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Kinetics of One-Stage Wacker-Type Oxidation of C2–C4 Olefins
Catalysed by an Aqueous PdCl2–Heteropoly-Anion System
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The steady-state kinetics of the one-stage Wacker oxidation of
gaseous olefins such as ethene, propene, and 1-butene by oxygen
(1 : 2 stoichiometric mixture of O2 and olefin) to form acetaldehyde,
acetone, and methyl ethyl ketone, respectively, was studied in a
semicontinuous reactor. The catalytic system involves an aqueous
solution of Pd(II) chloride (0.05–2 mM Pd(II), [Pd(II)]/[Cl−] =
1 : 50) and Keggin-type heteropoly anions [PMo9V3O40]6− (50 mM),
at 20–50◦C. Under these conditions in a steady state, the reactiv-
ity of olefins increases in the order ethene ≤1-butene < propene,
but the total range is only a factor of 3. The oxidation of 1-butene
is accompanied by the double-bond migration to form 2-butene.
c© 2002 Elsevier Science (USA)
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INTRODUCTION
The oxidation of ethene by oxygen catalysed by PdCl2–
CuCl2 in aqueous solution to produce acetaldehyde was
developed and commercialised by Wacker-Chemie in 1959
(1). The Wacker process can be described by a simplified
scheme involving reactions [1]–[4] (1–4):

C2H4 + PdCl2 + H2O → CH3CHO + Pd(0) + 2HCl [1]

Pd(0) + 2CuCl2 → PdCl2 + 2CuCl [2]

2CuCl + 1/2O2 + 2HCl → 2CuCl2 + H2O [3]

C2H4 + 1/2O2 → CH3CHO. [4]

Industrially, the reaction is usually performed in two-
stage plants where the reduction of the catalyst by ethene
(steps [1] and [2]) and the reoxidation of the catalyst by
oxygen (step [3]) are conducted in separate reactors. This
process, however, suffers a major drawback; that is, high lev-
els of chloride are required to render the oxidation of Pd(0)
by Cu(II) thermodynamically possible (3, 5) and to avoid
Pd(0) deposition. As a result of the high chloride concen-
tration, besides the requirement of using titanium-lined re-
1 To whom correspondence should be addressed. Fax: +44-151-794-
3589. E-mail: kozhev@liverpool.ac.uk.
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actors to limit corrosion, up to 5% chlorinated by-products
are formed in the oxidation of ethene, arising mainly from
oxychlorination of acetaldehyde by Cu(II) chloride. The
percentage of chlorinated by-products increases when the
oxidation of higher olefins is attempted, hence only ethene
oxidation is exploited on a commercial scale.

Matveev et al. (6–8) addressed this problem by using
Keggin-type molybdovanadophosphate heteropoly anions
[PMo12−nVnO40](3+n)− (HPA-n, n = 2, . . . , 6) instead of cop-
per chloride to reoxidise Pd(0) to Pd(II) in a chloride-free
system. This allowed avoidance of the chlorination in the
course of oxidation of olefins. With HPA-n, the reaction
occurs through steps [5] and [6] instead of [2] and [3]:

Pd(0) + HPA-n + 2H+ → Pd(II) + H2(HPA-n) [5]

H2(HPA-n) + 1/2O2 → HPA-n + H2O [6]

Here H2(HPA-n) is the reduced form of HPA-n
(heteropoly blue) of the formula H2[PMo12−nVV

n−2

VIV
2 O40](3+n)−. Steps [5] and [6] involve redox transforma-

tions of vanadium V5+ � V4+ inside the HPA-n heteropoly
anion. However, the absence of chloride ions led to a rather
poor palladium stability in solution, resulting in deactiva-
tion of the system because of formation of colloidal and
metallic palladium. Maitlis et al. (9) studied the oxidation
of 1-butene to methyl ethyl ketone (MEK) in this system.
More recently, Grate et al. (10, 11) at Catalytica showed that
by adding small amounts of chloride to that system catalyst
deactivation could be avoided and much higher palladium
turnover frequencies could be achieved than in the origi-
nal Wacker process. The concentrations of Pd(II) and Cl−

used in this system are much lower than in the Wacker
process, and it is claimed that the production of chlorinated
by-products in the two-stage oxidation of ethene is reduced
by over 99%. Propene, butene, and higher olefins can be
oxidised in addition to ethene to give the corresponding
ketones with very high selectivities and low levels of chlo-
rinated by-products (7, 9, 10).

The kinetics of the two-stage ethene oxidation has been
extensively studied both under Wacker conditions (high
[Cl−]) (2–4) and in the absence of Cl− (6, 12), showing that
0021-9517/02 $35.00
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different reaction mechanisms are operative in these two
extreme cases (7). However, little is known regarding the
oxidation of olefins in the presence of an intermediate level
of chloride except Catalytica’s results for the oxidation of
ethene (10, 11). Alternatively, the oxidation of olefins can
be carried out as a one-stage process, i.e., when steps [1]–[3]
occur simultaneously in one reactor. Such a process has the
advantage of a much lower concentration of HPA-n in the
catalyst, and the stability of the catalyst may be better than
that in the two-stage process. To the best of our knowledge,
no kinetics for the one-stage oxidation of C2–C4 olefins by
the O2/Pd(II)/HPA-n system has been reported.

The aim of this work is to study the kinetics of the one-
stage oxidation of ethene, propene, and 1-butene by oxygen
to acetaldehyde, acetone, and MEK, respectively, using a
catalytic system based on Pd(II)/HPA-3, similar to that de-
veloped by Catalytica.

EXPERIMENTAL

Materials. The gases ethene, propene, and 1-butene of
>99% purity were purchased from BOC (N2.0 grade).
2-Butene (99+%) was purchased from Aldrich. A 50 mM
aqueous stock solution of the sodium salt of HPA-3,
Na4H2[PMo9V3O40], pH 1.3, was prepared as described
elsewhere (10, 11). A 2.0 mM Pd(II) chloride aqueous solu-
tion with a molar ratio Pd(II)/Cl− = 1 : 50 (NaCl) containing
50 mM HPA-3, pH 1.3, was used as a source of palladium.

Kinetic measurement. Oxidation of gaseous olefins was
carried out at atmospheric pressure in a specially designed
semicontinuous reactor with intense stirring, which allowed
avoidance of diffusion control of reaction rates. The reac-
tor was a 125-cm3 double-jacketed cylindrical glass vessel
with baffles on the inside wall of the reactor to enhance
gas–liquid mixing (Fig. 1). A gas flow (olefin + O2) was
fed into and removed from the reactor at a steady rate,
whereas the products were accumulated inside the ves-
sel. The reactor was heated by circulating thermostated
(±0.05◦C) water, and the temperature was controlled with a
FIG. 1. Schematic diagram of the reactor setup used for the study of
kinetics of gaseous olefin oxidation by O2/Pd(II)/HPA-3 system.
, AND KOZHEVNIKOV

thermometer (not shown). The reaction mixture was stirred
using a PTFE blade attached to a glass rod connected to an
overhead stirrer. Mass flow controllers were used to control
the oxygen and olefin flows into the reactor. The gas flow
out of the reactor was monitored by online GC analysis
(Varian 3380 instrument, 2-m Carbopak C packed column
and TCD) through an automated valve, and the flow rate
was measured using a manual bubble flow meter. For reac-
tions with 1-butene, the olefin feed line was heated to 40◦C
to prevent condensation of 1-butene in the line.

The following conditions were used for measuring the
reaction kinetics: [Pd(II)] = 0.05–0.2 mM; [Pd(II)]/[Cl−] =
1 : 50 (NaCl); [HPA-3] = 50 mM; pH 1.3; stoichiometric mo-
lar ratio O2/olefin = 1 : 2 in the gas feed (4.0 cm3/min O2 and
8.0 cm3/min olefin); T = 20–50◦C; and the volume of reac-
tion solution, 100 cm3. The pH was adjusted to 1.3 at each
temperature by adding NaOH or H2SO4. In a typical exper-
iment ([Pd(II)] = 0.10 mM), 95 cm3 of HPA-3 stock solution
was introduced into the reactor thermostated to a required
temperature with slow stirring (250 rpm), and a 1 : 2 sto-
ichiometric gas mixture of oxygen (4 cm3/min) and olefin
(8 cm3/min) was fed into the reactor to replace air until con-
stant gas-phase composition was achieved, as monitored by
GC. Once the system equilibrated, the stirring was stopped,
and 5.0 cm3 of the 2.0 mM Pd(II) stock solution was added.
Stirring was then resumed at a speed ≥1200 rpm, and GC
analysis was automatically performed every 5 min. The gas
flow out was measured every 5 min as well. GC analysis with
absolute calibration for O2 and olefins in conjunction with
flow measurements in and out of the reactor permitted the
calculation of the amount of olefin and oxygen consumed
in the reactor, using the perfect-gas equation. The rate of
gaseous olefin or O2 consumption (mol/dm3 min) was cal-
culated as a difference of moles of the reactant in and out
of the reactor per unit time divided by the volume of the
reaction mixture (0.100 dm3). The oxidation products were
not studied in detail. Occasional GC tests confirmed that
the main products were acetaldehyde, acetone, and MEK
from, respectively, ethene, propene, and 1-butene, as ex-
pected. Small amounts of acetic acid were also found.

RESULTS AND DISCUSSION

Catalytica’s typical catalyst solution for the two-stage ox-
idation of ethene at 110–130◦C and 10-bar pressure consists
of an aqueous solution with 0.1 mM Pd(II), 5–25 mM Cl−,
and 300 mM HPA-n (n = 2–3) at pH ≤1 (10, 11). The HPA-n
solution is a complex equilibrium mixture of Keggin polyan-
ions containing one to four vanadium atoms (10, 11, 13, 14).
Hence the formula {PMo12−nVn} refers only to the average
composition of the solution. It was suggested (7, 10) that the
molybdophosphate matrix serves two purposes, namely to

solubilise high levels of V(V) in acidic aqueous solution
(VO+

2 has a limited solubility at low pH) and to provide for
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FIG. 2. Amount of 1-butene (×) and oxygen (�) consumed versus
time. An induction period for O2 consumption can be seen. Reaction con-
ditions: 50 mM HPA-3, 0.10 mM Pd(II), 5.0 mM Cl−, 30◦C, 1500-rpm
stirring speed, 4.0 cm3/min oxygen, 8.0 cm3/min 1-butene.

the rapid oxidation of V(IV) by O2 (VO2+ is oxidised very
slowly at low pH).

The typical catalyst solution used in this study for the
one-stage oxidation consisted of 0.10 mM Pd(II), 5.0 mM
Cl−, and 50 mM HPA-3. The ratio Pd(II)/Cl− = 1 : 50 gave
the best results in Catalytica’s system. The HPA-3 concen-
tration was lowered to 50 mM, which was sufficient for the
one-stage oxidation. This allowed for a greater solubility
of olefins and oxygen in the catalyst solution compared to
Catalytica’s system due to reducing the salt-out effect on
the gas solubility.

Figure 2 shows typical plots for the consumption of
1-butene and O2 as a function of time under the preceding
conditions. An induction period of 5 to 10 min for the O2

consumption is observed, as expected for a consecutive re-
action. The flow out drops immediately once the Pd(II)
has been introduced (zero time) (Fig. 3). As seen from GC

counts, this is mainly because of olefin absorption, which

causes a compensating increase in O2 concentration in the
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which was determined by GC. In the absence of palladium
FIG. 3. 1-Butene (left) and oxygen (right) concentrations in the gas fl
0.10 mM Pd(II), 5.0 mM Cl−, 30◦C, 1500-rpm stirring speed, 4.0 cm3/min ox
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gas flow. The red catalyst solution turns dark green, indicat-
ing reduction of HPA-3. The system reaches a steady state
in 40–50 min with an average degree of HPA-3 reduction
<0.2 e− per polyanion, which is estimated from absorption
of olefin and O2. Similar gas-consumption profiles, includ-
ing the induction period for oxygen, were observed with
both ethene and propene. Unless otherwise stated, the re-
action rates were therefore measured at a time onstream
of 60 to 75 min to ensure a quasi-steady state of the sys-
tem. The slopes of the plots for olefin and oxygen consump-
tion (Fig. 2) obtained by linear regression in that interval
(typically R2 > 0.98) were used for calculating the reaction
rates.

To eliminate diffusion control the reaction was per-
formed at different stirring speeds. At speeds ≥600 rpm
no significant increase in reaction rate was observed for
any of the olefins at 20–50◦C (Fig. 4), indicating that the
diffusion of olefins into the catalyst solution was fast enough
to avoid mass-transfer limitation. However, the oxygen dif-
fusion could still affect the reaction regime at stirring speeds
over 600 rpm. This was shown by an incremental increase
of stirring speed while monitoring the gas flow rate and
composition (Fig. 5). Each increment caused a drop in both
the flow rate and O2 composition, the latter being offset by
an increase in olefin content. An additional amount of O2

was therefore consumed to reach another steady state with
a lower degree of reduction of HPA-3. This effect weak-
ened as the stirring speed increased, and at stirring speeds
≥1000 rpm stirring ceased to affect the reaction regime. For
this reason, rate measurements were performed at stirring
speeds ≥1200 rpm. The slower O2 transfer compared to that
of olefin was also found by Grate et al. (10).

The oxidation of 1-butene was complicated by the
double-bond migration to form 2-butene, especially at
lower temperatures. The 1-butene feed did not contain any
2-butene. In the steady-state oxidation at 20◦C, the flow out
contained 1-butene and 2-butene in a ratio of 5 : 1 to 10 : 1,
ow (GC counts) versus time online. Reaction conditions: 50 mM HPA-3,
ygen, 8.0 cm3/min 1-butene.
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FIG. 4. Olefin (×) and oxygen (�) reaction rates versus stirring speed:
ethene (broken lines), propene (solid lines), and 1-butene (dotted lines).
Reaction conditions: 50 mM HPA-3, 0.10 mM Pd(II), 5.0 mM Cl−, 30◦C
(50◦C for butene), 4.0 cm3/min oxygen, 8.0 cm3/min olefin.

no double-bond migration was observed which rules out
the acid-catalysed isomerisation of 1-butene. The butenes
were also collected from the flow out by saturating a CDCl3
solution and subjected to 1H NMR analysis, which clearly
showed the presence of both isomers. The double-bond mi-
gration is suggested to occur via π -allyl complexes (Eq. [7])
(4). The formation of π -allyl Pd(II) complexes may affect
the kinetics of 1-butene oxidation (see the following discus-
sion):

[7]

Table 1 shows the kinetic data for the oxidation of ethene,
propene, and 1-butene with O2. Most of these data are mean
values of three or more parallel measurements. The results
include the steady-state rates of absorption of olefins and
O2 as well as the initial rates of olefin absorption in the
temperature range of 20–50◦C and [Pd(II)] = 0.05–0.2 mM.
The reactions were typically carried out until 1–2 V(V)
turnovers (750–1500 Pd(II) turnovers). For comparison, the
rate of stoichiometric oxidation of olefins by Pd(II)/HPA-3
in the absence of O2 was measured. The measurement of
olefin absorption was more accurate than that of O2, hence
the rates discussed here were typically obtained from the
olefin absorption unless stated otherwise.

Figure 6 shows the time course for the stoichiometric oxi-
dation of olefins by Pd(II)/HPA-3 in the absence of O2.
The absorption of olefins was calculated both from the
combined GC and flow-rate measurements and from the
flow-rate measurements only. Both methods gave practi-
cally the same results, which proves the accuracy of our

methodology. The curves for ethene and propene fit well
, AND KOZHEVNIKOV

TABLE 1

Kinetics of Oxidation of Gaseous Olefins
by O2/Pd(II)/HPA-3 Systema

Reaction rateb (mmol/dm3 min)
Pd(II)
(mM) T (◦C) Ethene O2 Propene O2 1-Butene O2

0.05 30 0.203 0.116 0.613 0.339 0.243 0.141
0.10 20 0.145 0.09 1.06 0.51
0.10c 20 0.16 1.17
0.10 30 0.413 0.243 1.24 0.685 0.475 0.283
0.10c 30 0.461 1.56 0.878
0.10c,d 30 0.632 1.58 0.929
0.10 40 1.12 0.70 1.97 1.16 0.55 0.32
0.10c 40 1.48 2.64 1.27
0.10 50 2.07 1.26 3.16 1.74 0.622 0.36
0.10c 50 2.73 3.56 1.47
0.20 30 0.755 0.439 2.29 1.19 0.860 0.485

a Reaction conditions: 50 mM HPA-3, [Pd(II)]/[Cl−] = 1 : 50 mol/mol,
4.0 cm3/min oxygen, 8.0 cm3/min olefin, 1200–1500-rpm stirring speed.

b The rates measured by consumption of olefin and O2 for a time on
stream of 60–75 min.

c Initial rate for the time onstream of 0–15 min.
d Reaction in the absence of O2: 50 mM HPA-3, [Pd(II)]/[Cl−] =

1 : 50 mol/mol, 4.0 cm3/min nitrogen, 8.0 cm3/min olefin.
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FIG. 5. Gas flow out and its oxygen (top) and propene (bottom)
contents as a function of time and stirring speed. Reaction conditions:
50 mM HPA-3, 0.10 mM Pd(II), 5.0 mM Cl−, 50◦C, 4.0 cm3/min oxygen,

8.0 cm3/min propene.
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ric oxidation of olefins by Pd(II)/HPA-3 system. Reaction conditions:
50 mM HPA-3, 0.10 mM Pd(II), 5.0 mM Cl−, 30◦C, 1500-rpm stirring
speed, 4.0 cm3/min nitrogen, 8.0 cm3/min olefin.

with zero-order kinetics in vanadium ([Pd(II)] = const) un-
til almost complete reduction of vanadium(V) in HPA-3,
as expected. Similar results were obtained for the oxida-
tion of ethene by Pd(II)/HPA-3 by Grate et al. (10, 11).
The oxidation of 1-butene follows a more complex course
with a monotonous decrease of the reaction rate, although
it reaches the complete conversion of V(V) to V(IV). The
different behaviour of 1-butene may be explained by the
isomerisation of 1-butene to less-reactive 2-butene and by
the formation of relatively strong π -allyl Pd(II) complexes
(Eq. [7]), which could decrease catalyst activity toward
1-butene oxidation.

The steady-state reactions of all the olefins are first-order
in Pd(II) (Fig. 7). The reaction orders in olefin and O2 were
not measured here; Grate et al. (10, 11) found the order
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to be first in both olefin and O2 for the two-stage oxida-
tion of ethene. The reactivity of olefins in the steady-state
oxidation is found to be in the following order: ethene ≤
1-butene < propene; but the total range is only a factor of 3
at 30◦C. The same order was obtained for the initial rates of
stoichiometric oxidation by Pd(II)/HPA-3 (Table 1, Fig. 6).
These rates are close to the steady-state rates of the corre-
sponding catalytic reactions, although somewhat lower. The
difference between the two rates is probably because part
of palladium in the steady-state catalyst system is present as
inactive Pd(0). The effect of olefin structure on the reaction
rate is quite unexpected. For the stoichiometric oxidation
with PdCl2−

4 at [Cl−] > 0.1 M and 25◦C, Henry (15) found
a different order: ethene > propene > 1-butene; the total
range was a factor of 6. This order is mainly governed by
the steric hindrance of the olefin structure to the Pd(II)
attack. In our system, Pd(II) mainly exists as PdCl2 and
PdCl−3 (with [PdCl−3 ]/[PdCl2] = 1.3 at 5 mM [Cl−]) (10, 16).
These Pd(II) species are more electrophilic than PdCl2−

4 and
hence more reactive toward the more nucleophilic propene
and 1-butene than toward ethene. Also at the low chloride
concentrations, more than one olefin might bind to Pd(II)
producing an unreactive Pd(II) species, which would hap-
pen more readily with ethene. It should be noted that in a
chloride-free system, the highly electrophilic Pd2+ aqua-ion
oxidises propene significantly faster than ethene, as found
by Matveev et al. (17).

From the steady-state reaction rates of gaseous olefins in
the temperature range of 20–50◦C (Table 1) apparent acti-
vation energies E were calculated to be 71 ± 7, 29 ± 4, and
11 ± 4 kJ/mol for ethene, propene, and 1-butene, respec-
tively. The corresponding E values estimated from the ini-
tial rates (before the steady state had been reached) are 76,
30, and 24 kJ/mol. The two values for ethene and propene
are quite close and also similar to the activation energies
88 (18) and 44 kJ/mol (19) for the oxidation of ethene and
propene in the Wacker system (PdCl2/CuCl2). The reason
for the low activation energy for the steady-state oxidation
of 1-butene is not clear. Diffusion control can be ruled out
because of the high efficiency of mass transfer in the sys-
tem. Apparently, the complexity of the system associated
with the formation of the π -allyl Pd(II) complexes, as ev-
idenced by the double-bond migration in 1-butene, could
be the cause. If the enthalpies of solubility of the olefins
were taken into account, the activation energies thus ob-
tained would be higher (by ca. 20 kJ/mol). Unfortunately
the solubilities of olefins in the catalysts solution are not
available. Other contributions to the activation energies
from a number of equilibria involved in the process, such
as PdCl2 + Cl− � PdCl−3 , olefin-Pd(II) π -complexes forma-
tion, etc., should be noted.

Another interesting result is that in the steady-state sys-
tem the oxygen absorption rates are always slightly higher

(by 4–25%) than those expected from the 1 : 2 O2/olefin
stoichiometry (Fig. 8). The surplus rate is in the order
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thene ≥ 1-butene > propene, which correlates with the
xidisibility of the corresponding products (acetaldehyde

MEK > acetone). This may be explained by the co-
xidation of HPA-3 blue and the products by O2, leading
o overoxidation of products. Indeed, some acetic acid was
ound among the products by GC analysis. It was shown
hat the oxidation of HPA-n blues with a low average de-
ree of reduction (<1 e− per Keggin anion) occurs through
he formation of free radicals (HO•) that can initiate the
erobic oxidation of organic compounds if they are present
n the system (13, 20). Use of a flow reactor with continuous
emoval of the products could reduce their overoxidation.

CONCLUSIONS

The steady-state kinetics of the one-stage Wacker oxi-
ation of gaseous olefins such as ethene, propene, and
-butene by oxygen catalysed by the Pd(II)/HPA-3 redox
ystem to form, respectively, acetaldehyde, acetone, and

EK in aqueous solution has been studied in a semicon-
inuous reactor by reacting a stoichiometric 1 : 2 mixture of

2 and olefin at 20–50◦C. The chosen catalyst composition
atches Catalytica’s system and involves Pd(II) chloride

0.05–2 mM Pd(II), [Pd(II)]/[Cl−] = 1 : 50) and Keggin-type
eteropoly anions [PMo9V3O40]6− (50 mM) at pH 1.3. Un-
er these conditions in a steady state, the reactivity of
lefins increases in the following order: ethene ≤ 1-butene

propene; but the total range is only a factor of 3. The

xidation of ethene and propene occurs without any com-
lication. The oxidation of 1-butene is accompanied by
, AND KOZHEVNIKOV

double-bond migration to form 2-butene, apparently pro-
ceeding through relatively stable π -allyl Pd(II) complexes.
This complicates the kinetics of 1-butene oxidation. Some
overoxidation of reaction products takes place in the semi-
continuous reactor. Use of a flow reactor with continuous
removal of the products from the catalyst solution could
reduce their overoxidation.
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