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Supported palladium catalyzes the synthesis of vinyl acetate (VA) by oxyacetylation of
ethylene. Alkali promoters increase activity and selectivity. The role of acetic acid (HOAc) in
these processes is not well understood. Activation energy studies show that HOAc alters the
catalyst site and lowers the reaction barrier to VA formation. After correction for this effect.
the kinetics reveal that as a reagent HOAc is zero order. This is probably due to a strong
adsorption of HOAc on Pd which forms the catalyst active phase. Detailed spectroscopic
studies support this conclusion. The surface processes on a supported vinyl acetate catalyst
were studied using a method which couples diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) with mass spectrometry (MS). The DRIFTS-MS technique combines
the capability of selectively analyzing [R-active surface species with sensitive detection of
transient reaction products. By comparing the catalyst with mixtures of palladium acetate
powder physically dispersed in potassium chloride, it is determined that the active phase on
the catalyst is a form of palladium acetate. Compound formation is consistent with the strong
chemisorption of HOAc on Pd. Kinetic analysis of temperature-programmed reaction (TPRxn)
data suggests that Pd metal or metal oxide adjacent to the active site is important in the

reaction mechanism. ¢ 1993 Academic Press. Inc

INTRODUCTION

It has been known for nearly 30 years that
the oxyacetylation of ethylene to form vinyl
acetate is catalyzed by supported Pd and Pd
alloys (3). The reaction is written as

C,H, + CH,COOH + 10, —
C,H,00CCH, + H,0.

Despite the maturity of the process, dis-
agreement still exists over the reaction Ki-
netics and mechanism. Studies on this sub-
ject differ on the kinetic order of HOAc in
the reaction with reported values varying
from0 4, 5)t00.5(6)to 1 (7). Acetic acid’s
precise role in altering the catalyst surface
is also disputed (¢, 8).

The vinyl acetate catalyst system employs
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several IR-active chromophores. In addition
toHOACc, ethylene, and VA, the catalystsare
often promoted with alkali acetate salts. As
such, the system lends itself well to analysis
using a reactor system combining diffuse re-
flectance infrared with mass spectrometry.
By its nature, DRIFTS is a reflectance tech-
nique, and thus preferred over transmission
FTIR because of its greater surface selectiv-
ity (9). A controlled atmosphere, variable
temperature DRIFTS cell serves as both an
IR cell and a reactor. Coupling a mass spec-
trometertothe effluent aids in the assignment
of bands to surface species directly associ-
ated with reaction products.

We have used the DRIFTS-MS tech-
nique to determine the role of acetic acid
on the catalyst surface in this reaction. Data
from activation energy, kinetic, and temper-
ature-programmed reaction studies serve to
support these findings.
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METHODS
A. Catalyst and Reagents

The catalyst consists of Pd supported on
a-alumina. It is prepared according to Ref.
(10). 1t has a nominal Pd loading of 1.2 wt%
and is promoted with a mixture of KC,H,0,
(KOACc) and KOH.

Two model systems are also investigated.
The first consists of a 5% Pd(C,H;0,),
(Pd(OACc),; 98% purity) physically dispersed
in KCl (<99.9%) or KOAc. The KCl is
ground with a mortar and pestle and then
in a Wig-L-Bug for 2 min. The sample is
dried for 48 hr at 140°C prior to grinding
with Pd(OAc), in the Wig-L-Bug. The sec-
ond model is prepared by first dissolving 0.2
g Pd(OAc), in 15 ml methanol. The solution
is added to 2 g of the Pd catalyst described
above. The mixture is dried in a rotary evap-
orator under vacuum at room temperature.

Ethylene (>99.9%), oxygen (>99.98%),
and helium (>99.99%) are all dried with SA
molecular sieve prior to use. Glacial acetic
acid is used as received. It is placed in a
variable temperature sparger through which
the gas mixture is passed and saturated.

B. Procedures

Bl. Temperature-programmed reactions.
Temperature-programmed reaction studies
are performed in both the DRIFTS—-MS unit
and a differential microreactor to obtain
both qualitative and quantitative analyses,
resp. Both systems are run at atmospheric
pressure.

The DRIFTS-MS unit couples a Dycor
quadrupole mass spectrometer to the vent
line of a Harrick, controlled atmosphere,
variable temperature diffuse reflectance
cell. The spectra are taken with a Nicolet
60SX FT-IR spectrometer equipped with a
narrow-band MCT detector. The details of
the equipment setup and experimental
methods are presented elsewhere (2); see
also (7).

The microreactor is designed to combine
C,H,, O,, and He prior to saturating the gas
stream with HOAc in a variable temperature
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sparger. The entire reactor is enclosed in an
oven and operated at elevated temperatures
to prevent condensation of HOAc and VA.
A heated, 100-um capillary taken from the
vent of the reactor and run to a Dycor M200
mass spectrometer allows continuous ef-
fluent analysis. The mass spectrometer and
an LFE temperature programmer are di-
rectly interfaced with a computer for data
collection.

TPRxn results are obtained by first bring-
ing the catalyst to steady state at 140°C with
areaction mixture of 88.6% C,H,, 9.8% O,,
and 1.6% HOAc. The total flow rate is 102
ml/min. At this point ethylene is replaced
by a diluent gas (either N, or He), and the
catalyst is kept under these temperature and
flow conditions for 30 min. Both HOAc and
O, are then replaced by diluent, and the
pretreatment continues until the HOAc re-
sponse in the mass spectrometer reaches
background levels. The reactor is then
cooled prior to the TPRxn.

The TPRxn’s are run from 30°C with a
temperature ramp of 10°C/min. The reaction
gas mixture is 90% C.H, and 10% O,. The
total flow rate is 100 ml/min. Mass spectra
are collected every 6 sec. The mass spec-
trometer is calibrated after each run.

In the DRIFTS-MS studies the DRIFTS
cell is filled with pure catalyst or a mixture
of 5% Pd(OAc), in KCl. The use of pure
catalyst is necessary to ensure product for-
mation above the sensitivity limits of the
mass spectrometer. The use of pure catalyst
eliminates the possibility of obtaining quan-
titative information with the DRIFTS tech-
nique. Therefore as a matter of uniformity,
all spectral data are calculated using the
Beer--Lambert law. Although not quantita-
tively accurate, qualitative trends can still
be followed as *‘apparent absorbance™ units
(/1). The sample height is optimized in all
cases by maximizing the interferogram cen-
terburst at 110°C to minimize the effects of
a change in sample height with temperature
(/12). Either 16 or 32 scans are averaged at
4 cm ™' nominal resolution. Spectral acquisi-
tion is done every 10°C and requires 5-10
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FiG. 1. Rate of vinyl acetate formation as a function of acetic acid partial pressure. Circles represent
measured reaction rates and squares represent calculated rate constants.

sec. Single-beam spectra are ratioed to pure
KCI.

B2. Kinetic studies. Reaction kinetics and
activation energies are determined in the mi-
cro-reactor. In these reactions the HOAc
composition of the reactant feed stream is
varied from 3-11%. The total gas flow is ca.
105 ml/min with ethylene making up 80%
and oxygen comprising 9%. Where neces-
sary, He is used to make up the balance.

The activation energy studies are fully au-
tomated and begin by establishing steady
state at 140°C. Data is then collected succes-
sively at 150, 130, 155, and 125°C. The reac-
tion is returned to 140°C to ensure that cata-
lyst performance is not significantly altered
by the cycle. The mass spectrometer is cali-
brated at the end of each run. Baseline stud-
ies are done with finely ground samples and
samples ground and mixed with blank Al,O,
to see if the reaction is either pore or film
diffusion controlled, resp. (/3). In both
cases the results are within experimental er-
ror of the regularly treated sample. There-
fore, diffusion is not a problem. The kinetic
data reported in Fig. 1 are averages of the
140°C results.

RESULTS AND DISCUSSION
A. Kinetics

The rate of vinyl acetate formation over
a Pd catalyst as a function of acetic acid

partial pressure is presented in Fig. 1. These
results agree with those reported previously
(4, 7). At first glance, the reaction appears
to be governed by saturation kinetics. These
data can be described by a first-order Lang-
muir—Hinshelwood approximation (/4).
However, further analysis shows that this
is not the true case (see below).

Arrhentus data show that increasing
HOACc pressure will lower the apparent acti-
vation energy of the reaction (Fig. 2). Rai-
sing HOAc¢ pressure from 0.03 atm to 0.11
atm causes the vinyl acetate activation en-
ergy to drop almost 5 kcal/mol (Table 1).
The indication is that excess HOAc alters
the catalyst active site causing a reduction
in the reaction barrier.

Acetic acid seems to be playing two differ-
ent roles which influence the rate of this
reaction. The first is to alter the energetics
of the active site and lower the activation
barrier. HOACc is also a reagent, and as such
it may also possess a nonzero order in the
kinetic rate law. The former influences the
exponent of the kinetic rate law, thus it
should exert the largest influence and may
overshadow the latter. For this reason the
reaction order of HOAc was determined
with a multivariable linear regression analy-
sis of the available kinetic data. This model
takes both factors of activation energy and
reaction order into account, but one as-
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FiG. 2. Activation energy for the formation of vinyl acetate versus acetic acid partial pressure.

sumption needs to be made. If the reaction
follows a typical kinetic rate law,

dIVAL _ Aexp(—E/RT)

dt

x (H[Ri]") [HOACc]".

where

A = Kinetic preexponential factor.

E, = Reaction apparent activation en-

ergy.
R = Ideal gas constant.
T = Reaction temperature.

[R;] = Concentration of reagent /, either O,
or C,H,.
x; = Reaction order of reagent i.

y = Reaction order of HOAc.

Then we need to assume that some kind of
compensation effect is occurring between
the reaction activation energy and the pre-
exponent (/5),

In(A) = mE, + In(k’),

where m is the degree of the compensation
or the slope, and k' is the value of A when
there is no barrier. A compensation effect

TABLE |

Reaction Rate Parameters as Functions of Acetic Acid Partial Pressure

Acetic Activation Ln(A) Observed Rate
partial energy rate constant
pressure (kcal/mole) (umole/g-sec) (umole/g-sec)
0.030 7.15 7.82 0.0966 0.410
6.95 7.68 0.108 0.460
6.91 7.57 0.100 0.433
0.041 6.33 6.89 0.121 0.508
6.21 7.04 0.121 0.510
0.059 5.45 6.06 0.144 0.560
5.39 6.14 0.144 0.652
0.074 3.80 4.15 0.148 0.618
3.16 3.35 0.146 0.606
0.11 2.58 2.60 0.137 0.581
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Fi1G. 3. Diffuse reflectance infrared spectra of an active catalyst surface. The upper spectrum is taken
at steady state. The lower spectrum is taken after quenching the reaction by replacing the reagents

with nitrogen as outlined in the Methods section.

must be occurring since the change ob-
served in the activation barrier alone should
alter the rate by a factor of 262 in the region
studied. We see the rate change by a factor
of only 1.5 (Table 1).

The set of equations can be equally well
fit assuming an acetic reaction order of 0 or
0.5 and a compensation effect of 1.15 or
1.28, resp. This shows that the adsorption
of HOAc is strong but does not limit the
reaction rate. This result, in addition to the
sharp drop in reaction barrier with increas-
ing acid pressure, implies surface alteration
due to compound formation. Therefore, the
change in rate with increasing HOAc pres-
sure can be accounted for by a change in the
rate constant alone. This is demonstrated in
Fig. 1, where the observed rate parallels the
calculated rate constant very closely. The
following results from DRIFTS-MS sup-
port the existence of a surface acetate com-
pound.

B. Temperature-Programmed Reactions;
DRIFTS-MS

Figure 3 contains DRIFTS spectra in the
2000-1100 cm ™! region of a catalyst under
steady-state conditions (upper spectrum)
and after removal of HOAc and C,H, from

the gas phase (lower spectrum). Peak as-
signments are made from spectra of the indi-
vidual components in the DRIFT cell (Fig.
4). The two sets of three peaks centered at
approximately 1890 and 1445 cm™' result
from gas phase ethylene, and are due to
the P, Q. and R branches of the v; + vy
combination bands and the v, fundamental
band, resp. (/6). The spectrum of HOAc
exhibits a doublet at 1790 and 1770 cm .
Although the band at 1790 cm ™' has not
previously been assigned, the 1770-cm ™!
band results from a carbonyl stretch of
monomeric HOAc vapor (/7). In all of our
studies the intensity of the 1790-cm ' band
parallels that of the 1770-cm ™! band, so we
conclude this band is also related to the gas-
phase monomer. A third band at 1735 cm ™!
also arises from the carbonyl stretch of
HOAc. This has been shown to result from
the dimer. The band at 1420 cm ~'is assigned
to asymmetric CH; bending, and those at
1290 and 1170 cm ! are due to a single bond
C-0 stretch and an O-H bend (/7). Palla-
dium acetate is formed on the catalyst sur-
face under steady state conditions. Its asym-
metric carboxylate stretch appears at 1607
cm !, and that of the symmetric stretch falls
at 1433 cm~!'. Absorption from the po-



DRIFTS-MS OF A Pd VINYL ACETATE CATALYST

Sevpance A

A

Apoarent

317

2100 1900 1700

1500 1300 1100

Wavesnumber  fom- 1)

FiG. 4. Diffuse reflectance infrared absorption of system components. They are presented in the order
of ethylene, acetic acid, palladium acetate. potassium acetate deposited on alumina, and vinyl acetate

from top to bottom, respectively.

tassium acetate promoter is also visible at
1575 ¢m ' (asymmetric stretch) and 1410
cm ™~} (symmetric stretch) (/8). The two
metal acetates also exhibit absorptions at
1352 ¢cm™ ' (Pd(OAc), and 1335 cm™!
(KOACc) (Fig. 4). The alumina substrate does
not interfere in the region of interest. Vinyl
acetate shows a pair of overlapping peaks
at 1787 and 1774 cm ! (carbonyl stretch), a
broad absorption at 1651 cm ™' (C=C
stretch), and two absorptions at 1220 and
1152 cm ™! (C-O- single bond vibrations)
(19). Vinyl acetate is present in very small
concentrations in the reaction and its indi-
vidual absorptions are likely to be hidden
by those of HOAc (Figs. 3 and 4).

When the gas phase reactants are sequen-
tially replaced by N,, (as described in the
Methods section) the peaks assigned to eth-
ylene, HOAc monomer, and VA disappear
(Fig. 3, lower spectrum). The absence of
these species in the gas phase is confirmed
by the mass spectrum. The peaks due to
the metal acetates remain as do three other
peaks at 1735, 1270, and 1230 cm ™!, Of the
latter three the high-frequency peak is indic-
ative of a carbonyl stretch, while the lower
two are associated with C-O- single bond
stretch. The three together suggest the pres-

ence of saturated esters (/9). The absence
of any hydrocarbon species in the gas phase
indicates that these bands result from sur-
face bound species. A more complete as-
signment of these three peaks will follow
after all the DRIFTS-MS evidence has been
presented.

Each of the reagents analyzed exhibit a
sharp “*fingerprint’” absorption in the range
of 2000—1500 cm '. Hence, for reasons of
clarity all but one (see Fig. 6) of the
DRIFTS-MS figures will display this
smaller region.

A TPRxn in a flow of 10% O. in C,H,
reveals that the peaks at 1735, 1270, and
1230 cm™! are associated with VA and
HOACc formation (Figs. 5 and 6). Vinyl ace-
tate forms from 100-180°C, with the maxi-
mum rate occurring at 146°C. Over the tem-
perature range 100-160°C the DRIFTS
spectra change little except a small, but re-
producible decrease in the band at 1735
cm ™! (Fig. 5). A broader temperature range
(Fig. 6) shows this band, the two at 1270
and 1230 cm™', and the band assigned to
Pd(OAc), to be severely attenuated with the
formation of acetic acid from 155-215°C.
The maximum rate occurs at ca. 200°C. Fur-
ther formation of HOACc at higher tempera-
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FiG. 5. Temperature programmed reaction of ethylene and oxygen with acetic acid activated on a Pd
catalyst. The solid IR spectrum is taken at 100°C. The dotted spectrum is taken at 160°C.

tures (>230°C, maximum rate at ca. 295°C)
results from the destruction of the KOAc
promoter phase.

The presence of Pd(OAc), during VA syn-
thesis has been previously noted (7, 8). In-
deed, Pd(OAc), can be used as a catalyst
precursor in both the homogeneous (20) and
heterogeneous (21) vinyl acetate catalyst
systems. DRIFTS-MS studies show that it
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appears with the establishment of steady
state and is destroyed with the formation of
gas-phase vinyl acetate and acetic acid in
TPRxn’s. Therefore, we decided to study
the bulk compound with temperature-pro-
grammed DRIFTS-MS experiments. As
discussed above, 5% Pd(OAc), is physically
mixed with KCI in the DRIFTS cell, and a
TPRxn with the O,/C,H, mixture is run.

Arparert ey

F16G. 6. Temperature programmed reaction of ethylene and oxygen with acetic acid activated on a Pd
catalyst. The upper IR spectrum is taken at 155°C, the middle spectrum at 215°C, and the lower

spectrum at 275°C.
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F1G. 7. Temperature programmed reaction of ethyl-
ene and oxygen with palladium acetate. The IR spectra
are taken at 120, 130, 140, 160, and 170°C from top to
bottom, respectively.

The DRIFTS—-MS results are presented in
Fig. 7. This study confirms that vinyl acetate
can be produced by this reaction and it is
evolved in the range 130-170°C. Acetic acid
is also seen at temperatures above 140°C.
The DRIFTS spectra show what is oc-
curring at the surface. At 120°C only peaks
from gas-phase ethylene (<1800 cm ') and
solid Pd(OAc), (1607 cm ') are visible. Two
sets of peaks due to gas-phase acetic acid
(1800—1760, and 1735 cm ') become visible
when the reaction begins to make vinyl ace-
tate at 130°C. The surface species absorbing
at 1735 cm ™! is also present (see below).
These peaks grow in and become pro-
nounced at the point HOAc appears in the
mass spectrometer at 140°C. The growth in
these peaks correlates with a loss of absorp-
tion from Pd(OAc). . At the maximum rate of
HOACc formation at 160°C the peak resulting
from Pd(OAc), is greatly attenuated. By
170°C the reaction is almost complete, and
very little absorption from acetate species
is visible in the IR.

The surfaces of the Pd{(OAc),/KC] mix-
ture and the Pd catalyst appear very similar
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when making vinyl acetate. This compari-
son is presented in Fig. 8. The upper spec-
trum is of the catalyst surface as it is
quenched from steady state. The lower two
spectra are of the mixture. The middle is
taken after the TPRxn is quenched at peak
vinyl acetate production. The lower is after
the reaction is almost complete. All are
taken after no gas-phase reagents are detect-
able in the mass spectra and individually
contain what may be called the primary sur-
face components. Each shows evidence of
the group of species centered at 1735 cm ™!
that is associated with the formation of vinyl
acetate and acetic acid in the TPRxns. The
absorption from Pd(OQAc), at 1607 cm ! is
also common. An interesting observation is
that the absorption associated with KOAc
(1575 cm™Y) is clearly visible in the
Pd(OAc),/KCl mixtures. This suggests an
interaction between the Pd(OAc), and the
dispersing KCl matrix occurs to form the
catalyst promoting phase. In fact, we have
reported that the location and size of the
vinyl acetate peak in the TPRxn is strongly
influenced by the nature of the dispersing
matrix (2).

C. Assignment of the Absorption at
1735 em™!

To our knowledge, the absorption of a
Pd bound carbonyl species at 1735 ¢m ™!
has not been observed. Although, it has
been reported that a form of catalytically
active palladium acetate does absorb in
the region from 1600 to 1750 cm™' (22).
The absence of companion HOAc peaks
at 1790 and 1770 cm™' and the lack of
detection by the mass spectrometer elimi-
nates gas-phase HOAc as a possible cause
of this band. Physisorbed or condensed
HOACc are also ruled out since the associ-
ated vapor pressure (HOAc boils at 118°C)
would yield detection in the gas phase.
None of the other gas-phase reagents nor
the surface acetates exhibit a band here.
These observations, along with the appear-
ance of this band during reactions involving
Pd(OAc),, imply that it results from some
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F1G. 8. Comparison of an active catalyst surface with an “‘activated palladium acetate/potassium
chloride mixture. The upper spectrum is of the potassium promoted Pd catalyst, the middle spectrum
is of the Pd(OAc¢),/KCl mixture quenched during reaction, and the lower spectrum is of the same

mixture after reaction.

form of acetic acid (or acetate) bound to
the surface of Pd crystallites.

The question arises as to whether this
peak is simply an acetic fragment, or if it
has an ex-ethylene group associated with it.
The peak forms under steady state condi-
tions in which oxygen, acetic acid, ethylene
and vinyl acetate are present in the gas
phase. However, it remains stable after the
latter two are purged from the system at
140°C. A TPRxn with C-H, and O, causes its
slight attenuation as VA is being measurably
produced at temperatures below 120°C (Fig.
5). So it appears that addition of gas phase
ethylene is necessary for the reaction path-
way to be completed. It would be hard to
imagine that an unsaturated ethylene (either
7 or di-o bonded) species would possess a
long residence time on a Pd surface under
these oxidizing conditions (23). This would
be particularly true for an ethylene group
activated at the vinyl position by an ester
linkage. Indeed, inspection of the spectra in
the olefin CH stretching region from
3050-3000 ¢cm ' shows no peaks.

The issue of structure remains. The data
and supporting evidence appear to show
that this species possesses a carbonyl ab-

sorption, is bound to Pd and is probably not
associated with ethylene. Additional infor-
mation comes from the absorption bands
falling between 1280 and 1230 cm™'. As
stated above, bands falling in this region
can be assigned to C-O- stretching vibra-
tions (/9). The temperature-programmed
DRIFTS experiment in Fig. 6 shows these
to be attenuated with the Pd(OAc), bands
and the band at 1735 cm~'. This occurs as
HOAc and VA are formed in the reaction.
We know these bands are not due to
Pd(OAc), (Fig. 4), so we associate them with
the 1735-cm™' peak. The three taken to-
gether strongly suggest that the adsorbed
species is either a carboxylic acid or an ester
group. If the species is bonded to the surface
with the carbonyl function intact, it only
makes sense that dissociative bonding oc-
curs at the carboxylate-acidic hydrogen
linkage. We have seen that injection of
HOACc into an oxygen flow over a catalyst
at 140°C does result in adsorption and water
evolution. Therefore, we conclude that this
band results from a carbonyl absorption of
an acetic acid conjugate base (acetate)
bonded to a Pd surface. Structurally it would
look like a “*Pd-ester,” but charge transfer
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arguments would call it a Pd acetate. Of
course, this species needs to be distin-
guished from the “‘typical’’ bidentate palla-
dium acetate bond possessing two C-0O
bonds of 1.5 order and a high degree of elec-
tron delocalization (24). Again, the latter
species displays characteristic infrared ab-
sorbances at 1607 and 1433 cm ™! (Fig. 4).

D. Temperature-Programmed Reactions;
Quantitative Studies

The qualitative similarities between the
surfaces of Pd catalysts and Pd(OAc)./KCl
mixtures under reaction conditions are re-
markable. In light of the effect HOAc has
on the reaction barrier (Fig. 2) it would seem
strong adsorption of HOAc precedes sur-
face Pd(OAc), compound formation. An im-
portant difference between the catalyst and
model systems is, however, the tempera-
tures in the TPRxns at which VA is formed.
Therefore, it would be useful to know the
apparent activation energy (Ea) for this pro-
cess in each system. If the energetics for
VA formation in both are the same, then
Pd(OAc), may be an adequate model of an
active catalyst. If not, alterations to the
model must be made.

We have shown that VA forms during
TPRxns as a result of combining C,H, and
O, with a specific surface species. To deter-
mine the activation energy in each system
we first assume that the reaction order of
this surface species is one. Itis also assumed
that all of this species does in fact convert
to VA. For this to be true then the surface
species that form VA and HOAc must nec-
essarily be unique. The O, and C,H, concen-
trations are in large excess and constant in
the reactions, so they can be incorporated
into the pre-exponent. The following kinetic
expression results:

d{VA]
dt

Here [S] is the concentration of the acetate
surface species. Taking the derivative with
respect to temperature and simplifying
yields

= A'exp(—E,/RT)[S].
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d|VA]

dar

B , FR
= (EA/RT )[S]/<l + A’exp(—Ea/RT))'

The factor FR in this expression represents
the reagent flow rate.

The equation (dotted line) is fit to
TPRxn’s using an iterative approach. Com-
parisons of this fit with experimental data for
a Pd catalyst and the Pd(OAc),/KCl mixture
are contained in Fig. 9. Two further profiles
from a Pd(OAc),/KOAc mixture and
Pd(OAc), deposited on a Pd catalyst are in
Fig. 10. The fits are satisfactory. indicating
that our assumptions are reasonable.

The fitted equations show (Table 2) that
the apparent activation energies are consid-
erably different between the catalyst (37
kcal/mol) and the bulk acetate (93 kcal/
mole). This difference between the samples
is at first surprising given the similarities
apparent in the DRIFTS-MS study. Several
factors may contribute. But first, the role of
Cl~ should be addressed. Chlorine is not
present in the supported catalyst, but it is
very abundant in the mixture. To determine
if the presence of Cl~ destabilizes the transi-
tion state, a mixture of Pd(OAc),/KOAc
was studied. This TPRxn gave an even
higher activation energy (129 kcal/mole), so
Cl~ should not be regarded as a problem in
these particular reactions.

A likely factor in the difference of £,'s is
the nature of the two materials. First, a bulk
compound like Pd(OAc), should, as a gen-
eral rule, exist at a lower energy level than
a surface species on a catalyst. The com-
pound has a low surface area with most ace-
tate and Pd being highly coordinated. Con-
versely, the very purpose of a catalyst is
to use surface coordinative unsaturation to
activate reagents. Second, on the catalyst
the Pd(OAc),-like active phase is probably
intimately associated with Pd metal or ox-
ide. The ratio of VA produced during the
TPRxn to Pd present on the catalyst is less
than .025 (Table 2). This shows that a large
amount of Pd is not directly participating in
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F16. 9. Temperature-programmed reaction profiles of the reaction of ethylene and oxygen with surface
activated acetic acid species. The solid lines are the experimental results and the dotted lines represent
the calculated fit. The upper profile is of acetic activated on a Pd catalyst; the lower profile is of a

Pd(OAc),/KCl mixture.

the reaction. It would be unrealistic to ex-
pect that abundant Pd or PdO species do
not influence a reaction occurring on a sup-
ported catalyst. As a means to investigate
this we deposited Pd(OAc), on top of a Pd
catalyst. The peak maximum from the ensu-
ing TPRxn falls at a higher temperature than

e

in the case of the Pd(OAc),/KCIl mixture
(Table 2). Yet, the fit from the kinetic ex-
pression yields the lower activation energy
of the two at 70 kcal/mole. This result is,
at first, curious. It is almost second nature
to expect reactions occurring at higher tem-
peratures to possess higher activation barri-

oo lated

Temperatare (C)

FiG. 10. Temperature-programmed reaction profiles of the reaction of ethylene and oxygen with
surface-activated acetic acid species. The solid lines are the experimental results and the dotted lines
represent the calculated fit. The upper profile is of a PA(OAc),/KOAc mixture; the lower profile is of

Pd(OAc), deposited on Pd/ALO;.
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TABLE 2
Parameters Derived from TPRxn of Acetic Surface Species on Different Media with 10%
0,/C,H,
Catalyst Rate maximum E, VAM/Pd
or media (°C) (kcal/mole) (% 100)
Pd/AlLO, 146 37 2.41
Pd(OAc),/KCl 163 93 7.68
Pd{OAc),/KOAc 184 129 3.76
Pd(OAc), on Pd/ALO, 174 70 0.494

ers. However, a very extensive study cor-
relating temperature-programmed reduc-
tion profiles with kinetic parameters has
shown that peak shape is equally important
in determining activation energy (25). The
lower barrier over the acetate covered cat-
alyst relative to the alkali mixture results
from the greater breadth of its TPRxn
peak. The drop in E, supports the proposal
that Pd metal or oxide does indeed interact
with Pd(OAc), in producing the active site.
Pd metal also forms in the TPRxn of bulk
Pd(OAc),, but only after a considerable
degree of reaction. To summarize, the ac-
tive phase in VA synthesis is some form
of surface Pd(OAc), intimately associated
with Pd metal or oxide.

CONCLUSIONS

The strong interaction between Pd and
HOACc leads to surface compound forma-
tion which acts to lower the reaction bar-
rier. DRIFTS-MS shows that Pd(OAc),
forms on the catalyst surface under reac-
tion conditions. Compound formation is
consistent with kinetic results which sug-
gest an acetic reaction order of 0. Solid
Pd(OAc), when reacted with an O,/C,H,
mixture also makes VA. In this state the
surface looks very similar to that of an
active catalyst within the carboxylate IR
region. Significant peaks at 1575 cm™!
(KOACc), 1607 cm™! (Pd(OAc),), and 1735
c¢cm~' are common to each. The difference
between the two systems is the activation
barrier to the formation of VA from the

surface activated acetic species. The value
for the active catalyst is well below that
for the Pd(OAc),/KCIl mixture. This differ-
ence is due, in part, to the presence of
Pd metal or metal oxide interacting with
the active site. In conclusion, the surface
phase active for VA synthesis consists of
islands of Pd(OAc),-like species on top of
Pd metal or oxide crystallites.
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