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A kinetic study of vinyl acetate (VA) synthesis over a Pd(100) catalyst is described, and the effect of particle-size on this reaction

ascertained by comparing the single crystal data with data from supported Pd catalysts (5 wt% Pd/SiO2, dPd=4.2 nm, and 1 wt%

Pd/SiO2, dPd=2.5 nm). A negative reaction order with respect to ethylene and a positive order with respect to oxygen were found

for the model and supported catalytic systems, whereas the catalytic stability was strongly dependent on the particle size. The

mechanism for VA synthesis is proposed to be identical on all catalysts studied based on the similarities of the kinetic parameters.

Carbon-containing species on the poisoned Pd(100) catalyst were investigated by X-ray photoelectron spectroscopy (XPS), and the

coverage was estimated to be approximately 1.5 ML after VA synthesis.
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1. Introduction

Vinyl acetate (VA) monomer is an important feed-
stock for the production of polymers such as, polyvinyl
acetate and vinyl acetate copolymers [1]. Currently, VA
is commercially produced mainly via gas-phase acet-
oxylation, as shown in eq. 1.

C2H4 þ CH3COOHþ 1

2
O2 ! C2H3OOCCH3 þH2O

ð1Þ

Supported Pd catalysts are typically used for this
reaction operating between 413 and 453 K and at
pressures between 5 and 10 atmospheres [2–7]. A limited
number of studies during the last 20 years have shown
that the performance of Pd catalysts can be significantly
affected by several factors, such as Pd dispersion, Pd
chemical states and catalyst additives [5–11].

The present study was undertaken to examine in
detail the kinetics of VA formation over a Pd(l00) single
crystal and to compare the results with data from high-
surface-area Pd supported on SiO2. The present results
are discussed in the context of previous data reported
from our laboratories for VA synthesis [12–14].

2. Experimental

2.1. Surface analysis and reactor system

A system combining a commercial PHI 5500 surface
analytical instrument and a preparation chamber, both

with base pressures of 10)10 Torr, was used for these
experiments. The surface analytical chamber is equipped
with a dual Mg/Al anode X-ray source, an Auger gun, a
quadruple mass spectrometer, a differentially pumped
ion gun and a hemispherical analyzer. The catalyst was
mounted on a retraction bellows allowing translation
from the surface analysis section to the reactor that
could be pressurized from 2� 10)10 Torr to �1000 Torr.
The surface composition and cleanliness of the model
catalysts were confirmed with X-ray photoelectron
spectroscopy (XPS) and Auger electron spectroscopy
(AES), For XPS analysis, Mg–Karadiation (300 W, pass
energy 58.7 eV) was used, and the spectra referenced to
sputtered Au and Cu foils.

A Varian Star 3400 CX series gas chromatograph
(GC) with a thermal conductivity (TCD) and a flame
ignition detector (FID) is attached to the reactor. A
sample aliquot was injected into the GC after liquid N2

condensation following a reaction, e.g., 2.0 h, and sep-
arated using Porapak-Q and Haysep R columns.
Research grade ethylene (99.999%) and ultra-high pur-
ity oxygen (99.98%) were obtained from Matheson and
used as received; glacial acetic acid (99.99%) was
obtained from Aldrich further purified by triple distil-
lation. The purity of the gases was verified by GC and
mass spectroscopy (MS).

2.2. Catalyst preparation and kinetic measurements

2.2.1. Single crystal catalyst
The single crystal Pd(100) catalyst used in this study

was a 1.0 cm diameter, 0.1 cm thick disk. A W/5% Re-
W/26% Re thermocouple spot welded to the back of the
sample was used to monitor the temperature; the sample
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was resistively heated via Ta leads. The catalyst was
cleaned in UHV using Ar ion sputtering and annealing
to 1000 K.

A typical reaction time was 2 h at a total pressure of
�15 Torr. After reaction, the products were condensed
in a sample loop and introduced into the GC for anal-
ysis. The reactor was then evacuated and the catalyst
transferred into the surface analysis section for XPS
analysis. The turnover frequencies (TOF’s) (molecules
of VA produced per surface Pd site per second) were
calculated from the number of VA molecules produced
during the reaction (total conversion <0.5%) using a
Pd(100) atom density of 1.7�1015 atoms/cm2 [15].

2.2.2. Supported catalysts
Pd/SiO2 catalysts with a metal loading of 5.0 and

1.0 wt%, denoted as Pd-5 and Pd-1, respectively, were
prepared by incipient wet-impregnation of high surface
area (600 m2/g) SiO2. The reaction was carried out in a
micro fixed-bed reactor connected to an online GC. The
methodology for preparation of the supported catalyst
and carrying out the reactivity measurements have been
described in detail elsewhere [12,14]. The morphology,
particle size, and chemical composition of the Pd cata-
lysts, both fresh and used, were determined using
transmission electron microscopy (TEM), X-ray dif-
fraction (XRD) and XPS. TEM and XRD showed the
average particle size of the Pd-1 and Pd-5 catalysts to be
2.5 and 4.2 nm, respectively.

3. Results and discussion

3.1. Kinetics

A stable VA reaction rate was observed for the Pd(100)
catalyst after �60 min of reaction at 413 and 433 K
(figure 1), however, it is noteworthy that an induction
period is apparent in the first few minutes of the
reaction. The Pd-5 and Pd- 1 catalysts, at 443 K
and pO2

=7.6 Torr, pC2H4
=57.0 Torr, pAcOH=12.0 Torr,

showed a �120 min induction period after which the
rates became stable. TEM shows the average particle size
of Pd to be 4.2 and 2.5 nm for the Pd-5 and Pd-1 catalysts,
respectively [12]. These results show that the stability of
the catalysts is independent of the Pd particle size.

The temperature-dependent reaction rates for the
three catalysts studied are shown in figure 2. The reac-
tion rate for the Pd(100) catalyst over the entire tem-
perature range is much lower than the corresponding
rates for the supported catalysts. The Pd-1 catalyst
shows a higher activity compared with Pd-5 as reported
previously [12].

The reaction rates as a function of O2 and ethylene
partial pressure at 433 K are displayed in figures 3 and
4, respectively. As evident in figure 3, changing pO2

from
2.0 to 6.0 Torr while maintaining pC2H4

and pAcOH

constant at 9.0 and 4.0 Torr, respectively, the reaction

rate increased from 4.5 � 10)5 to 7.5 � 10)5 s)1 at
423 K. Similarly, in changing pC2H4

from 2.0 to 7.0 Torr
(figure 4) while maintaining pO2

and PAcOH constant at
8.5 and 3.2 Torr, respectively, the reaction rate
decreased from 7.5�10)5 to 5.0�10)5 s)1 at 433 K.
Varying pAcOH from 3.0 to 5.0 Torr (not shown) has
little effect on the reaction rates for the Pd(100) catalyst
[7,14], consistent with a similar behavior with respect to
pAcOH reported earlier for Pd-5 and Pd-1 catalysts [12].
The reaction orders with respect to C2H4 and O2, as
summarized in table 1, were calculated by fitting the
data to a power rate law:

rVA ¼ k � paC2H4
� pb

O2
ð2Þ

Although the reaction rates are clearly dependent on
the Pd particle size, the reaction orders with respect to

Figure 1. VA reaction rate as a function of time on Pd(100) catalyst at

413 (m) and 433 K (.); pO2
=5.2 Torr, pC2H4

=21.0 Torr, pAcOH=8.0 -

Torr; on Pd-l (n) and Pd-5 (d) catalysts at 443 K;pO2
=7.6 Torr,

pC2H4=57.0 Torr, pAcOH=12.0 Torr, the remainder is N2; flow rate:

30–60 ml/min; catalyst weight: 0.1-1.6 g.

Figure 2. Arrhenius plot of VA formation rate on Pd(100) (n), Pd-5

(d) and Pd-1 (m) at various temperatures. For Pd(100) pO2
=2.0 Torr,

pC2H4
=9.0 Torr, pAcOH=4.0 Torr; for Pd-5 and Pd-1 catalysts

pO2
=7.6 Torr, pC2H4

=57.0 Torr, pAcOH=12.0 Torr, the remainder

N2; flow rate: 30–60 ml/min, catalyst weight: 0.1-1.6 g.
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ethylene and oxygen are not. A negative reaction order
with respect to C2H4 and a positive order with respect to
O2 imply that the reaction can be fit to a Langmuir–
Hinshelwood mechanism. The negative order for C2H4

may be due to the stronger adsorption of ethylene and
its derivative surface species, such as ethylidyne and
ethylidyne. The coverages of these ethylene species
increase with increasing C2H4 pressure, which inhibit or

decrease the coverages of other species like acetate and
oxygen required for VA synthesis, inducing the decrease
of the overall VA formation rate. An increase in O2

pressure facilitates an increase in the coverage of active
surface oxygen species that then leads to an increase in
the VA formation rate. In summary, the kinetic
parameters for VA synthesis over Pd(100) are similar to
those observed for supported Pd/SiO2, particularly
noteworthy being Ea and the reaction order with respect
to ethylene.

CO2 is the main by-product formed via combustion
of the reactants/products. Selectivities for VA of 90%
and 92% were observed for the Pd-5 and Pd-1 catalysts,
respectively, at 413 K (pC2H4

=57 Torr,pO2
=7.5 Torr

and pAcOH=12.0 Torr). The selectivity of the Pd(100)
catalyst for VA could not ascertained because of the
relatively low surface area of the catalyst and small
amounts of CO2 produced compared to the background
CO2.

3.2. XPS

Under reaction conditions, acetic acid and water are
the primary surface species during VA synthesis as
determined by isotopic transient methods [8,16]. Previ-
ous results from our laboratories have shown the for-
mation of PdCx on Pd-5 and Pd-1 catalysts during VA
synthesis [17,18], with Pd-5 showing the greater ten-
dency to form PdCx. C 1s XPS of the Pd(100) catalyst
subsequent to reaction (figure 5) can be resolved into
three distinct peaks with binding energies (BE) centered
at 284.2, 285.5 and 288.0 eV. The more intense peak at
284.2 eV is assigned to a surface CHx (x=0–3) species
formed from the dissociation of an ethylenic and/or
acetate species. The features at 285.5 and 288.0 eV are
assigned to CO and an acetate species, respectively [19–
22].

CO at saturation coverage was used to calibrate the
absolute quantity of carbon on the surface of Pd(100)
after reaction. The C1s XP spectra show a primary fea-
ture centered at 285.5 eV for various coverages of CO
(as shown in the lower panel of figure 5), which is in
excellent agreement with the observations by Jones et al.
[23,24]. Madix et al. [25], have reported that the satu-
ration coverage for CO on Pd(100) at room temperature
is 0.53 ML. By comparing the peak area of the C1s is

Figure 3. Dependence of VA formation TOF on partial pressure of

O2 at 413 K (n), 423 K (d), 433 K (m) on Pd(100); pC2H4
=9.0 Torr,

pAcOH=4.0 Torr.

Figure 4. Dependence of VA formation rate on partial pressure of

C2H4 at 433 K (n) on Pd(100); pO2
=2.0 Torr, pAcOH=4.0 Torr.

Table 1

Kinetic parameters for the synthesis of VA over Pd/SiO2 catalysts, power rate law: rVA ¼ k �
�

pC2H4

PTotal

�a

�
�

pO2

PTotal

�b

Catalysts k�10)3 (s)1) a b Ea (kJ/mol)

Pd(100)a 0.4–0.8 )0.40±0.04 0.50±0.05 23.00±3.0

5% Pd/SiO2
b 0.8–1.4 )0.60±0.02 0.12±0.01 17.3±2.0

1% Pd&SiO2
b 2.4–5.1 )0.34±0.02 0.18±0.01 39.0±2.0

aThe pO2
and pC2H4

in the reaction mixture were varied (pO2
: 2.5–9.0 Torr and pC2H4

: 2.0–8.5 Torr, respectively) while the pAcOH was kept constant

at 3.2 Torr.
bThe reactant gas consisted of pO2

: 7.5–63.0 Torr, pC2H4
: 56.3–101.3 Torr and pAcOH: 12.0 Torr with N2 as the remainder. Characterization of the

reaction kinetics is described elsewhere [14].
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region after VA reaction to that for saturated CO shown
in figures 6a and b, the amount of C on Pd(100) after
reaction is estimated to be approximately 1.5 ML. This
carbon coverage is in agreement with the results of
Bowker et al., who have estimated the carbon coverage
on Pd(110) following exposure to ethylene [19] and
acetic acid [26] to be approximately 1.5 ML. These
authors report that of this 1.5, 0.5 ML is on the topmost
surface while the remainder is interdiffused into the top
several layers of the catalyst [18,19,26].

Figure 6a shows C1s XPS spectra acquired at room
temperature after reaction and after flashing the Pd(100)
catalyst to various temperatures. Each of these spectra
can be deconvoluted into three surface species, CHx, CO
and acetate, as shown in figure 5. The intensities for
each component as a function of annealing temperature
are plotted in figure 6b, After a flash to 380 K the
intensity of the carbon features at 284.3 and 288.5 eV
decreases rapidly. This reduction in intensity is likely
due to desorption of ethylene and acetate species, in
agreement with previous studies [26–28], showing
desorption of acetate species at approximately 350 K.
Flashing to much higher temperatures, i.e., >500 K,
removes adsorbed CO (at 285.5 eV), and at still higher
temperatures, the feature at 284.2 eV, assigned to
amorphous carbon and CHx species, disappears. Note
that during this transformation no apparent change was
observed in the binding energy of the Pd 3d feature.
These XPS results show that carbon-containing species
formed during VA synthesis reaction are stable on
Pd(100) to 350–500 K.

Additional questions, remain regarding the adsorp-
tion behavior of ethylene and acetic acid in the presence
of oxygen and the suppression of ethylene combustion

during VA synthesis. Current work is underway to
address these and related issues of VA synthesis over Pd
and Au-Pd catalysts.

4. Conclusions

The kinetics of vinyl acetate (VA) synthesis over
Pd(100) catalyst have been explored. The Pd particle
size-dependence of the reaction rates is assessed by
comparing the single crystal kinetics with those of sup-
ported Pd catalysts. Negative order with respect to
ethylene and positive order with respect to oxygen were
observed for all the catalysts, neither being dependent
on the Pd particle size. Deactivation of the supported
and unsupported catalysts was comparable. XPS
showed that the carbon level following reaction on the
Pd(100) catalyst was approximately 1.5 ML.

Figure 5. C1s XPS spectrum after VA reaction on Pd(100) at 433 K;

pO2=2.0 Torr, pC2H4=9.0 Torr, pAcOH=4.0 Torr; the lower panel is

the C1s XPS spectrum of CO at saturation on Pd(100) at 300 K.

Figure 6. (a) C1sXPS spectra on Pd(100) after reaction at 433 K and

after annealing to temperatures as indicated; pO2
=2.0 Torr, pC2H4

=9.0 Torr, pAcOH=4.0 Torr; (b) C1s XPS peak intensity for CHx (d),

CO (m) and acetate (.) species plotted versus the annealing

temperature.
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