
t

ence

e
arily
e regime
Journal of Catalysis 224 (2004) 60–68
www.elsevier.com/locate/jca

Kinetics of ethylene combustion in the synthesis of vinyl acetate
over a Pd/SiO2 catalyst

Y.-F. Han, D. Kumar, C. Sivadinarayana, and D.W. Goodman∗

Department of Chemistry, Texas A&M University, College Station, TX 77843, USA

Received 25 November 2003; revised 17 February 2004; accepted 18 February 2004

Abstract

The kinetic parameters of ethylene combustion in the presence of acetic acid, i.e., during the synthesis of vinyl acetate and in the abs
of acetic acid, have been measured in the temperature range 413–453 K over Pd supported on a high surface area SiO2 (600 m2/g) at
pressures ranging from 5.0 to 15.0 kPa of C2H4 and 1.0 to 10.0 kPa of O2. CO2 formation as a function of the partial pressures of C2H4
and O2 exhibited a negative reaction order with respect to C2H4 and a positive order with respect to O2. The kinetic parameters of ethylen
combustion in the presence and absence of acetic acid were essentiallythe same, consistent with ethylene combustion being prim
responsible for CO2 formation in the synthesis of vinyl acetate from ethylene and acetic acid over unpromoted Pd within the pressur
investigated.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The synthesis of vinyl acetate (VA) from ethylene, ace
acid (ACOH), and oxygen over Pd-based catalysts is an
portant industrial process [1]. The reaction occurs ideall

(1)C2H4 + CH3COOH+ 1
2O2 → C2H3OOCCH3 + H2O.

However, CO2 production via combustion of ethylene and
acetic acid [2] lowers the selectivity.

Previous work has shown that the synthesis of VA
pends upon several factors [2] including Pd dispersion,
tial pressures of reactants, catalyst additive(s), and co
time. VA selectivities as low as 80% have been obser
over a Pd/SiO2 catalyst [2], whereas selectivities as hi
as 94% have been measured for Pd–Au/SiO2 catalysts [1].
Obviously a key to improvement in selectivity to VA is a
understanding of the origin and mechanism of CO2 forma-
tion.

Although the kinetics of VA synthesis has been addres
[2–4], the relative contributions to the CO2 product by eth-
ylene and acetic acid remain in dispute. Some three dec
ago, Samanos et al. [3], reported no differences in the
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parent activation energies measured for ethylene com
tion in the presence and absence of AcOH over unprom
Pd/SiO2 and Pd/Al2O3 catalysts and concluded that CO2

was formed primarily from ethylene. For unsupported
Pd/Al2O3, and alkali-promoted Pd/Al2O3 catalysts, Naka
mura and Yasui [4] concluded that CO2 is produced mainly
via oxidation of C2H4. More, recently in the most compr
hensive study of VA synthesis to date, Crathorne et al.
using isotopic transient kinetics and Pd/Cd/SiO2/K+ and
Pd/Au/SiO2/K+ catalysts, concluded that CO2 was derived
equally from ethylene and acetic acid.

In the work reported here, the kinetic parameters for
ylene combustion in the synthesis of VA have been meas
over an unpromoted Pd catalyst supported on a high
face area SiO2 (600 m2/g) as a first step in a comprehens
study of VA synthesis over catalysts ranging from suppo
Pd and Pd/Au to Pd and Pd/Au single crystals. Specific
this study addresses the reaction of ethylene (5.0–15.0
with O2 (1.0–10.0 kPa) in the presence and absence of a
acid (AcOH, 2.0 kPa) and vinyl acetate (2.0–3.5 kPa)
tween 423 and 453 K. By fixing either the partial pressur
ethylene or oxygen, the reaction orders with respect to o
gen and ethylene were measured with differential flow
with the ethylene conversion maintained at less than 5%
comparison, experiments were carried out under similar

http://www.elsevier.com/locate/jcat
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ditions with and without AcOH. A model is developed th
explains these kinetics as well as previous data for ethy
combustion over a Pd single-crystal surface [5–7].

2. Experimental

2.1. Catalyst preparation and reaction conditions

The kinetic measurements were carried out over a
(5 wt%)/SiO2 catalyst prepared by the incipient wetnes
method. High surface area SiO2 (Aldrich No. 7631-86-9)
with a surface area of 600 m2/g, a particle size of 230–40
mesh, and a pore volume of 1.1 ml/g was used. A Pd2+
solution was first prepared by dissolving Pd(NO3)2 (C.P.,
commercial source) into deionized water. The Pd2+ solution
was then added with an equal volume of SiO2 powder. The
impregnated catalyst was allowed to stand for approxima
4 h in a covered beaker. The precursor was dried extens
under vacuum at 393 K prior to use. N2, C2H4, O2 (10%)/N2,
and air (Messer MG Industries) were purified with gas filt
(Chrompack) to remove trace amounts of water, oxygen,
hydrocarbon. Partial pressures of AcOH were maintaine
bubbling N2 through a AcOH (Aldrich C.P.) bath at a pres
and regulated temperature.

2.2. Catalyst characterization

2.2.1. X-ray diffraction (XRD)
X-ray powdered diffraction data were obtained with

Bruker D8 diffractometer using Cu-Kα radiation. The sam
ples were scanned over the 2θ range from 30 to 75◦ in either
0.2 or 0.4◦ steps. Pd particle sizes were estimated using
Scherrer formula [8],

(2)D = kλ/∆cosθ,

whereλ (0.15 nm) is the wavelength of the X-rays,k is a
constant (0.94),θ is the Bragg angle of the peak maximu
and∆ is the full width at half-maximum (FWHM).

2.2.2. Transmission electron microscopy (TEM)
Pd(5 wt%)/SiO2 were ultrasonically dispersed in a

ethanol solvent and then dried over a carbon grid. The
were imaged using a Jeol 2010 microscope; at least 200
particles were measured to obtain the average particle
distributions reported.

2.2.3. X-Ray photoelectron spectroscopy (XPS)
XPS measurements were performed using a XPS-5

Perkin-Elmer spectrometer. The samples were pressed
an indium foil (Aldrich) and high-resolution scans carri
out using a Mg-Kα source and a pass energy of 58.7
The signal from the Si (2p) feature at 103.1 eV, presen
all measurements, was used as a reference. The C(1s
acquired after all surface contaminants were removed by
sputtering (PHI Model 11-065 ion gun) for 30 min with
beam voltage of 3.4 kV.
o

s

2.3. Catalytic activity

The catalytic activity was measured in a convention
flow quartz tube reactor with 0.8 cm inner diameter an
catalyst bed of approximately 1.0–1.6 g (2–3 cm leng
at atmospheric pressure. Thereactor temperature was re
ulated with an Omega temperature controller. The reactan
and products were analyzed by an online gas chromatog
(GC, HP 5890). A HayeSep-R column (80/100 mesh, 2
and a flame ionization detector(FID) were used to detect VA
and AcOH; a Porapak column (RT, 80/100 mesh, 1.5
with a thermal conductance detector (TCD), was used
measure CO2, C2H4, and mixtures of O2 and N2. The gas-
flow rates were controlled by mass-flow meters.

Prior to use, the catalysts were conditioned by calcina
in a 10% O2/N2 mixture at 673 K (30 min, 20 Nml/min), fol-
lowed by reduction in 100% H2 at 573 K. Subsequently th
reactor was cooled to reaction temperature in N2. Reaction
kinetics of ethylene (5.0–15.0 kPa) with O2 (1.0–10.0 kPa)
in the presence and absence of acetic acid (AcOH, 2.0
and vinyl acetate (2.0–3.5 kPa) were measured between
and 453 K. The kinetic measurements were performed u
differential flow conditions, with the conversion of ethyle
maintained below 5%. VA combustion was carried out i
mixture of VA (2.0–3.5 kPa)+ O2 (1.0–10.0 kPa) and C2H4
(7.5 kPa)+ VA (3.5 kPa)+ O2 (10.0 kPa). In the absenc
of C2H4, CO2 was not detected at 413 K; however, co
bustion increased significantlyat temperatures greater th
433 K, becoming comparable to that found in the prese
of ethylene. At temperatures>433 K, VA combustion was
essentially quenched upon the addition of C2H4; the rate
of CO2 formation increased by less than 5% in the pr
ence of VA (3.5 kPa). Due to the very low concentration
VA (>0.07 kPa) under VA synthesis conditions, the C2
contribution from VA combustion under these conditions
negligible.

2.4. Calculations of the reaction rates and selectivities

C2H4 conversion, XC2H4 = (pC2H4,in − pC2H4,out)/

pC2H4,in, was calculated from the CO2 concentration at the
reactor exit:

(3)XC2H4→CO2 = 0.5pCO2,out

pC2H4,in
.

Under differential flow conditions the mass-normaliz
reaction ratesrC2H4 can be calculated directly from the ave
age C2H4 partial pressurēpC2H4 at the entrance and exit o
the reactor, normalized to the atmospheric pressurep0, the
metal mass in the catalyst bed,mMe, and the total molar flow
rateV̇tot,

(4)rC2H4 = p̄C2H4XC2H4V̇tot

p0mMe

(
mol s−1 g−1

Me

)
.

Consequently,

(5)rC2H4→CO2 = p̄C2H4XC2H4→CO2V̇tot (
mol s−1 g−1

Me

)
.

p0mMe
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The VA formation rate is expressed as

(6)rC2H4→VA = p̄C2H4XC2H4→VA V̇tot

p0mMe
,

while

(7)XC2H4→VA = pVA ,out

pC2H4,in
.

It should be noted thatrC2H4→CO2 only reflects the con
version rate of C2H4 to CO2. The rate at which ethylen
converts to CO2 is equal to half the CO2 formation rate, or
0.5rCO2. In the present study, all CO2 formation rates are ex
pressed asrCO2.

In the absence of AcOH,rC2H4 should be equal to
rC2H4→CO2 and 0.5rCO2, consistent with only ethylene com
bustion occurring; in the synthesis of VA, the selectivityS to
CO2 formation, expressed as the fraction of C2H4 consumed
for CO2 formation vs the total amount of C2H4 consumed
is shown in

(8)S = 0.5pCO2,out

pC2H4,in − pC2H4,out
= rC2H4→CO2

rC2H4

.

Finally, all the mass-based reaction rates were conve
into turnover frequencies, s−1 (TOF), according to

(9)rTOF = rmass basedMMe

D

(
s−1).

MMe andD represent the metal atom weight and dispers
of active metal, respectively. The dispersion of Pd,D, of the
fresh reduced 5 wt% Pd/SiO2 catalyst was estimated to b
approximately 40%, corresponding to a Pd average par
size of 3.8 nm, from the broadening of the Pd(111) diffr
tion line (2θ = 40.2◦).

3. Results

3.1. Characterization of the Pd(5 wt%)/SiO2 catalyst

3.1.1. X-ray diffraction
The X-ray diffraction data for the Pd(5 wt%)/SiO2 cat-

alyst are shown in Fig. 1. The freshly reduced catalyst
pretreated before reaction, heated in O2 at 673 K for 30 min,
and then reduced in H2 at 573 K for 30 min) reveal sev
eral diffraction features at Bragg angles of 40.2, 46.2,
67.9◦, corresponding to polycrystalline Pd(111), (200), a
(220), respectively [9,10]. In contrast, the peak intensi
were significantly reduced for the used catalyst follow
VA synthesis (pC2H4, 7.5 kPa;pO2, 1 kPa;pAcOH, 2.0 kPa,
with the remainder N2, at 413 K, 600 min); the (220) fea
ture was no longer present while the (111) and (200) feat
shifted to 38.1 and 45.0◦, respectively. According to Eq. (2
the average Pd particle size is estimated to be approxim
3.8 nm for the freshly reduced catalyst and approxima
4.2 nm for the used catalyst.

3.1.2. Transmission electron microscopy
As shown in Fig. 2, the Pd particles for the 5 wt% Pd/S2

catalyst are distributed between 1.5 and 8.5 nm in the fre
reduced catalyst and 2.0 and 18.0 nm for the used cat
(see Fig. 3). As shown in Table 1, the Pd particle size
Fig. 1. XRD data for Pd (5 wt%)/SiO2 before (A) and after reaction (B). (A) Fresh reduction, at 673 K in 20 N ml/min O2 (10%)/N2, 30 min, then 473 K
in 20 N ml/min H2, 30 min. (B) After 600 min reaction: feed gas,pC2H4 = 7.5 kPa,pO2 = 1.0 kPa,pAcOH = 2.0 kPa, rest N2; flow rate, 60 Nml/min, at
413 K.
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Fig. 2. TEM micrograph of SiO2-supported Pd particles. (A) Fresh reduced, (B) after reaction; the samples are the same as in Fig. 1.
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Fig. 3. Size distribution of Pd particles for the Pd(5 wt%)/SiO2 catalyst.

tained via TEM is somewhat higher than that found by XR
In the present study the 40% dispersion of Pd subsequ
used in determining the reaction rate (TOF) is based on
XRD analysis for the freshly reduced catalyst.

3.1.3. X-ray photoelectron spectroscopy
Pd(3d) core level shifts for the fresh and used catalysts

shown in Table 2 according to peak position, peak wid
and Pd0/Pd2+ peak area ratios. Over the freshly reduc
sample, Pd 3d 5/2 and 3/2 features were observed at 335
and 340.1 eV binding energy (BE), respectively. Decon
lution of these features shows two features correspondin
Pd 3d 5/2 BEs of 335.0 and 336.5 eV, corresponding to P0

and Pd2+ [11–13], respectively. Similar data were observ
for the used catalyst; however, a significant shift of appr
imately 2.0 eV toward higher BE was observed. Noticea
the ratios of the peak area (Pd0 3d 5/2/Pd2+ 3d 5/2), qualita-
Table 1
Comparison of Pd particle size and dispersion for a Pd(5 wt%)/SiO2 cata-
lyst freshly reduced and after reaction

Sample XRD TEM

Diameter
(nm)

Dispersion
(%)

Diameter
(nm)

Dispersion
(%)

Fresh reduceda 3.8 37.5 4.2 30
After reactionb 4.2 30 5.5 22

a Treated in O2 (10%)/N2 mixture at 673 K for 30 min, then reduced
H2 at 473 K for 30 min.

b pC2H4, 7.5 kPa,pO2, 1.0 kPa,pAcOH, 2.0 kPa, with remainder N2, at
413 K, 600 min.

tively representing the percentage of Pd0 and oxidized Pd2+
on the surface of Pd particles, indicate that the Pd0 is a pre-
dominant species on the Pd surface for the freshly redu
catalyst (Pd0/Pd2+ = 7.6) whereas after reaction the su
face is essentially completely oxidized (Pd0/Pd2+ = 0.05).
It should be noted, however, that the samples were temp
ily exposed to air before measurement; therefore, the X
results are only qualitative. C(1s) data show a broad p
centered at 285.1 eV for the freshly reduced and used
alysts, with the peak intensity (area) for the used cata
being appreciably larger, consistent with moderate car
deposition during reaction.

3.2. Synthesis of VA over a Pd (5 wt%)/SiO2 catalyst

The stability of the catalyst was measured for 600 min
der differential flow conditions as shown in Fig. 4. The r
of CO2 formation versus time shows that catalyst stabi
was achieved after 100 min. The data used for kinetic an
sis were those measured after 2.5 h time on stream u
otherwise noted. As shown in Fig. 5, variation of the re
tion rates,rVA andrCO2, with the partial pressure of O2 (pO2)

was determined at 413 K with thepC2H4 fixed at 7.5 kPa, and
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Table 2
Peak positions, areas and widths (FWHM) of the Pd 3d XPS feature for a freshly reduced and reacted Pd(5 wt%)/SiO2 catalyst

Pd 3d5/2 Pd 3d3/2 Pd0 (335.0 eV)/

Pd2+ (336.5 eV)
(area ratio)

BE
(eV)

Area FWHM
(eV)c

BE
(eV)

Area FWHM
(eV)

Reduceda 335.0 33413 2.2 340.1 10208 2.2 7.6
336.5 4376 2.0 341.6 2526 2.0

After 335.0 1930 2.2 335.0 1213 2.2 0.05
Reactionb 336.5 34212 2.0 336.5 18077 2.0

a Treated in O2 (10%)/N2 mixture at 673 K for 30 min, then reduced in H2 at 473 K for 30 min.
b pC2H4, 7.5 kPa,pO2, 1.0 kPa,pAcOH, 2.0 kPa, with remainder N2, at 413 K, 600 min.
c Full width at half-maximum (FWHM) in eV.
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pAcOH held at 2.0 kPa. With an increase inpO2 from 1.0 to
8.4 kPa,rCO2 increased by a factor of 7, from 0.13×10−4 to
0.9 × 10−4 s−1; concurrently, a 20% increase ofrVA from
1.1 × 10−4 to 1.3 × 10−4 s−1 was observed. The corre
sponding selectivity toward CO2 increased from<10% at
pO2 = 1.0 kPa to nearly 25% atpO2 = 8.4 kPa. Obviously
ethylene combustion is enhanced more than VA synthes
an increase inpO2.

3.3. Kinetics for ethylene combustion

3.3.1. Dependence of rCO2 on pC2H4 at 413, 433, and
453 K

In the presence and absence of AcOH, the dependen
rCO2 on pC2H4 was measured in the range 5.0–15.0 kP
413, 433, and 453 K, respectively, whilepO2 was held con-
stant at 6.3 kPa. As shown in Fig. 6, in the presence of Ac
(pAcOH = 2.0 kPa) (see the dashed-line plots) a similar sm
decrease ofrCO2 with an increase inpC2H4 was observed
over the entire temperature range. At 413 K,rCO2 drops from
0.72× 10−4 s−1 at pC2H4 = 5.0 kPa to 0.53× 10−4 s−1 at
pC2H4 = 15.0 kPa; a slope of−0.27 was measured from re
gression of the data at 413 K. Parallel plots at 433 and
K exhibited slopes of−0.31 and−0.27, respectively. Fur
thermore,rCO2 increases significantly with an increase
temperature for the same reactant composition. For exam
with reactant pressures ofpC2H4 = 5.0 kPa,pO2 = 6.3 kPa,
pAcOH = 2.0 kPa (N2 balance),rCO2 is 0.72 × 10−4 s−1

at 413 K and increases to 1.07× 10−4 s−1 at 433 K and
1.35× 10−4 s−1 at 453 K, an approximately 50% increa
for a 20 K rise in the reaction temperature.

The behavior ofrCO2 versuspC2H4 in the absence o
AcOH is essentially the same as that in the presenc
AcOH (see solid line in Fig. 6). Slopes of−0.15, −0.17,
and−0.19 were measured at 413, 433, and 453 K, res
tively. The absolute value of the slopes in the absenc
AcOH is lower than those in the presence of AcOH. Furth
more, at 413 KrCO2 in the absence of AcOH is significant
higher thanrCO2 in the presence of AcOH with the sam
pC2H4. The difference between these two reaction co
tions changes from 20% atpC2H4 = 5.0 kPa to nearly 50%
at pC2H4 = 15.0 kPa. However, this difference was minim
f

,

at 433 K; nearly equalrCO2’s were measured at 533 K fo
both reaction compositions.

3.3.2. Dependence of rCO2 on pO2 at 413, 433, and 453 K
In the presence and absence of AcOH, with a fixedpC2H4

of 7.5 kPa, the change inrCO2 with pO2 was investigated a
413, 433, and 453 K. As illustrated in Fig. 7, in the pr
ence of VA (shown as dashed lines),rCO2 increases rapidly
with an increase inpO2; the plot corresponding to 413
is the same as the one shown in Fig. 5 and parallels
plots at 433 and 453 K. A least-squares fit of the lines yie
slopes of 0.88, 0.82, and 0.89, respectively. An increas
rCO2 with an increase in temperature was measured as
as shown in Fig. 6. A reactant composition ofpC2H4 = 7.5
kPa,pO2 = 1.0 kPa, andpAcOH = 2.0 kPa, (residual N2), is
optimum for the synthesis of VA [1,2].rCO2 increased from
0.08× 10−4 s−1 at 413 K to 0.11× 10−4 s−1 at 433 K and
0.13×10−4 s−1 at 453 K. Comparatively, a similar behavi
of the variation ofrCO2 versuspO2 in the absence of AcOH
(see the solid line in Fig. 6) was also observed. Slope
1.22, 1.18, and 1.16 were obtained at 413, 433, and 45
respectively. It is noteworthy thatrCO2 versuspO2 in the ab-
sence of AcOH grows faster than in the presence of Ac
At pO2 = 1.0 kPa,rCO2 was lower in the presence of AcOH
however, this behavior was reversed with an increase inpO2

to 8.4 kPa.

3.4. Kinetic parameters and the ethylene combustion
mechanism

To calculate the reaction orders with respect to ethylen
(α) and oxygen(β), a simple power-law functionality is as
sumed:

(10)rCO2 = kpα
C2H4

p
β

O2
.

By fitting Eq. (10) to the resultsin Figs. 5–6, reaction order
and apparent activation energies,Ea, were calculated and ar
tabulated in Table 3. TheEa for ethylene combustion in th
absence of AcOH is 17.0 kJ/mol, lower than 21.0 kJ/mol
measured in the presence of AcOH; whereas variation in
action order was apparent in the two reaction mixtures. T
is contrary to the results previously reported by Sama
et al. [3] and demonstrates that AcOH has essentially
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Fig. 4. (a) Catalytic stability of Pd/SiO2 catalyst in the synthesis of viny
acetate: feed gas,pC2H4 = 7.5 kPa,pO2 = 1.0 kPa,pAcOH = 2.0 kPa,
rest N2; flow rate, 60 N ml/min, at 413 K (2) reaction rate for VA for-
mation; (") reaction rate for CO2 formation; (P) selectivity toward VA
formation. (b) Catalytic stability of Pd/SiO2 catalyst in the absence of VA
feed gas,pC2H4 = 7.5 kPa,pO2 = 6.3 kPa, rest N2; flow rate, 60 Nml/min,
at 413 K (") and 453 (2).

influence under these reaction conditions on ethylene c
bustion during the synthesis of VA.

Two possible pathways have been assumed for the
alytic ethylene combustion over a Pd(100) surface [6]. O
is indirect combustion, in which C2H4 dissociates into C(a
and H(a) on the Pd surface; the carbon then reacts
O(a) to form CO, CO2, and H2O. An alternative pathway i
oxygen-activated combustion, in which adsorbed O as
Fig. 5. Variation of reaction rates (vinyl acetate (2) and CO2 formation ("))
and selectivity of CO2 (Q) with the partial pressure of O2 at 413 K over
Pd(5 wt%)/SiO2 catalyst: feed gas,pC2H4 = 7.5 kPa,pO2 = 1.0–10 kPa,
pAcOH = 2.0 kPa, rest N2; flow rate, 60 Nml/min; catalyst weight, 1.6 g.

Fig. 6. Dependence of CO2 formation rate on partial pressure of C2H4
in the presence of acetic acid: (1) at 413 K, (!) 433 K, and (P) 453 K;
feed gas,pO2 = 6.3 kPa, pC2H4 = 5.0–15.0 kPa,pAcOH = 2.0 kPa,
rest N2; flow rate, 60 Nml/min; catalyst weight, 1.6 g; in the absen
of acetic acid, (2) at 413 K, (") at 433 K, (Q) at 453 K; feed gas
pO2 = 6.3 kPa,pC2H4 = 5.0–15.0 kPa, rest N2; flow rate, 60 Nml/min;
catalyst weight, 1.2 g.

in the removal of H from ethylene via formation of O–
and/or O–C bonds, yielding CO, CO2, and H2O. Guo and
Madix [6] failed to detect CO or CO2 within the tempera-
ture range 200–900 K for ethylene combustion over Pd(1
however, Jia et al. [7] detected a CO product at 230 K o
Pd{001}–c(2× 2)–O. In the present work, no CO was d
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Fig. 7. Dependence of CO2 formation rate on partial pressure of O2 in the
presence of acetic acid: (1) at 413 K, (!) 433 K, and (P) 453 K; feed
gas,pC2H4 = 7.5 kPa,pO2 = 1.0 − 10.0 kPa,pAcOH = 2.0 kPa, rest N2;
flow rate, 60 Nml/min; catalyst weight, 1.6 g; in the absence of acetic a
(2) at 413 K, (") at 433 K, (Q) at 453 K; feed gas,pC2H4 = 7.5 kPa,
pO2 = 1.0–10.0 kPa, rest N2; flow rate, 60 Nml/min; catalyst weight, 1.2 g

tected in the combustion of ethylene at 413 K. As show
Table 3, a negative reaction order with respect to C2H4 and
a positive order with respect to O2 indicate that the reactio
can be fitted by a Langmuir–Hinshelwood mechanism wh
the dissociation of O2 into O(a) is the rate-determining ste
If the mechanism of indirect combustion is responsible
the ethylene combustion,rCO2 should be independent o
pC2H4. On the other hand, temperature-programmedreac
of ethylene on Pd(100)–p(2 × 2)–O at saturation ethylen
exposure shows CO2 evolution due to reaction of O(a) an
C(a) occurs at>530 K, a temperature much higher than
temperature (413–453 K) used in the present study.

4. Discussion

4.1. Pd cluster restructuring and catalyst stability

Analysis of the XRD and TEM data suggests that the
particles on the freshly reduced catalyst are highly disper
The XRD data of Fig. 1 indicate a Pd particle diameter
.

approximately 3.8 nm for the freshly reduced catalyst, co
sponding to approximately 500 atoms/per cluster. However
moderate aggregation of the Pd to particles to approxima
4.2 nm in diameter occurs during reaction. Growth of the
particles during reaction was also apparent in the TEM
ages; however, the Pd particle sizes deduced by TEM w
substantially larger than those found by XRD (see Table
Particle sizes below 1.0 nm were not visible in the TEM i
ages likely because of intrinsic resolution; therefore, som
discrepancy between XRD and TEM regarding particle
is anticipated. Recently, Kaszkur [9,10] has used pow
diffraction to determine the size of Pd particles within 1
3.5 nm by monitoring the shift and peak intensity of t
Pd(111) feature. This approach was applied to the data fo
for the freshly reduced and used catalyst in this study
shown in Fig. 1, from the freshly reduced catalyst to
used catalyst, the 2θ of Pd(111) peak shifted from 40.2
38.1◦ with a concomitant change in peak intensity. In par
ular, the disappearance of the Pd(220) phase in XRD
observed for the used catalyst, suggesting a phase t
formation of the Pd particles during reaction. It should
emphasized here that the downshift of the Pd(111) fea
may also be ascribed to the formation of PdCx [14].

The XPS results shown in Table 2 indicate that a la
of PdOx may cover the used catalyst. This result is con
tent with previous results for a Pd single crystal as wel
supported Pd catalysts [14,15,19–30]. Klötzer et al. [15]
ported an oxygen-induced surface-phase transformatio
Pd(111) between 0.25 and 1.0 ML (ML: monolayer) a
between 300 and 600 K; above 900 K and at higher O2 pres-
sures (>10−3 Pa), formation of bulk PdO was reported
Pd(111) [16–20]. Voogt et al. [12] showed that a surface
ide was produced on Pd(111) at temperatures greater
470 K and at pressures greater than 2× 10−4 Pa. Recently
however, Leisenberger et al. [11] failed to observe Pdx

species on Pd(111) at temperatures below 525 K and an
gen pressure of 2× 10−7 Pa. Although the lack of oxid
formation may be due to the lower oxygen pressure, cle
the formation of a surface oxide is more facile on the lo
index planes of Pd, e.g., Pd(100) and Pd(110), compar
Pd(111) [21–23]. Huang et al. [21] produced a surface o
on Pd(100) at 430 K and an oxygen pressure of 1.1 × 10−5

Pa. On the other hand, Graoui et al. [24], after depositing
particles onto a MgO single crystal under UHV conditions
observed the formation of PdO at the edges of the p
cles by HRTEM at 723 K and 10−5 Pa of O2. Furthermore
Table 3
Kinetic parameters for ethylene combustion in the presence and absence of acetic acid according to the power rate law:rCO2 = kpα

C2H4
p

β
O2

Kinetic
parameters

Absence of AcOHa Presence of AcOH
413 K 433 K 453 K 413 K 433 K 453 K

Constant rate(k) × 10−3 (s−1) 1.66 1.66 1.78 0.38 0.42 0.71
α −0.15± 0.01 −0.17± 0.01 −0.19± 0.02 −0.27± 0.02 −0.31± 0.01 −0.27± 0.01
β 1.22± 0.01 1.18± 0.02 1.16± 0.01 0.88± 0.03 0.82± 0.01 0.89± 0.03
Ea (kJ/mol) 17.0± 4.0 21.0± 4.0

a Acetic acid.
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formation of an oxide phase as well as restructuring of s
ported particles has been reported by Yang et al. [25],
detected the formation of PdOx on Pd catalysts supporte
on Al2O3, ZrO2, and ZrO2–SiO2 during methane combus
tion between 473 and 873 K.

XRD and TEM show the Pd particles in this study to
highly dispersed and therefore likely to have a higher c
centration of defect sites relative to Pd single crystals. PdOx
may very well be more easily formed on these small clus
upon exposure to 1.0–10.0 kPa O2 at 413–453 K. Also un-
der reaction conditions AcOH-induced Pd oxidation dur
VA synthesis may be an alternative pathway to Pd oxidat
Pd(OAc)2 has been proposed as an intermediate in the
mation of VA [2]. Although a surface oxide may be prese
under reaction conditions, the formation of bulk PdO can
excluded based on the XRD data (see Fig. 1). No feat
related to bulk PdO are present for the used catalyst.

4.2. Adsorption of ethylene and O2 on Pd

The positive reaction order wrt O2 and negative order wr
C2H4 (see Table 3) suggest that C2H4 adsorption plays a
key role in ethylene combustion on Pd. Adsorbed ethyle
C2H4(a), or its dehydrogenated product may block the dis
ciative adsorption of O2. Previous experimental [26–28] an
theoretical [29–32] studies of the adsorption of C2H4 and O2
on Pd single crystals and clusters show two kinds of ads
tion sites on Pd surface: (i) atop adsorption site on a Pd atom
the so-calledπ -type; and (ii) bridge adsorption sites call
di σ -type, related to adsorption of a rehybridized(sp2 →
sp3) C2H4 molecule. However, molecular C2H4 adsorbed
on Pd(111), (110), and (100) has only been detected at
adsorption temperatures (<150 K) [26–28,33–36]. With an
increase in temperature, the adsorbed ethylene C2H4(a) ap-
parently isomerizes to ethylidene (CH–CH3), followed by
dehydrogenation to ethylidyne (C–CH3) [27,30,35–39], then
finally decomposition to CHx fragments at temperatures b
tween 400 and 500 K [36,37]. It is noteworthy that differe
Pd surfaces exhibit different adsorption–desorption beha
with respect to C2H4. Ethylidyne forms on Pd(111) at room
temperature [40–42] and desorbs below 350 K [27]; ho
ever, C2H4 was found to adsorb reversibly on Pd(100)
room temperature [38] and directly dehydrogenate to Cx

[36] at >400 K. Similarly, by IR spectroscopy, Frank et
[43] could not detect any molecular ethylene on Pd clus
at 300 K. Ethylene is known to exhibit a range of bindi
energies on various Pd surfaces [44].

On the other hand, as noted above, the adsorption o2
on Pd surface may lead to the oxidation of the Pd surfac
fact, molecular O2 likely dissociates on a Pd surface. With
the temperature range 100–650 K, dissociation of molec
O2 on Pd(111) [45,46] and Pd(110) [47,48] has been dem
strated. Voogt et al. [12] confirmed that there were th
stages in the interaction of oxygen with Pd(111): (1) dis
ciative adsorption of oxygen where the saturation cover
of oxygen,θ sat, was estimated to be 0.25 ML> 470 K;
(2) the diffusion of oxygen atoms into Pd; and (3) oxi
nucleation and growth. For Pd(111) the formation of a n
surface phase, consisting of islands of high-density oxy
acting as a reservoir for O, was observed between 300
623 K [15]. However, diffusion of oxygen atom into the bu
or subsurface layers was not observed.

4.3. Proposed mechanism for ethylene combustion

As shown in Table 3, the kinetic parameters at 4
433, and 453 K suggest a single mechanism for et
ene combustion within the temperature range 413–45
The slight negative order wrt ethylene and the posi
order wrt oxygen indicate that ethylene or dehydroge
tion/decomposition derivatives cover to a large extent the
surface and occupy most of the adsorption sites, therefor
blocking oxygen adsorption. The adsorption of ethylene
Pd single crystals under UHV conditions has been bri
discussed in terms of the adsorbed ethylene desorbing
Pd at or above room temperature and the remaining e
ene being dehydrogenated to a CHx species above 400 K
Assuming this to be the case, suppression of oxygen
well may occur above 400 K. However, in the present st
ies ethylene is adsorbed on a high surface area supp
catalyst under atmospheric conditions where the di-σ and
π -bonded ethylene species have been reported [49–51]
π -bonded ethylene species, proposed to be adsorbed a
atop site on a single Pd atom, has been identified on
gle crystals of Pd in UHV at room temperature. Beca
ethylene dominates the surface,the dissociative adsorptio
of oxygen may be suppressed and may become the
determining step in ethylene combustion. Ethylene com
tion on a supported Pd/SiO2 catalyst likely proceeds vi
the mechanism of oxygen-activated combustion propose
Guo and Madix [6], whereby an oxygen atom abstrac
hydrogen atom from an ethylene molecule and attacks
C atom of ethylene. On the other hand, the mechanism
indirect combustion, in which the adsorbed oxygen rea
with an adsorbed C and H to form CO2 and H2O, cannot be
completely ruled out. It is likely, however, that only a sm
fraction of the CO2 is produced via this mechanism since
this case the reaction rate would not depend upon the e
ene partial pressure.

Nevertheless, the mechanism of ethylene combus
may very well be more complex than suggested here, pa
ularly under typical VA synthesis conditions. The influen
of AcOH on the reaction rates is apparent in Fig. 4. Stud
are currently underway to assess the role of AcOH in et
ene combustion and the role of adsorption site blocking
C2H4(a) on the overall reaction mechanism.

5. Conclusions

The kinetic parameters of ethylene combustion in
presence of acetic acid, i.e., during the synthesis of viny
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etate, and in the absence of acetic acid have been mea
in the temperature range 413–453 K over Pd supporte
a high surface area SiO2 (600 m2/g). CO2 formation as a
function of the partial pressures of C2H4 and O2 exhibits a
negative reaction order with respect to C2H4 and a positive
order with respect to O2. The ethylene combustion kinetic
in the presence and absence of acetic acid were essen
the same, suggesting that ethylene combustion is pri
ily responsible for CO2 formation in the synthesis of viny
acetate from ethylene and acetic acid over unpromoted P
within the temperature and pressure regime investigated
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