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INTRODUCTION

The selective oxidation of light hydrocarbons under
mild conditions has long attracted the attention of
researchers in theoretical and applied catalysis. It has
been shown in recent years that simple inorganic com-
pounds, such as Cu(II) and Fe(III) oxides and hydrox-
ides, can be efficient catalysts for the oxidation of sev-
eral organic substrates (hydrazine derivatives, methane,
ethane, ethylene, and benzene) by hydrogen peroxide
in aqueous solutions with pH 7–11 at room temperature
and atmospheric pressure [1–5]. It has been shown that
oxidation occurs without the participation of free radi-
cals under these conditions. The mechanism of oxida-
tion in the presence of catalysts of this type is not yet
clear, but it undoubtedly has some common features
with the mechanisms of organic substrate oxidation in
the presence of oxygenase enzymes. Kinetic studies
may shed light on the mechanism of the new catalytic
process.

In this work, we studied the steady-state kinetics of
ethylene oxidation by hydrogen peroxide in aqueous
alkali solutions in the presence of iron(III) oxide. Of
course, this study cannot give answers to all the ques-
tions concerning the detailed reaction mechanism, but
it allows one to approach understand the essence of the
processes occurring and elucidate the role of free radi-
cals in this reaction.

It is important that the study of the target reaction
under our conditions is complicated by the occurrence
of the side reaction of hydrogen peroxide decomposi-
tion and by the low substrate solubility in the liquid
phase. In connection with this, we used a new variant of

the kinetic distribution method to study the kinetics of
gaseous substrate oxidation in aqueous solutions [6, 7],
which makes it possible to study the processes occur-
ring in the liquid phase by measuring the concentra-
tions of the substrate in the gas phase.

EXPERIMENTAL

 

Reagents.

 

 The following reagents were used in this
work: Fe(III) oxide hydrate (chemical purity grade,
Reakhim), 30% H
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(reagent purity grade, Vekton), Na

 

2

 

S

 

2

 

O

 

3

 

 

 

·

 

 5

 

H

 

2

 

O (analyt-
ical purity grade, Reakhim), anhydrous Na
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CO
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 (ana-
lytical purity grade, Reakhim), KI (extra purity grade,
Reakhim), K
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Cr
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O

 

7

 

 (chemical purity grade, Reakhim),
FeSO
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·

 

 7

 

H

 

2

 

O (chemical purity grade, Reakhim),

 

ortho

 

-phenanthroline (chemical purity grade, Rea-
khim), bromothymol blue (chemical purity grade, Rea-
khim), water-soluble starch for iodometry (chemical
purity grade, Reakhim), and formic acid (chemical
purity grade, Reakhim). The following standard titrants
were used for the preparation of reference buffer solu-
tions: a 0.05 mol/l solution of potassium tetraoxalate
(pH 1.68), a 0.01 mol/l solution of sodium tetraborate
acid salt (pH 9.18), and a 0.025 mol/l solution of mono-
substituted sodium phosphate (pH 6.86) (AO EKROS,
St. Petersburg). Solutions were prepared using water
after a Milli-Q system for fine purification (Millipore,
France). The following gases were used without addi-
tional purification: ethylene, propylene, methane,
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 to the reaction medium was studied.
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argon, and deuterated ethylene C

 

2

 

D

 

4

 

 (99.8% D) pro-
duced by ISOTOP (USSR).

 

Catalyst preparation.

 

 The catalyst was prepared
by the calcination of Fe(III) oxide hydrate at 

 

450°

 

C for
5 h and characterized by XRD as 

 

α

 

-Fe

 

2

 

O

 

3

 

 (

 

S

 

sp

 

 

 

=
20 m

 

2

 

/g; the size of microcrystallites is 

 

~400 

 

Å).
Before experiments, the catalyst was ground in a mor-
tar to obtain particles with a size of 10 

 

µ

 

m at most. To
obtain a supernatant (a separate homogeneous liquid
phase), the suspension of 1.15 g Fe

 

2

 

O

 

3

 

 and 115 ml of
0.01 mol/l solution of NaOH was intensively shaken in
the reactor for 1 h, and the homogenous solution
formed due to the mechanical destruction of the colloid
was separated by centrifugation for 10 min with an
intensity of 2800 rpm.

 

Equipment and instruments.

 

 To study the kinet-
ics of oxygen evolution in the decomposition of H

 

2

 

O

 

2

 

,
a volumetric setup was used. Optical spectra in the
UV and visible regions were recorded using a Shi-
madzu UV 300 spectrophotometer (Japan). An
MPW 340 centrifuge (Poland) was used for the centrif-
ugation of sediments. Hydrogen peroxide was supplied
to the reactor using a homemade syringe system for
permanent adding of liquid reactants. An EV-74 ion
meter (USSR) was used to control the pH of solutions.

The composition of the gas phase was studied using
a Kristall 2000M chromatograph (Russia) equipped
with a flame-ionization detector and a column packed
with Paropak T. Argon was used as a carrier gas. Cali-
bration curves were constructed for a detector temper-
ature of 

 

200°

 

C; an evaporator temperature of 

 

150°

 

C; an
argon flow rate of 30 ml/min; and a column temperature
of 

 

30°

 

C for methane detection, 

 

100°

 

C for ethylene
detection, and 

 

140°

 

C for propylene detection. Kinetic
studies with the combined measurements of methane,
ethylene, and propylene or simultaneous measurements
of methane and ethylene were carried out in a tempera-
ture-programmed mode at a detector temperature of

 

200°

 

C, an evaporator temperature of 

 

150°

 

C, and an
argon flow rate of 30 ml/min. The column was kept at

 

30°

 

C for 1.5 min, heated to 

 

140°

 

C at a rate of
30

 

°

 

C/min, and kept at this temperature for 5 min.
The products of ethylene and propylene oxidation

by hydrogen peroxide was determined using chemical
methods of analysis [6], by high performance liquid
chromatography (HPLC) using a Millichrom 4 chro-
matograph (USSR), and by 

 

1

 

H NMR spectroscopy
using a Bruker MSL 400 spectrometer (FRG). To deter-
mine the ratio of concentrations of deuterated and non-
deuterated ethylene in the study of the kinetic isotope
effect (KIE), a Saturn GC/MS/MS instrument (USA)
was used for chromatography coupled with mass spec-
trometry.

 

Methods of chemical analyses.

 

 The concentration
of H

 

2

 

O

 

2

 

 in the solution after the reaction was deter-
mined by spectrophotometry by H

 

2

 

O

 

2

 

 absorption with
Ti(IV) [4]. To this end, 2 ml of a catalyst suspension in
water was added to a 2 ml solution of Ti(IV) in 4 mol/l

H

 

2

 

SO

 

4

 

 (1 mg/ml) after a kinetic run. The liquid phase
obtained by the addition of 2 ml of 4 mol/l H

 

2

 

SO

 

4

 

 to
2 ml of the reaction mixture and sediment separation by
centrifugation was used as a reference solution. To cal-
culate [H

 

2

 

O

 

2

 

], the extinction coefficient of the complex
formed is used: 

 

ε

 

 = 700 l mol

 

–1

 

 cm

 

–1

 

 at 

 

λ

 

 = 405 nm.
The solutions of hydrogen peroxide were prepared

by diluting the 30% solution of H

 

2

 

O

 

2

 

 with water. The
exact concentration of H

 

2

 

O

 

2

 

 was determined by spec-
trophotometry using the reaction with Ti(IV) [8] or by
titration with Ce(IV) [9].

The concentration of formic acid in the solution
after the target reaction was determined using the reac-
tion with chromotropic acid [10].

 

Kinetic experiment.

 

 Kinetic studies were carried
out using a setup described in detail in [7, 11] and con-
sisting of a catalytic flask, a mechanical rocker, a volu-
metric setup, a thermostat, and a system for permanent
adding of liquid reactants.

Before an experiment, 115 ml of a Fe

 

2

 

O

 

3

 

 catalyst
aqueous suspension with a required pH was supplied to
a 152-ml reactor, and then the reactor was purged with
argon for 15 min. Then, 2 (4, 8) ml of ethylene and 2
(4, 8) ml of methane were supplied to the reactor via a
syringe and the reactor was shaken for 15 min. In the
case of the simultaneous oxidation of ethylene and pro-
pylene, the reactor was simultaneously fed with ethyl-
ene, propylene, and methane (4 ml each). Then, a sam-
ple of the gas phase (0.5 ml) was withdrawn and the
concentrations of oxidation substrate(s) and the nonox-
idizable standard (methane) were determined using cal-
ibration curves obtained earlier. Then, the system for
permanent adding of liquid reactants was attached to
the setup and a 0.3 mol/l aqueous solution of H

 

2

 

O

 

2

 

 was
continuously supplied to the reactor at a constant rate
(0.82 ml/h) during the experiment.

In experiments on the determination of reaction
orders with respect to hydrogen peroxide, [H

 

2

 

O

 

2

 

] in the
solution supplied was varied from 0.3 to 1.2 mol/l. In
the experiments on the determination of the depen-
dence of the reaction rate on the catalyst amount, vari-
ous catalyst loadings were used.

Gas-phase samples (~0.1 ml) were withdrawn every
hour and the concentration ratio of the substrate and
standard were determined. When the reaction was car-
ried out in a suspension with initial pH 10, the first mea-
surement was in 3 h rather than in 1 h as in the medium
of 0.01 mol/l NaOH, when a constant pH was achieved
(this was confirmed in a separate experiment). The sub-
sequent measurements were performed every hour.

The steady-state concentration of H

 

2

 

O

 

2

 

 was deter-
mined upon the completion of the kinetic experiment
using the reaction with Ti(IV).

 

Kinetic isotope effect measurements.

 

 To carry out
the kinetic isotope effect (KIE) experiments, after purg-
ing the reactor with argon, 4 ml of ethylene and 4 ml of
deuterated ethylene were supplied via syringe to the
closed reactor containing 115 ml of an aqueous suspen-
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sion of the Fe

 

2

 

O

 

3

 

 catalyst (1.15 g sample) with pH 10
in a liquid phase and 37 ml of the gas phase. Then, the
reactor was intensively shaken for 15 min and the sys-
tem for permanent adding of liquid reactants was
attached to it. The 0.3-mol/l aqueous solution of H

 

2

 

O

 

2

 

was continuously supplied at a constant rate of
0.82 ml/h during the experiment. After 3 and 8 h (at the
beginning and end of the reaction), 0.5-ml gas-phase
samples were withdrawn via a syringe and transferred
into flasks filled with argon. The ratio of concentrations
of deuterated and nondeuterated substrates were deter-
mined by mass spectrometry assuming that this ratio is
equal to the ratio of ion current intensities with masses
of 28 for C

 

2

 

D

 

4

 

 and 26 for C

 

2

 

H

 

4

 

.

RESULTS AND DISCUSSION

Using the methods of chemical analysis and HPLC,
we determined that the main product of ethylene and
propylene oxidation under the experimental conditions
is formic acid (formate ions). Acetic acid and formalde-
hyde were the other products. In contrast, ethylene oxi-
dation by hydrogen peroxide in the presence of copper
hydroxides led to the sole formation of formic acid [3, 4].

In this work, we did not carry out the quantitative
determination of oxidation products and the selectivi-
ties of various channels depending on the reaction con-
ditions.

 

The apparent rate constant of ethylene oxidation
and the reaction order with respect to the substrate.

 

To determine the apparent rate constant of the reaction
and its order, we used the procedure described in [7].

For experimental data processing, a kinetic scheme
was used, which included the following steps:

(1) Fast mass transfer between the gas and liquid
phases (in a separate experiment, we found that the
characteristic time of establishing the equilibrium
between the gas and liquid phases was close to 7 min in
the reactor used);

(2) Substrate oxidation in the liquid phase with the
first order with respect to the substrate concentration;

(3) The dilution of gas-phase components due to
oxygen formation in the side catalytic reaction of H

 

2

 

O

 

2

 

decomposition.
Changes in the substrate concentration were mea-

sured relative to the concentration of the poorly oxidiz-
able standard (methane).

When the liquid-phase oxidation reaction has the
first order with respect to substrate, the apparent rate
constant 

 

k

 

 can be found [7] by integrating the temporal
dependence of the substrate concentration in the gas
phase:

 

(1)

Here t is time (h); V is the complete volume of the reac-
tor (ml); λ(t) = Vg(t)/Vl(t) at time t; Vg(t) and Vl(t) are the
volumes of the gas and liquid phases (ml); Cg(t) and
Cl(t) are the concentrations of the substrate in the gas
and liquid phases, respectively (mol/l); X(t) =
Cg1(t)/Cg2(t) is the ratio of concentrations of substrate
to the concentration of the standard in the gas phase;
α = Cg/Cl is the equilibrium ratio of the hydrocarbon
concentration in the gas and liquid phases determined
by separate experiments; W is the rate of oxygen evolu-
tion in the system (ml/h); and ω is the flow rate of
hydrogen peroxide solution dosing (ml/h). Subscripts 1
and 2 refer to the substrate and poorly oxidizable stan-
dard (methane), respectively.

In the experiment, we measured the value of χ(t) =

 for certain times t ranging from 1 to 6 h.

Equation (1) can be integrated analytically and used
to find k and the corresponding experimental errors [7]
using the Mathematica 3 program package.

Figure 1 shows that the experimental points of

χ(t) =  are well described (within the experimental

accuracy) by a theoretical curve calculated using
Eq. (1) by the method of maximal likelihood assuming
the first order with respect to the substrate concentra-
tion. A real change in the ethylene concentration during

–
X t( )
X 0( )
-----------ln

1 α1λ t( )+[ ] 1 α2λ 0( )+[ ]
1 α2λ t( )+[ ] 1 α1λ 0( )+[ ]
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1

1 α1λ t( )+
------------------------dt

0
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Time, h
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χ(t)
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2

Fig. 1. Experimental and theoretical dependences of the χ(t)
parameter for the oxidation of ethylene assuming the first
order with respect to the substrate. (T = 25°C; mcat = 1.15 g;
pH 7; Vg(0) = 37 ml, Vl(0) = 115 ml; λ = 0.29; α1 = 8.4;
α2 = 67.2; W = 2.13 ml/h; ω = 0.82 ml/h; [C2H4]0 =

2 × 10−3 mol/l, [H2O2]0 = 0.3 mol/l): (1) theoretical curve

with k = 0.022 h–1 and (2) theoretical curve with k = 0
(the reaction does not occur).
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the experiment is 25%. Thus, the reaction of ethylene
oxidation by hydrogen peroxide in the presence of
Fe2O3 has an order close to the first with respect to the
ethylene concentration.

The value of the apparent reaction rate constant is
0.022 ± 0.005 h–1 at 25°C, [H2O2]st = 1.6 × 10–3 mol/l,
pH 7, and [C2H4]0 = 2 × 10–3 mol/l. This value does not
change when the initial concentration of the substrate in
the gas phase changes by a factor of 4 in the interval
(1−4) × 10–3 mol/l. This confirms the assumption of the
first order with respect to ethylene concentration in the
reaction of ethylene oxidation.

The ratio of propylene and ethylene oxidation
rate constants. The relative reactivity of substrates is
an important kinetic characteristic of the reaction. We
studied the relative reactivity of propylene and ethylene
in the reaction of oxidation by hydrogen peroxide in the
presence of α-Fe2O3. With this goal, we carried out
an experiment on the competitive oxidation of these
substrates. Methane was used as a standard. The
experiment was carried out at T = 25°C, [H2O2]st =
1.2 × 10–3 mol/l, pH 7, and [C2H4]0 = [C3H6]0 =
2 × 10–3 mol/l. The ratio of the apparent rate constants
of propylene and ethylene oxidation reactions is

Thus, propylene is much more reactive than ethyl-
ene in the reaction of oxidation by hydrogen peroxide
in the presence of α-Fe2O3. Note that in the case of oxi-
dation with the participation of OH radicals, the ratio of
the rate constants for propane and ethane is close to 2
[6]. Unfortunately, we have found no data for propy-
lene and ethylene oxidation by OH radicals.

Kinetic isotope effect in ethylene oxidation by
hydrogen peroxide in the presence of Fe2O3. Study of
the kinetic isotope effect is a method for determining
the nature of the rate-limiting step. We measured the
primary kinetic isotope effect in the reaction of ethyl-
ene oxidation by the competitive oxidation of C2H4 and
C2D4. At 25°C and pH 7, KIE is close to unity. The
absence of a noticeable kinetic isotope effect suggests
that the rate-limiting step in catalytic ethylene oxida-
tion is probably the step of C=C bond cleavage rather
than C–H bond cleavage. This assumption agrees well
with the fact that the main product of ethylene oxida-
tion is formic acid. It is also possible that the rate-lim-
iting step is the formation of peroxo complexes or the
decomposition of the complex of product with the cat-
alyst.

The order of ethylene oxidation reaction with
respect to hydrogen peroxide. To determine the reac-
tion order with respect to hydrogen peroxide concentra-
tion, the reaction was carried out under steady-state
conditions in 0.01 mol/l NaOH at different concentra-
tions of H2O2 supplied with the dosing system (0.3,
0.45, 0.6, and 1.2 mol/l). To calculate the apparent con-
stants, Eq. (1) was used. The steady state concentration

kC3H6
/kC2H4

3.0 0.9.±=

of hydrogen peroxide ([H2O2]st) in the reactor was
determined by spectrophotometry after the reaction.

Figure 2 compares the apparent rate constants of
ethylene oxidation and [H2O2]st. Within the experimen-
tal accuracy, experimental points for ethylene oxidation
are described by the linear dependence lnk =
(0.6 ± 0.2)ln[H2O2]st + 1.5, which corresponds to a
reaction order of ~0.5 with respect to hydrogen perox-
ide in the range of H2O2 concentrations. Nevertheless,
we cannot exclude that this order is apparent because it
may change to either zero or unity with an increase in
the H2O2 concentration, as frequently happens in enzy-
matic systems. The range of H2O2 concentrations
(2.4 × 10–4–1.6 × 10–3 mol/l) corresponds to the region
with intermediate values of the reaction order.

Dependence of ethylene oxidation rate on the cat-
alyst amount. To determine the dependence of the eth-
ylene oxidation rate on the amount of the catalyst, the
reaction was carried out under steady-state conditions
in 0.01 mol/l NaOH at different Fe2O3 catalyst loadings
(see table). The rate of H2O2 dosing was 0.82 ml/h at a
H2O2 concentration of 0.3 mol/l as supplied by the dos-
ing system. The steady-state concentration of hydrogen
peroxide in the reactor was determined after the reac-
tion.

Because the values of [H2O2]st were different in
these experiments, the measured apparent rate con-
stants were recalculated to [H2O2]st = 2.9 × 10–4 mol/l,
assuming that the reaction order is 0.5 with respect to
hydrogen peroxide. The reaction was carried out at
25°C and [C2H4]0 = 2 × 10–3 mol/l. The resulting rate
constants k' thus obtained were the same within the
experimental accuracy (see table).

The absence of the noticeable dependence of k' on
the amount of the loaded catalyst suggests that most of
the sites that are active in ethylene oxidation belong to

2.5

6.56.0 7.0 8.0 8.57.5
–ln[H2O2]st [mol/l]

2.0

3.0

3.5

4.0

4.5
–lnk [h–1]

Fig. 2. A logarithmic plot of the apparent rate constant of
ethylene oxidation on the steady-state concentration of
hydrogen peroxide (T = 25°C, 0.01 mol/l NaOH; 1.15 g
α-Fe2O3; [C2H4]0 = 2 × 10–3 mol/l).
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the homogeneous part of the suspension. Indeed, we
showed in [11] that the reaction of H2O2 decomposition
in the absence of the substrate under the conditions
studied occurs on both the solid particles of the Fe2O3
suspension and on the colloid consisting of the poly-
meric iron hydroxide molecules formed due to mechan-
ical and probably chemical destruction of solid catalyst
particles. These colloidal polymeric complexes are in
equilibrium with the solid phase of the catalyst, and
their concentration remains constant with a change in
the amount of the solid phase and provides approximate
constancy of the ethylene oxidation rate.

Indeed, after centrifugation, the supernatant (the
homogeneous phase of spent reaction suspension) is a
light yellow colloid, which is stable for a rather long time
and which has a Fe(III) concentration of 6 × 10–5 mol/l
and particle size of ~30 Å [11]. Experiments on ethyl-
ene oxidation in the presence of the supernatant
obtained by intensive shaking of the Fe2O3 suspension
in the 0.01 mol/l NaOH solution in the 152-ml reactor
for an hour and the subsequent separation of the liquid
phase showed that the supernatant has approximately
the same activity in ethylene oxidation as the solid-
phase catalyst.

Dependence of the ethylene oxidation rate on pH.
To determine the dependence of ethylene oxidation rate
on pH, the reaction was carried out at different pH (see
table). The dosing rate of the H2O2 aqueous solution
and the [H2O2]st concentration in these experiments
were constant (0.82 ml/h and 0.3 mol/l, respectively).
Nevertheless, because H2O2 decomposes more readily
in an alkali medium, the values of [H2O2]st were differ-
ent. Taking into account that the order of ethylene oxi-
dation reaction with respect to hydrogen peroxide is
0.5, k was recalculated to the steady-state concentration

of hydrogen peroxide equal to 6.3 × 10–4 mol/l to com-
pare the values of apparent rate constants. The oxida-
tion was carried out at 25°C, mcat  = 1.15 g, [C2H4]0 =
2 × 10–3 mol/l, and [CH4]0 = 2 × 10–3 mol/l. The values
of the apparent rate constant k' thus found were the
same within the experimental accuracy (see table); that
is, a change in the concentration of hydroxy ions by five
orders of magnitude resulted in a small change in the
apparent rate constant of the oxidation reaction.

The weak dependence of ethylene oxidation on pH
is evidence for the nonradical or hidden radical mecha-
nism of ethylene oxidation. Thus, if OH radicals partic-
ipated in the reaction, changes in pH would drastically
decrease the steady-state concentration of OH radicals.
Therefore, the overall rate via the reaction channels
with the participation of these radicals should increase
with an increase in pH of the solution. If the reaction
occurred via the radical mechanism with the participa-
tion of OH radicals, a noticeable decrease in the rate of
ethylene oxidation with an increase in pH of the reac-
tion medium would be observed.

Apparent activation energy of ethylene oxida-
tion. To determine the apparent activation energy of
ethylene oxidation, the process was carried out in the
temperature range 15–35°C under steady-state condi-
tions at a rate of hydrogen peroxide dosing of 0.82 ml/h
and its concentration of 0.3 mol/l in a 0.01 mol/l NaOH
solution. Because a change in the temperature results in
a change in [H2O2]st in the system, even when the initial
concentrations of H2O2 are the same, changes in k were
recalculated to [H2O2]st = 2.9 × 10–4 mol/l assuming that
the reaction order with respect to hydrogen peroxide is
0.5. The corresponding data are shown in the table. The
Arrhenius dependence of the apparent rate constants of
ethylene oxidation thus obtained on the temperature is

The values of the apparent rate constants in ethylene oxidation by H2O2 in the presence of α-Fe2O3 under different experi-
mental conditions

No. T, °C pH mcat , g [H2O2]st × 104, mol/l k, h–1 k', h–1

1 25 7.0 1.5 6.3 0.031 0.031 ± 0.006
2 ″ 7.5 ″ 1.9 0.021 0.038 ± 0.008
3 ″ 10.7 ″ 2.2 0.020 0.034 ± 0.008
4 ″ 12 ″ 2.9 0.020 0.029 ± 0.006
5 ″ 0.1 M NaOH ″ 2.9 0.020 0.022 ± 0.006
6 ″ ″ 0.58 4.3 0.029 0.024 ± 0.006
7 ″ ″ 0.29 4.6 0.019 0.015 ± 0.006
8 15 ″ 1.15 3.1 0.014 0.014 ± 0.011
9 20 ″ ″ 2.3 0.008 0.009 ± 0.012

10 25 ″ ″ 2.9 0.022 0.020 ± 0.006
11 30 ″ ″ 1.1 0.025 0.041 ± 0.008
12 35 ″ ″ 1.14 0.019 0.027 ± 0.010

Note: k' is the value of the apparent rate constant k recalculated to [H2O2]st = 6.3 × 10–4 mol/l for runs 1–4 and to [H2O2]st =

2.9 × 10–4 mol/l for other runs (see text); [C2H4]0 = 2 × 10–3 mol/l.
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shown in Fig. 3, and the apparent activation energy is
43 ± 4 kJ/mol.

CONCLUSION

The method used in this work to study the oxidation
kinetics of unsaturated hydrocarbons (ethylene and
propylene) by hydrogen peroxide in aqueous solutions
in the presence of Fe2O3 allowed us to determine a
number of important regularities of the steady-state
occurrence of this reaction, which is hard to study.
Thus, we determined the reaction orders of ethylene
oxidation by hydrogen peroxide in the presence of
Fe2O3 with respect to all reactants. It is close to the first
with respect to the substrate and to 0.5 with respect to
H2O2. A substantial difference between the rate con-
stants of propylene and ethylene oxidation (  =
3.0 ± 0.9) points to the higher reactivity of propylene.

The absence of a noticeable KIE when deuterated
ethylene is used suggests that the rate-limiting step is
probably the cleavage of the C=C bond, the formation
of peroxo complexes, or the decomposition of the com-
plex of product and catalyst. The absence of a notice-
able dependence of the rate of ethylene oxidation by
hydrogen peroxide on the concentration of hydroxy
ions at pH 7–11 points to the fact that the reaction
occurs without the participation of free OH radicals. It
is important that the apparent activation energy of eth-
ylene oxidation by hydrogen peroxide in the presence
of Fe2O3 at pH 12 is low (43 ± 4 kJ/mol) at [H2O2]st =
2.9 × 10–4 mol/l.

The results obtained suggest a possible mechanism
of ethylene oxidation in the presence of a hydroxide
catalyst. As we showed in [2, 12], the interaction of
H2O2 with Cu- or Fe-containing hydroxide catalyst
begins with the formation of the terminal peroxo com-
plex of the active ion:

M + HOOH  M–OOH + H+. (I)

For simplicity, the coordination sphere of M is not
shown. In the case of colloidal hydroxides, reaction (I)
is accompanied by the considerable acidification of the
reaction mixture. However, the large loading of the
bulk iron oxide, in which the Fe(III) ions are largely
surrounded by oxo ligands, may serve as a buffer for
pH due to hydrogen peroxide addition to the oxo form
of the iron cation:

Fe···Fe=O + HOOH  Fe··· (II)

We have found [13] that the terminal peroxo complex
participates in the catalytic oxidation of biphenols and
acetonitrile by hydrogen peroxide when copper
hydroxide is used, which forms terminal and bridging
peroxo groups. Therefore, we can assume that ethylene
oxidation on both Cu- and Fe-containing hydroxide
catalysts also occurs on a similar active site. As a result,
in the case of the Fe-containing catalyst, the most prob-

kC3H6
/kC2H4

     

Fe –OOH

OH
–

 

able first step of ethylene oxidation is the formation of
ethylene glycol:

 

(III)

 

This reaction can be viewed as the well-known oxi-
dant addition to the double bond. Ethylene glycol
formed at this stage may be oxidized further inside the
coordination sphere of the catalyst. Reactions (II) and
(III) explain the independence of the rate constant on
pH over a wide range of pH found in the kinetic exper-
iments and the absence of noticeable KIE.

An unexpected consequence of the results obtained
is the fact that the oxidation of the hydrocarbon sub-
strate occurs on the colloid formed due to the mechan-
ical treatment of the solid catalyst in the course of the
reaction rather than on the solid particles of the catalyst.
However, this is not surprising because the surface of
most oxides is hydroxylated in aqueous solutions, and
intensive stirring may lead to their transformation to
colloids of the corresponding hydroxides. This is very
typical of iron oxides, and the catalyst indeed may exist
in both bulk and colloidal states under the conditions
studied. Moreover, the colloid has a much higher con-
centration of terminal iron ions than the bulk oxide. In
our opinion, this is what in fact leads to the predomi-
nant occurrence of ethylene oxidation on the colloidal
(hydroxide) portion of the catalyst.

In the well-known Gif-systems, the oxidation of
alkanes to ketones by hydrogen peroxide in mixtures of
pyridine and carboxylic acids [14], the catalyst is also
hydrogen hydroxide. Therefore, the mechanisms of
alkene oxidation in Gif-systems and in our systems
should be very close. The formation of ethylene glycol
instead of ethylene oxide can probably be explained by

Fe···Fe –OOH

OH
– +

CH2

CH2

Fe···Fe=O + CH2(OH)–CH2(OH).
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 The Arrhenius plot of the apparent rate constant of
ethylene oxidation (0.01 mol/l NaOH; 1.15 g 
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the occurrence of the reaction in water solutions, which
is not the case of Gif-systems.

Formic acid, which is formed in a substantial
amount, is a product of further oxidation of both free
and coordinated ethylene glycol:

 

CH

 

2

 

(OH)–CH

 

2

 

(OH) + 3H

 

2

 

O

 

2

 

  2HCOOH + 4H

 

2

 

O.

 

A similar scheme of the process is expected for the
oxidation of the other studied alkene (propylene). In
reaction (III), as in the oxidation of other substrates
with a double C=C bond, the terminal peroxo complex
most likely shows nucleophilic properties. For the oxi-
dation of ethylene glycol and alkanes, which can also
be oxidized in the systems under study, active sites with
high electrophilicity are necessary. Bridging peroxides
may play the role of such sites. In the case of iron
hydroxide, the ions of iron in the high oxidation state
can also be such sites. Because the standard oxidation
potential of Fe(III) hydroxide is negative in weakly
alkali media, the formation of ferryl ions under the action
of such a strong oxidant as H

 

2

 

O

 

2

 

 is very probable.

We hope that further studies will provide experi-
mental support for the formation of ethylene glycol as
an intermediate product of oxidation, and the study of
the system using physical and quantum chemical meth-
ods will suggest a more justified mechanism for the
oxidation of light olefins on iron(III) hydroxides.
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