellets or crushed.

Let op(?) and oy (¢) denote the densities of argon in the
pellets and voids of the microreactor respectively at time
t. These are spatially averaged densities in contrast to the
local densities within the pellets introduced below. The
argon transfer between the pellets and voids is described
by the phenomenological mass transfer equation

doyldt = —B(oy — op/d) (Al)
with transfer coefficient 8. In the steady state, of =
¢} and so ¢ is simply related to the Henry constant. ¢
should be close to the vapour-filled porosity of the pellet
(excluding volume occupied by liquid acetic acid layers)
so that the local argon density in the pores of the pellets
will be close to that in the voids.

The solution of Eq. (Al) is

oy = ayexp(—Bt) + (B/P) fol ds op(s) exp{— Bt — )}.
(A2)

To obtain an explicit result for oy, an expression must be
obtained for op(¢). Consider diffusion of argon (effective
diffusivity D,) in a spherical catalyst pellet of radius a.
Provided that attention is restricted to times such that
D ,t/a*> 1, diffusional resistance to argon can be ignored
and argon density in the pellet remains spatially uniform
(= op) at all times. The time dependence is taken to be
op = ofe,(t|B), representing instantaneous Henry's law
equilibrium between the pellet and the void. Note, how-
ever, the exclusion from the void density for purposes of
determining op of argon that was originally in a pellet at
the switch time, represented by the convolution term in
Eq. (A2). This is consistent with the use of the absorbing
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boundary condition for 12-V A alluded to above and imple-
mented below, since no 12-V A originates outside the pel-
lets. The explicit form of Eq. (A2) for this op is

avlad = e,(t|B,B) = (1 + Br)exp(—B1). (A3)
The final expression in (A3) is valid only for r = 0.
Equations similar to (Al) and (A2) are also used to
describe the transient kinetics of 12-VA but, because it
is a reaction product, it is best described using quantities
rather than densities. Let N, () denote the quantity of
12-VA in the voids and np(z) the rate of 12-VA loss from
the pellets to the voids, both at time ¢. Then
dNy/dt = — BNy + np. (Ad4)
The same parameter 8 is used for both species. In doing
this, it is assumed that the loss of each gas from the voids
is proportional to the quantity of that gas present in the
voids, the proportionality constant being species indepen-
dent. Clearly the steady-state condition for 12-VA is
ng = BN§ and the solution of (A4) is

Ny = Nt exp(—B1) + for dsnp(s) exp{—B(t — 5)}). (AS)

The convolution form of the last term clearly implies the
assumption that, once a molecule escapes from a pellet,
it behaves on average like the VA molecules in the void
at the switch time: in particular there are no stagnant
boundary layers near the pellets. It would be difficult to
analyse the effect of the transport in voids on the experi-
mental data without making some such assumption.

The quantities of argon and 12-VA measured by tran-
sient kinetics are proportional to oy(¢) and N(f), re-
spectively. It might be thought that rates are being mea-
sured, especially since the experimental data are quanti-
ties per minute. However, it is clear that the mass spec-
trometer samples the composition; the rate aspect of the
experimental data is associated with pumping gas into the
spectrometer.

12-VA Production and Diffusion in a Pellet

Consider a spherical shell-impregnated catalyst pellet
of radius a. Active sites are confined to an outer shell
b < r < a and it will be assumed that they are distributed
uniformly within this shell. A uniformly impregnated cata-
lyst can be regarded as the special case b = 0 and is in
that sense also covered by the following analysis. VA
production is believed to take place by a two-stage mecha-
nism: relatively rapid formation of an intermediate from
which VA forms more slowly. Since plentiful acetic acid
is available at active sites and other reactants reach them
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easily by rapid diffusion, the rate of intermediate produc-
tion per active site can reasonably be assumed indepen-
dent of the position of the active site within a catalyst
pellet and proportional to the local ethylene concen-
tration.

It is advantageous to begin by writing down equations
for the densities of all entities that can incorporate
2C,H,—"*C,H, itself (pg), 12-intermediates (p;), and 12-
VA product (p):

dpg/dt = D Vipg — ppe, b<r<a, (A6)
dpdt = upg — apy, b<r<a, (A7)
aplat = DV’p + apy, b<r<a. (A8)

Here Dg and D are the effective diffusivities of ethylene
and VA, respectively, upg is the rate of production of
intermediates from reactants, and ap, is the rate of prod-
uct formation from intermediates (both per unit volume).
It is assumed that diffusivities are the same for the shell
and the interior. This appears reasonable since there is
no significant difference in pore structure caused by metal
impregnation of the catalyst support. In writing (A7) it is
also assumed that the intermediates are immobile. For
0<r<b,p;=0anda = u = 0 so that Egs. (A6) and
(A8) reduce to simple diffusion equations. From Fig. 3,
it can be seen that the ethylene decay is the same as that
for argon, providing experimental evidence that formation
of intermediates from ethylene suffers no diffusion limita-
tion (i.e., wa*/Dg < 1). The last term in Eq. (A6) can
therefore be neglected and the equation

dpgldt = DgVipg (A9)
replaces (A6).

The steady-state solution of Egs. (A7)-(A9) must first
be sought by setting all time derivatives to zero. The
appropriate boundary conditions for pf(r) are pf(a) =
R, where R is some constant related to a Henry constant
and the density of ethylene in the voids, and p#(0) finite.
Solving (A9), pg(r) = R for all r < a. Consequently,
pif(r) = S = uR/a for b < r < a. Equation (A8) can now
be solved with boundary conditions p*(a) = 0, p*(0)
finite, and continuity of p* and dp*/dr at r = b, to give

p*(r) = [aS/(6D)] [a* + 2b%a~" ~ 3b°), 0<r<b,
p*(r) = [aS/(6D)][a* — r* + 2b%a™" - r™Y)), b<r<a.
(A10)

Turning to the transients after the switch, the fuil time-
dependent form of Eqs. (A7)-(A9) must be solved with
initial conditions given by the steady-state solutions. For
consistency with the treatment of gas in the voids (see
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calculation for argon), the outer boundary condition for
ethylene is taken as pg(a, ) = R exp(—St). Boundary
conditions for p(r, 1) are the same as for the corresponding
steady-state solution. In view of the lack of diffusional
resistance for ethylene, pg(r, 1) remains spatially uniform
for t > 0, so that p; stays uniform over the active shell:

p(r 1) = Sez(t(a,ﬁ), bh<r<ua. (All)

The solution of Eq. (A8) with its associated conditions
can now be obtained by eigenfunction expansion. Integra-
ting the resultant p(r, 1) over the sphere volume gives
Np(1), the total amount of 12-VA in the pellet at time ¢.
np(t), the rate of 12-VA loss from the pellet at time ¢,
may be calculated from a simple mass balance taking into
account the delayed 12-V A production,

me(t) = —dNylde + dma [ py(r. 07 dr.
0

The result for 12-VA loss from a pellet can be written as

np(D)ing = F2 Gyes(tla, B, ) (A13)

where G, = [km — km(l — g)costkme) — sin(kme)l/
(km)3; & = (a — b)/a is the shell thickness as a fraction
of pellet radius, y, = k*w*D/a*;and F = 6/[¢(3 — 3¢ +
¢%)]. The denominator of F is the ratio of active shell
volume to spherical pellet volume.

Finally, the 12-VA transient kinetics response can be
obtained from Eqs. (AS) and (A13):

Z(t)=Ny(t)INs = FE Gyeytla, B, B.y,). (Al4)

The summations above extend over all positive integers
k. Results for a uniformly impregnated catalyst are easily
obtained by setting e = 1 [F = 6, G, = 1/(kw)?].

Note that [dnp/dt],_y = [d*np/dt*],-, = 0 so that np(?),
has its first two derivatives continuous and cubic behav-
iour at short times after the switch. On the other hand,
(dNy/dt],_y = [d*Ny/di?),_y = [d*Ny/dr*],_, = 050 that
Ny(t) has its first three derivatives continuous and quartic
behaviour at short times after the switch. This may be
contrasted with the loss of argon (or ethylene) from the
microreactor which can be seen from Eq. (A3) to be qua-
dratic shortly after the switch. It is also interesting that
relative volumes of pellets and voids do not appear in the
final results because the use of the mass balances in the
steady state implicitly incorporates such factors.

Some examples of N(1)/N¥ plotted semilogarithmic-
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l()g10 Z(1)

ot

FIG. Al. g dependence of Z(1) [Eq. (Al4)] for y, = a, & = |. Curves
from top: g/a = 1, 2, 5, 10, 100.

ally are shown in Figs. AI-A3 for various values of ¢,
aa*/D, and Ba?/D. Obviously the long-time behaviour is
dominated by the term with the slowest decaying expo-
nential but its amplitude is affected by the other coeffi-
cients. When « or 8 is the smallest exponent, the plot
looks like a simple exponential decay apart from the
smooth turnover at short times. For fixed high « and g8
and a fixed lower vy, (diffusion dominated), the plots for
different £ become parallel lines at long times, reflecting
the negligible contribution of all but the most slowly de-
caying term (k = 1). The loss at short times increases as
e decreases. As ¢ increases, p*(r) becomes more peaked
toward the center of the sphere and the weight G, becomes
more predominant so that np(f) and Ny () become closer

log, Z(1)
&

2k
25 1
3 1 1 1 L
0 2 4 6 3 10
Tt
FIG. A2. ¢ dependence of Z(r) [Eq. (Al4)] for & = 8 = y,. Curves

from top: £ = 1, 0.3, 0.1, 0.03, 0.01.
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log, 4 Z(1)

Yt

FIG. A3. edependence of Z(1) [Eq. (A14)] for o = B = 10y,. Curves
from top: ¢ = 1, 0.3, 0.1, 0.03, 0.01.

to a single exponential decay after the initial turnover. It
should be possible to use the data in this initial region to
estimate the other exponents which are negligible at long
times, though this process may not be entirely unambigu-
ous. When several of the exponents have close or equal
values, special care must be taken in evaluation as
noted above.,
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