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Formation of palladium nanoparticles in olefin oxidation with iron(III)
aqua ions in the presence of the Pd/ZrO2/SO4 metallic catalyst
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The reactions of the Pd/ZrO2/SO4�catalyzed oxidation of ethylene, propene, and but�1�ene
in a 0.1—1.5 М solution of perchloric acid with iron(III) aqua ions to carbonyl compounds, viz.,
acetaldehyde, acetone, and methyl ethyl ketone, respectively, were studied. The formation of
palladium nanoparticles (5 nm) in solution on contact of the initial heterogeneous Pd/ZrO2/SO4
catalyst with perchloric acid was proved by transmission electron microscopy. The palladium
nanoparticles are assumed to play the key role in olefin oxidation with the iron(III) aqua ions.
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The discovery of the Wacker process provoked the
formation of certain concepts on the catalytic oxidation
of organic compounds in the presence of the palladium(II)
compounds.1—5 It has been found that for the regenera�
tion of the oxidized palladium form with a cooxidant the
latter should be characterized by the redox potential not
lower than the potential of the PdII/Pd0

metal pair.5,6 For
instance, in a chloride�containing system the potential of
the PdII/Pd0

metal pair, namely, [PdCl4]2–/Pd0, is equal to
0.623 V (vs. hydrogen electrode).7 Therefore, the CuII and
VV compounds and p�benzoquinone traditionally make a
redox pair to palladium in catalytic processes of olefin
oxidation in a medium of hydrochloric or acetic acid.

However, the Wacker process in the absence of chlo�
ride ions is more preferential, because the formation of
ecologically hazardous chlorine�containing by�products
is excluded in this case. In this connection, the Pd�cata�
lyzed reactions based on the palladium(II) tetraaqua�
complex are of special interest.

The redox potential of the [Pd(H2O)4]2+/Pd0
metal pair

for the PdII tetraaquacomplex is 0.987 V (vs. hydrogen
electrode).7 In this case, an oxidant of palladium(0) should
manifest stronger oxidation properties than CuII in the
halide system. Among possible cooxidants, we can indi�
cate only the vanadium(V) compounds, which compose a
redox pair to the PdII tetraaquacomplex in olefin oxida�
tion.6,8,9 In other cases (for instance, CeIV, TlIII, CrO4

2–),
both olefin and target products are oxidized due to strong
oxidation properties of the cooxidant.

In recent years, researchers manifested increased in�
terest in studying the physicochemical properties of
metal nanoparticles,10—18 in particular, palladium par�
ticles,17,19—21 due to their possible participation in cata�
lytic processes.22—24 One of the unique properties of

nanoparticles is their decreased redox potential compared
to the metal in the "bulk metal" state13—15,17 and the
smaller is the metal particle size, the lower is its redox
potential.13

Thus, by generating in situ palladium nanoparticles
during the catalytic process, one can perform the
Wacker process with the cooxidant, whose potential
is lower than the standard redox potential (SRP) of
the [Pd(H2O)4]2+/Pd0

black pair (Pdblack is palladium
black), for instance, using FeIII aqua ions (SRP of
FeIII/FeII = 0.77 V).

We have earlier reported the selective catalytic oxida�
tion of lower aliphatic alcohols of the series C1—C4 (see
Ref. 25) and some tertiary alcohols26,27 to the correspond�
ing carbonyl compounds in the PdII tetraaquacom�
plex—FeIII aqua ions system. It was assumed that low�
valent palladium particles, whose oxidation with the FeIII

aqua ions results in the regeneration of PdII, were formed
during the reaction.

It can be assumed that reasons for catalysis in alcohol
oxidation involving the PdII tetraaquacomplex can ap�
pear to some extent during olefin oxidation.

The present work is devoted to the experimental proof
of the efficient oxidation ability of the iron(III) aqua ions
during the catalytic oxidation of olefins to carbonyl com�
pounds in the chloride�free system in the presence of both
the PdII tetraaquacomplex and the palladium�containing
metallic catalyst Pd/ZrO2/SO4 and to the elucidation of
the key role of palladium nanoparticles in this process.

Experimental

Ethylene, propene, and but�1�ene (Aldrich, purity >99%),
sulfated zirconium oxide (MEZRO52OEI MEL Chemicals),
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alumina (specific BET surface area 155 m2 g–1), and silica (spe�
cific BET surface area 550 m2 g–1) (Aldrich) were used. A solu�
tion of the PdII tetraaquacomplex was prepared according to a
previously described procedure.28 The source of FeIII aqua ions
was a solution of the Fe2(SO4)3•9H2O salt in perchloric acid.

The concentration of palladium(II) was determined spectro�
photometrically in a green�colored solution of the complex,
which was obtained by the addition of excess tin(II) chloride to
the analyzed sample.29 The concentration of iron(III) as a com�
plex with sulfosalicylic acid was determined spectrophoto�
metrically.30

The preparation of the Pd�supported metallic catalyst
Pd/ZrO2/SO4 was based on the reduction of the PdII tetra�
aquacomplex with the FeII aquacomplex.31

. (1)

The calculated amount of sulfated zirconium oxide
ZrO2/SO4 (0.45 g) was introduced into a temperature�controlled
reactor, and a solution (25 mL) of the PdII tetraaquacomplex
(concentration 2 mmol L–1) in 0.5 M perchloric acid was added.
Then the calculated amount of Mohr´s salt (0.2 g) correspond�
ing to an iron(II) concentration in the resulting solution of
0.02 mol L–1 was added. The mixture was vigorously stirred
magnetically for 1 h under argon at 60 °C. Then the solution was
filtered, and the precipitate was multiply washed with water and
dried above P2O5. The prepared Pd/ZrO2/SO4 catalyst (dark
gray powder) contained 1 wt.% Pd. A similar procedure was
used for the preparation of Pd/Al2O3 and Pd/SiO2.

The kinetic experiment was carried out as follows. A weighed
sample of Pd/ZrO2/SO4 (40 mg) or a solution of the PdII

tetraaquacomplex was added to a solution of iron(III) in per�
chloric acid with a specified concentration. In all experiments,
the volume of the reaction solution was 10 mL. The reaction was
carried out in an volumetric setup in a temperature�controlled
shaken reactor of the "catalytic duck" type in the 40—80 °C
temperature interval, and the amount of consumed olefin was
directly determined. The frequency of shaking, above which the
reaction rate remained unchanged, i.e., when the kinetic regime
was established, was determined in preliminary experiments.
Testing reactions were carried out for comparison, where a mag�
netic stirrer with a rotation rate of 1200 ppm was used as a
stirring device, and adequate values of the reaction rate were
obtained.

The products of olefin oxidation were extracted from aque�
ous solutions with chlorobenzene and analyzed by chromato�
graphy coupled with mass spectrometry (HP 5890 GCD, col�
umn HP�5 Crosslinked 5% PH Siloxane, column length 30 m).
The concentration of a carbonyl compound was determined by
the gravimetric method by measuring the amount of hydrazone,
which is formed by the interaction with a solution of 2,4�di�
nitrophenylhydrazine.

Studies by transmission electron microscopy (TEM) were
carried out with a JEOL 1200 EXII microscope (100 kV). The
solvent was removed in vacuo from 1 mL of the analyzed solu�
tion (sulfuric acid was used instead of perchloric acid), and
ethanol (5 mL) was added. The resulting solution was ultra�
sonicated, filtered, and supported on copper. The particle size
distribution was determined using an amplified (by 100 times)

TEM image. Three conforming diagrams (at least with two hun�
dreds of nanoparticles) were analyzed to attain good statistics.

X�ray diffraction (XRD) studies were carried out with a
Bruker D5000 instrument equipped with a rotating anode.
The specific surface area of samples was determined by the
Brunauer—Emmett—Teller (BET) method with a Micromeritics
Gemenie surface analyzer.

Results and Discussion

It has been reported previously6,32,33 that lower olefins
are rapidly oxidized with the PdII tetraaquacomplex to
form the corresponding carbonyl compounds and palla�
dium black. The introduction of FeIII, regardless of its
excess over PdII, does not result in the catalytic reaction
with respect to palladium. However, in the present work
we found the catalytic oxidation of ethylene, propene,
and but�1�ene in the presence of the PdII tetraaqua�
complex and FeIII aqua ions in an aqueous medium to the
corresponding carbonyl compounds.

On contact of ethylene, propene, or but�1�ene with
the catalytic solution, palladium black precipitates rap�
idly within several minutes. At the same time, FeIII is
quantitatively reduced to FeII, and the corresponding car�
bonyl compound (acetaldehyde, acetone, or methyl ethyl
ketone) is formed according to the reaction

, (2)

R = H, Me, Et.

The material balance of reaction (2) is presented in
Table 1. The data in Table 1 show that the amount of the
formed carbonyl compound exceeds the initial concen�
tration of PdII by several times. This indicates the cata�
lytic character of reaction (2) in which the turnover num�
ber reached 250 under certain conditions.

The conversion of FeIII in reaction (2) is close to 100%.
As can be seen from the data in Table 1, the change in the
initial palladium concentration ([Pd2+

aq]0) by more than
order of magnitude changes insignificantly the reaction
rate and depth. It was found that the solution retains
catalytic activity after palladium black was separated. It is
most likely that during the reaction the palladium par�
ticles responsible for catalysis are reversibly transferred to
solution from the palladium black surface under the ac�
tion of the medium.

It can be assumed that the concentration of these par�
ticles in solution is characterized by the limiting value in
all cases.
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An analysis made after reaction (2) and separation of
palladium black showed that the palladium concentration
in solution was (1—5)•10–5 mol L–1 (concentrated nitric
acid was added to the solution during the analysis). This
value is comparable with that presented in Ref. 19, whose
data also evidenced for the key role of dissolved palla�
dium nanoparticles in catalysis during hydrogen oxida�
tion with oxygen in the presence of the heterogeneous
palladium�containing catalyst in an aqueous medium.

The presence of palladium nanoparticles is clearly seen
in the TEM photograph of the solution obtained after
ethylene oxidation and decantation of palladium black
(Fig. 1).

Thus, it can be assumed that the palladium nano�
particles formed in olefin oxidation and heterogeneous
oxidation of hydrogen are responsible for catalysis in re�
action (2).

The use of homogeneous catalysts in industry is re�
stricted because of difficulties in the separation of the

reaction products from the catalyst solution. In the present
work, we attempted to heterogenize the palladium nano�
particles formed by the reduction of the PdII tetraaqua�
complex. Sulfated zirconium oxide, whose acid sites
should facilitate the immobilization of palladium nano�
particles, being weak Lewis bases, as well as Al2O3 and
SiO2, were chosen as supports.

The specific surface area of the Pd�supported metallic
catalyst Pd/ZrO2/SO4 measured by the BET method is
larger (316 m2 g–1) than that for the initial support
(209 m2 g–1). In the case of Pd/Al2O3 and Pd/SiO2,
the specific surface area also increased, being 165 and
602 m2 g–1, respectively.

The increase in the specific surface area is caused,
most likely, by a change in the morphology of the support
surface under the conditions of catalyst preparation. For
instance, when the catalyst was prepared on sulfated zir�
conium oxide, the weight of the initial support could de�
crease due to the transition of the "heavy" SO4

2– anions to
the solution.

The temperature treatment (to 300 °C) of the pre�
pared Pd�supported catalysts did not change the specific
surface area.

An XRD analysis in the range 2θ = 10—60° showed
that any palladium states differing from the metallic pal�
ladium phase are absent in the prepared catalysts.

The catalytic activity of Pd(1%)/ZrO2/SO4 was
tested in the oxidation of ethylene, propene, and but�
1�ene with the FeIII aqua ions in an aqueous perchloric
solution. No transformations of the olefins under study
in a perchloric solution of iron(III) in the presence of
the initial sulfated zirconium oxide were preliminarily
found. For the oxidation of ethylene, propene, and
but�1�ene in a perchloric solution, the catalytic activity
of palladium changes, depending on the olefin nature
(Fig. 2).

Table 1. Oxidation of olefins in the PdII
aq—FeIII

aq system ([HClO4] = 0.7 mol L–1, T = 65 °C, P = 0.1 MPa)

Olefin [PdII
aq]0 [FeIII

aq]0 Reaction Na [FeIII
aq]τ

b [CH3C(O)R]/[PdII]

mmol L–1 duration/min
mmol L–1

Ethylene 0.1 60 90 25 10 250
1 60 90 29 4 29
5 60 90 33 4 6
5 30 90 20 0 4
5 120 90 40 50 8
5c 120 25 65 0 13

Propene 0.1 60 90 25 10 250
But�1�ene 0.1 60 90 25 10 250

5d 120 60 65 0 13

a Amount of unreacted olefin.
b Concentration of FeIII at the end of the reaction.
c Ethylene pressure 0.3 MPa.
d But�1�ene pressure 0.25 MPa.

Fig. 1. TEM photograph of the solution after ethylene oxida�
tion; [PdII

aq] = 5 mmol L–1, [FeIII
aq] = 30 mmol L–1, [HClO4] =

0.5 mol L–1.

50 nm
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Iron(III) is reduced to iron(II) due to olefin oxidation.
In the case of ethylene, the conversion of iron at 65 °C
and 90�min duration of oxidation is equal to 80%, and the
turnover number with respect to palladium exceeds 26.
The molar ratio of oxidized olefin to reduced iron is 2,
regardless of the olefin nature and reaction depth. Ethyl�
ene is selectively oxidized to acetaldehyde, propene is
oxidized to acetone, and but�1�ene oxidation gives me�
thyl ethyl ketone. Thus, catalytic reaction (2) occurs in
the presence of Pd/ZrO2/SO4.

Under the same initial conditions, the rate of ole�
fin oxidation increases in the following order: C2H4 <
< C4H8 < C3H6.

The observed sequence of the change in the rate of
olefin oxidation indicates the homogeneous character of
the processes under study during which an electrophilic
PdII particle is formed. If the oxidation would be caused
by olefin chemisorption on the Pd0 particles, i.e., hetero�
geneous process, then the rate would be maximum for
ethylene as a weaker nucleophile in the olefin series.

As can be seen from the data in Fig. 2, the kinetics of
oxidation of the olefins under study is characterized by an
induction period, which is caused by the interaction of
the medium of a reaction solution with palladium in the
initial Pd/ZrO2/SO4 catalyst. A portion of palladium from
the heterogeneous phase of the catalyst is transferred into
solution under the action of the medium. In our opinion,
olefin is oxidized on the homogeneous palladium cata�
lyst. This conclusion is confirmed by the results of the
following experiments.

A weighed sample (40 mg) of the initial
Pd(1%)/ZrO2/SO4 catalyst was stored for 1 h in a 0.5 М
solution of perchloric acid under argon at 65 °C. Then the
mixture was filtered, and FeIII (0.03 mol L–1) was added

to both the filtrate and precipitate. Both systems, being
homogeneous and heterogeneous solutions, respectively,
were treated with ethylene. Ethylene oxidation in a ho�
mogeneous solution proceeded without an induction pe�
riod. In the case of ethylene oxidation with iron(III) in a
heterogeneous solution, the reaction occurred with a lower
rate than in the system before storage of Pd/ZrO2/SO4 in
perchloric acid (Fig. 3, curve 2).

An absolutely opposite tendency was observed after
Pd(1%)/ZrO2/SO4 was stored in water at pH 7: in the
case of a homogeneous solution, ethylene was not oxi�
dized with the iron(III) aqua ions, and the reaction rate in
a heterogeneous solution corresponded to the rate of
ethylene oxidation with FeIII on the freshly prepared
Pd(1%)/ZrO2/SO4 catalyst.

The obtained results indicate convincingly that palla�
dium from the solid phase of the initial catalyst is trans�
ferred into solution under the action of perchloric acid.
This is also confirmed by the TEM data.

The results of TEM analysis of the solution obtained
after storage of Pd(1%)/ZrO2/SO4 in a 0.25 М solution of
sulfuric acid (sulfuric acid was used instead of perchloric
acid) under argon prove the formation of palladium par�
ticles in the solution with an average diameter of 5 nm
(Fig. 4).

The substantial role of acid in the formation of the
palladium nanoparticles in solution follows from the fact
that the rate of catalytic olefin oxidation increases with an
increase in the concentration of perchloric acid (Fig. 5).

All the data obtained suggest that palladium is washed
into solution in the form of nanoparticles, which are char�
acterized by enhanced reduction properties compared to
those of palladium black, under the action of perchloric
acid on the supported metallic Pd/ZrO2/SO4 catalyst.

We found that 75% of palladium in the oxidized form
are transferred into solution for 12 h at 60 °C when 40 mg

Fig. 2. Kinetic curves of the oxidation of ethylene (1), pro�
pene (2), and but�1�ene (3) with FeIII in the presence of
Pd(1%)/ZrO2/SO4 (40 mg); [HClO4] = 0.5 mol L–1, [FeIII

aq]0 =
0.03 mol L–1, 65 °C, P = 0.1 MPa; V is the volume of ab�
sorbed gas.
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Fig. 3. Kinetic curves of the oxidation of ethylene with FeIII

in the presence of Pd/ZrO2/SO4 at 65 °C: freshly prepared
Pd/ZrO2/SO4 (40 mg) (1) and after storage in 0.5 М HClO4 (2).
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of Pd(1%)/ZrO2/SO4 interact with the FeIII aqua ions
(concentration 0.03 mol L–1) in a solution of 0.5 М per�
chloric acid. The replacement of the FeIII aqua ions by
p�benzoquinone or CuII and [Fe(CN)6]3– aqua ions does

not result in the formation of PdII. Therefore, no olefin
oxidation occurs in the presence of these oxidants on the
Pd(1%)/ZrO2/SO4 catalyst.

Thus, on contact of the heterogeneous Pd�containing
catalyst with an aqueous solution of a strong mineral acid,
palladium is transferred into solution as nanoparticles.
Since the palladium nanoparticles have strong reduction
properties, they are easily oxidized with the iron(III) aqua
ions to form palladium(II), which then oxidizes olefin
under homogeneous conditions.

When olefins are oxidized with iron(III) in the pres�
ence of the PdII tetraaquacomplex, the reaction also re�
sults in the formation of the palladium nanoparticles,
which finally cause catalysis during olefin oxidation with
iron(II), i.e., the PdII tetraaquacomplex acts as the cata�
lyst precursor.

In our opinion, the driving force of transport of the
palladium particles from the solid phase of the initial
catalyst to the liquid phase is the acid�base interaction
between the Lewis basic sites of palladium and protons of
the medium.
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