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Summary. Transition metal sulfates of Cu(II), Co(II), Ni(II), Cr(III), Mn(II), and Fe(III)

supported on ZnO were prepared and characterized by SEM, EDX, and XRD. The kinetics of the

heterogeneous decomposition of H2O2 over these supported catalysts was investigated. The reaction

rate is correlated with both the amount of supported metal ion and its redox potential. The rate of

reaction increases with increasing initial concentration of H2O2, attains a maximum, and decreases

thereafter. It also increases with pH and reaches a maximum at high pH values. A reaction mechanism

is proposed that implies the formation of a peroxo intermediate at the early stages of the reaction. A

second intermediate is assumed to be formed at high [H2O2]o which inhibits the progress of the

reaction.
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Introduction

In recent years, hydrogen peroxide has attracted increasing attention as a promising
oxidant for the removal of toxic pollutants from water [1±9]. It is also used for
removing color from dye baths, thus facilitating dye bath reuse in textile industry
[10±13]. The basic idea of using hydrogen peroxide for such processes depends on
the fact that its catalytic decomposition release highly active and non-speci®c
hydroxyl radicals [1±16] which oxidize many organic pollutants with rate constants
ranging from 108 to 1010 Mÿ1 � sÿ1 and mineralize them to CO2 and H2O owing to
their high oxidation potential (Eo � �2:8 V) [9, 12]. Hydrogen peroxide is referred
to as a friendly oxidant in environmental processes since the only byproducts
formed are oxygen and water. The catalytic decomposition of hydrogen peroxide
has been performed both in homogeneous and heterogeneous media. Generally,
homogeneous catalysts are very ef®cient, but their recovery from the treated
ef¯uents is dif®cult and brings about additional costs. This problem as well as the
isolation of the reaction products can be overcome by using heterogeneous catalysts.

The heterogeneous decomposition of aqueous hydrogen peroxide over
supported metal ions, metal oxides, and metal complexes has been the subject of
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many investigations. Polymers [17], cation exchange resins [18], alumina [19],
silica gel [20], silica [21], silica-alumina mixtures [22], clays [23], and zirconia [24]
have been used as supports for transition metal ions and/or their complexes. The
catalytic activity of these catalysts towards H2O2 has been found to be strongly
dependent on surface area, redox potential of the supported metal ions, basicity of
the complexed ligands, and DVB% of the resins. With supported zirconia, the
reaction rate increased with increasing pH, attaining a limiting rate at high pH
values [24]. Metal oxides have also been used as potentially active catalysts with
respect to hydrogen peroxide decomposition [25±32]. Their catalytic activity
depends considerably on the method of preparation [25±27]. Mixing oxides of
cobalt, bismuth, and chromium with MnO2 greatly affects the latter's catalytic
activity [30, 31]. However, pure and Li2O doped Co3O4 with different amounts of
dopant also activate the decomposition of H2O2 [32].

On the other hand, zinc oxide, metal ions supported on zinc oxide, and zinc
oxide mixed with other oxides have been prepared and used as active catalysts
for the oxidation of inorganic and organic compounds [33±36]. Appropriate
catalytic activity and high selectivity to mineralization products were found for
the oxidation of pentachlorophenol on zinc oxide [33]. Mixing ZnO with CuO
and/or Al2O3 in different ratios showed a high activity towards the oxidation of
carbon monoxide, phenols, 2-propanol, and some industrial waste water ef¯uents
[34±36].

The present work, which is part of a project concerning environmental catalysis,
reports the kinetics of the heterogeneous decomposition of H2O2 using some
transition metal ions supported on zinc oxide as active catalysts. One of its
objectives is to examine and compare the activity of these catalysts towards H2O2

decomposition in conjunction with the oxidative degradation and color removal of
some organic dyes from industrial waste ef¯uents.

Results and Discussions

Catalyst characterization

Figure 1 shows the SEM micrographs of pure ZnO and ZnO loaded with metal ions.
Differences in apparent porosity, shape, and particle size can be noted. Generally,
the particle size increases upon supporting ZnO with metal ions, and the degree of
increase depends on the loaded metal ion. Greater particle size is observed for Cu2�

and Co2� and, to a minor extent, for Cr3�, Mn2�, Ni2� and Fe3�. As particle size
increases, the porosity increases and the surface area decreases. The data in Table 1
show the EDX measurements recorded for the different catalysts as well as for pure
ZnO. The data clearly demonstrate that the amount of Cr3� on the catalyst surface is
greater than that of the other metal ions. For the ZnO/Ni2� catalyst, despite the
amount of Ni2� loaded onto ZnO is very low compared to either Co2� or Fe3�, the
surface content is almost equal to that of Co2� and little bit lower than that of Fe3�.
This suggests that most of the Ni2� ions are present on the catalyst surface. The very
low amount of Mn2� on the surface is attributed to the low af®nity of ZnO towards
Mn2� ions (1.27 mg Mn2�/g ZnO).
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Fig. 1. SEM micrographs for unsupported (a, e) and supported ZnO with (b) Cu2�, (c) Co2�, (d)

Ni2�, (f) Cr3�, (g) Mn2�, and (h) Fe3�
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The identity of the support is revealed by the corresponding XRD pattern (Fig. 2)
which shows a series of re¯ections typical for zincite (curve a). The addition of
copper(II) sulfate to zincite results in the formation of two new phases, mainly
CuSO4 and, to a little extent, Cu2SO4. The intensity of the re¯ections corresponding
to zincite is suppressed by the formation of these new phases (curve b). Calcination

Table 1. EDX and atomic absorption measurements together with the color of the different catalysts

before and after the reaction with 0.20 M hydrogen peroxide

Catalyst EDX
mg Mn�

g catalyst
Start

of reaction

During

reaction

O % S % Mn� % Zn %

ZnO 11.22 ± ± 88.78 ±

ZnO/CuSO4 18.38 2.06 4.86 74.71 65.22 blue brown

ZnO/CuOa 4.78 ± 8.84 86.39 ± green brown

ZnO/CoSO4 9.17 1.31 7.44 82.08 46.77 pink faint

pink

ZnO/NiSO4 18.84 2.31 7.25 71.60 11.45 green green

ZnO/Cr2(SO4)3 27.87 2.46 16.93 52.75 168.36 gray yellowish

green

ZnO/Cr2Oa
3 15.94 ± 18.53 65.53 ± black black

ZnO/MnSO4 15.24 0.04 0.11 84.61 1.27 dirty

white

dirty

white

ZnO/Fe2(SO4)3 25.86 2.73 9.55 61.87 59.78 faint

brown

faint

brown

a Calcinated for three hours at 500�C

Fig. 2. X-Ray diffraction for (a) ZnO, (b) ZnO/Cu2�, and (c) ZnO/Cu2� after calcination at 500�C
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of the latter produces new diffraction peaks corresponding to the formation of
mixed phases of CuO (major) and Cu2O (minor) (curve c). This is accompanied by
an enhancement of the diffraction peaks corresponding to zincite.

Reaction with hydrogen peroxide

A very slow decomposition of H2O2 was observed over pure zinc oxide. However,
when ZnO was loaded with a transition metal ion, e.g. Cu2�, Co2�, Mn2�, Cr3�,
Fe3�, or Ni2�, a higher reaction rate was observed. The order of reactivity depends
strongly on the initial concentration of hydrogen peroxide, [H2O2]o (Fig. 3). At
[H2O2]o < 1 M the reaction rate increases in the following order: Cr3� > Cu2�>
Fe3�> Mn2�> Co2�> Ni2� (Fig. 3). This order is correlated with both the redox
potential and the amount of loaded metal ion [24, 37]. The net effect depends on
which of these factors is the most pronounced. For example, comparing Cu2� with
Cr3�, despite the fact that the redox potential of Cu2� is greater than that of Cr3�

[37], the rate with Cr3� is greater than that with Cu2� because of the higher amount
of supported Cr3� (Tables 1 and 2). Similarly, the higher rate with Cr3� compared

to Fe3� can be ascribed to the greater amount of metal ion loaded. The low rate
observed with Mn2�, Ni2�, and Co2� is in agreement with their redox potential
[37]. However, at [H2O2]o > 1 M, the order of reactivity is changed.

Inspection of Fig. 3 reveales that the reaction rate ®rst increases gradually with
increasing [H2O2]o, reaches a maximum, and then decreases. This is ascribed to the
formation of an intermediate active species which exerts an inhibiting effect on the
reaction rate [22, 24]. However, at high [H2O2]o, the latter can be transformed to a
second intermediate which greatly decreases the reaction rate.

Fig. 3. Variation of the initial reaction rate with the initial concentration of hydrogen peroxide for its

reaction with one gram of ZnO loaded with transition metal ions at pH � 8:15 and 35�C
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Calcination of ZnO/CuSO4 and ZnO/Cr2(SO4)3 catalysts for three hours at 500�C
considerably increased their activity towards hydrogen peroxide decomposition
(Table 2). This may be due to the transformation of some of the absorbed metal ions
to the corresponding metal oxides. The colour changed from blue to gray and from
gray to black for copper and chromium catalysts, respectively. These oxides may
have a higher activity towards H2O2. This explanation is evidenced by EDX
measurements which showed an increase in the content of the supported metal and a
decrease in oxygen content on the surface of the catalyst upon calcination (Table 1)
as well as by the XRD diffraction peaks recorded for the calcinated samples (Fig. 2).
Earlier investigations have shown that the calcinated copper on zinc oxide-catalyst
contains Cu2� in a CuO-like phase as well as in substitutional sites in the ZnO
lattice [38, 39].

The brown coloured intermediate formed by interaction of H2O2 with ZnO/Cu2�

was isolated from the reaction medium and investigated by EDX and FTIR (not
included). EDX measurements revealed an increase in the oxygen content from
18.38 to 24.88%. On the other hand, FTIR spectra showed a more intense band in
the region of antisymmetric and symmetric OH stretching modes (3500±3200 cmÿ1)
as well as a new band at 1400 cmÿ1 corresponding to � vibrations of the hydrogen
moiety [40].

The activation parameters were determined and are listed in Table 2. A plot of
enthalpy vs. entropy change, (isokinetic relationship [39]) gave a straight line with
slope equal to 290 K (Fig. 4). This isokinetic temperature is lower than the average
experimental temperature (305.5 K). This means that the decomposition of H2O2

over these catalysts is entropy controlled, i.e. higher rates are associated with low
entropies [17, 21]. The existence of an isokinetic relationship supports the claim that
a single mechanism operates along the catalyst series [17, 20, 41].

The effect of pH on the reaction rate was studied at constant concentration of
both the catalyst and H2O2 at 35�C. The rate of reaction increases with increasing
pH and follows an S-shaped curve (Fig. 5). This rate enhancement is expected due

Table 2. Rate constants and activation parameters for the reaction of 2 g of the different catalysts with 0.42 M H2O2

at pH � 8:15

Catalyst 104 kobs/s
ÿ1 Activation parameters

25�C 30�C 35�C 40�C
Ea

kJ �molÿ1

�G#

kJ �molÿ1

�H#

kJ �molÿ1

�S#

J � degÿ1 �molÿ1

ZnO/CuSO4 0.61 1.08 1.75 3.08 79.3 97.43 76.8 ÿ67.5

ZnO/CuOa 0.90 1.52 2.40 4.01 76.01 96.60 73.47 ÿ75.71

ZnO/CoSO4 0.11 0.19 0.29 0.47 72.01 101.5 69.46 ÿ105

ZnO/NiSO4 0.17 0.21 0.26 0.37 45.12 101.9 42.58 ÿ194

ZnO/Cr2(SO4)3 1.19 1.95 2.86 4.63 68.09 96.10 65.55 ÿ100

ZnO/Cr2Oa
3 2.12 3.25 4.72 7.20 60.7 94.7 58.16 ÿ119

ZnO/MnSO4 0.31 0.33 0.36 0.38 10.30 101 7.76 ÿ305

ZnO/Fe2(SO4)3 0.74 0.88 1.01 1.23 27.00 98.4 24.46 ÿ242

a Calcinated for three hours at 500�C
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to the enhanced deprotonation of H2O2 and, in turn, the enhanced formation of the
peroxo-intermediate in alkaline solution [13, 21].

Before proposing a reaction mechanism, we have to point out that the decom-
position rate of H2O2 is decreased by 27% in presence of 20% t-butanol as
scavenger. This suggests the involvement of free radicals in the reaction scheme
[24, 42].

Fig. 4. Isokinetic relationship for the reaction of different catalysts with hydrogen peroxide

Fig. 5. Dependence of the observed rate constant on pH for the decomposition of hydrogen peroxide

over one gram of ZnO/Cu2� catalyst
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According to the above observations and discussions, the following mechanism
is proposed in which the location of the rate-determining step depends on the
concentration range of H2O2 used:

ZnO=Mn� � H2O2�
K1

ZnO=Mn��HO2�ÿ � H� ÿ!k1

slow
ZnO=M�nÿ1�� � HO�2

peroxo intermediate

�1�

HO�2 � H2O2 ! OH� � O2 � H2O �2�

ZnO=M�nÿ1�� � OH� ! ZnO=Mn� � OHÿ �3�
OHÿ � H� ! H2O

From Eq. (1), the concentration of the peroxo intermediate is given by

�ZnO=Mn��HO2�ÿ� � K1�ZnO=Mn���H2O2�=�H�� �4�
From

�H2O2� � �H2O2�o ÿ �ZnO=Mn��HO2�ÿ� �5�
and

�ZnO=Mn�� � �ZnO=Mn��o ÿ �ZnO=Mn��HO2�ÿ� �6�
one obtains

�H2O2��ZnO=Mn�� � �H2O2�o�ZnO=Mn��o ÿ �H2O2�o�ZnO=Mn��HO2�ÿ�
ÿ K1�ZnO=Mn��o�ZnO=Mn��HO2�ÿ� � �ZnO=Mn��HO2�ÿ�2

The last squared term is very small compared to the others and can be neglected for
simpli®cation. Therefore, from this equation and Eq. (4), the concentration of the
peroxo intermediate can be estimated as

�ZnO=Mn��HO2�ÿ� � K1�ZnO=Mn��o�H2O2�o
K1��H2O2�o � �ZnO=Mn��o� � �H��

�7�

Therefore the reaction rate is equal to

V � k1�ZnO=Mn��HO2�ÿ� � k1K1�ZnO=Mn��o�H2O2�o
K1��H2O2�o � �ZnO=Mn��o� � �H��

�8�

Equation (8) predicts that the reaction rate increases with increasing [H2O2]o at
constant catalyst concentration attaining a limiting rate at relatively high values of
[H2O2]o. The reciprocal of this equation can be written as

1

V
� 1

k1�ZnO=Mn��o
� �K1�ZnO=Mn��o � �H���

k1K1�ZnO=Mn��o�H2O2�o
�9�

From the intercept and the slope of a plot of 1/V vs. 1/[H2O2]o (Fig. 6) one can
estimate some tentative values of k1 and K1 (Table 3). However, Eqs. (8) and (9)
cannot explain the decrease in rate at higher [H2O2]o. In order to account for such a
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decrease we propose that the reaction proceeds via the formation of a second
intermediate:

ZnO=Mn��HO2�ÿ � H2O2�
K2

ZnO=Mn��HO2�ÿH2O2

peroxo-intermediate

ÿ!k2

slow
ZnO=M�nÿ1�� � O2 � H2O� HO�

�10�

The concentration of the second intermediate is given by

�ZnO=Mn��HO2�ÿ�H2O2�� � K2�ZnO=Mn��HO2�ÿ��H2O2� �11�
From Eqs. (11) and (4) one obtains

�ZnO=Mn��HO2�ÿ�H2O2�� � K1K2�ZnO=Mn���H2O2�2=�H��
Substitution from Eqs. (5) and (6) affords

�ZnO=Mn��HO2�ÿ�H2O2��

� K1K2��ZnO=Mn��o�H2O2�2o ÿ 2�ZnO=Mn��o�H2O2�o�ZnO=Mn��HO2�ÿ�o�
�H��

�12�
A combination of Eqs. (12) and (7) then yields

�ZnO=Mn��HO2�ÿ�H2O2��

� K2
1K2�ZnO=Mn��o�H2O2�3o � K1K2�H�� ÿ K2

1 K2�ZnO=Mn��2o�H2O2�2o
K1�H����H2O2�o � �ZnO=Mn��o�

�13�

Since K1 � 1:5� 10ÿ12 mol � dmÿ3 at 30�C [43], K2
1 is in the range of 10ÿ24 mol2�

dmÿ6. Therefore, the ®rst and the last terms in the numerator are very small
compared to the middle one and can be omitted. Equation (13) then turns into

�ZnO=Mn��HO2�ÿ�H2O2�� � K2

��H2O2�o � �ZnO=Mn��o�
; �14�

and the rate equation becomes

V � k2�ZnO=Mn��HO2�ÿ�H2O2�� � k2K2

��H2O2�o � �ZnO=Mn��o�
�15�

Table 3. Estimated K1 and k1 for the reaction of different catalysts with hydrogen peroxide at 35�C and

pH � 8:15

Catalyst Estimated values

10ÿ6 K1 102 k1

ZnO/CuSO4 4.0 1.00

ZnO/CoSO4 12.5 1.25

ZnO/NiSO4 426 5.10

ZnO/Cr2(SO4)3 0.2 0.31

ZnO/MnSO4 67.0 4.30

ZnO/Fe2(SO4)3 1.5 1.00
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Now it is clear that at constant catalyst concentration the rate of reaction decreases
with increasing [H2O2]o (the last part of the curves in Fig. 3). On the other hand,
Eq. (8) can also explain the pH dependence shown in Fig. 5. With increasing [H�],
i.e. decreasing pH, the rate is inversely proportional to [H�]. However, at higher
pH, [H�] can be omitted from the denominator, and the reaction rate becomes
independent on pH. The rate equation then becomes

V � k1�ZnO=Mn��o�H2O2�o
�H2O2�o � �ZnO=Mn��o

�16�

Conclusions

Pure ZnO has almost no catalytic activity towards H2O2 decomposition. However,
loading ZnO with some transition metal sulfates, e.g. CuSO4, CoSO4, NiSO4,
Cr2(SO4)3, MnSO4, and Fe2(SO4)3 increases its activity. The catalytic activity
depends on the amount of supported metal ion, its redox potential, and the pH value.
The order of reactivity of the supported catalysts depends on the hydrogen peroxide
concentration. Calcination of copper and chromium catalysts at 500�C considerably
increases their activity; this is ascribed to the formation of the corresponding metal
oxides. Preliminary experiments (not included) showed that the free radicals formed
from the interaction of H2O2 with these catalysts are able to oxidize and decolourize
some organic dyes that can be found in textile waste ef¯uents. These reactions are
currently under investigation.

Fig. 6. Reciprocal of initial rate vs. reciprocal [H2O2]o for the reaction of two grams of loaded ZnO

with H2O2 at 35�C and pH � 8:15
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Experimental

Materials and reagents

All chemicals were of analytical reagent grade quality (Merck). H2O2 solutions were prepared by

direct dilution and standardized iodometrically using sodium thiosulfate.

Metal ions supported on zinc oxide

Zinc oxide from Merck (particle size ca. 0.5±2 mm) was washed repeatedly with redistilled H2O,

dried, and activated at 150�C for 24 h. The required amount of activated ZnO was kept in contact with

excess solution of metal sulfate (10ÿ3 M, 1 dm3) for 24 h at room temperature with continuous stirring

[44]. Successive additions of the metal sulfate solution were performed until the metal ion was

detected in the external solution. The loaded ZnO (ZnO=Mn�) was then ®ltered, washed repeatedly

with redistilled H2O until free from any excess of metal sulfate solution, and dried at 150�C.

Physical measurements

An atomic absorption spectrometer 906 GBC AA with a graphite furnace (GF 3000) and hydride

generator (HG 3000) was used to determine the amount of metal ions adsorbed per gram of catalyst.

This was done after leaching the supported metal ions with dilute nitric acid solution. The amount

(mg) of metal ion per g catalyst for the different catalysts is listed in Table 1. A Philips X-ray

diffractometer model PW/1840 (Ni ®lter, CuK� radiation (� � 1:542 AÊ ), 40 kV, 30 mA, scanning

speed 0.02�/s was used for XRD measurements. High resolution scanning electron micrographs

(SEM) and energy dispersive X-ray (EDX) measurements were carried out with a Jeol scanning

electron microscope JSM-5600 equipped with an energy dispersive X-ray ISIS OXFORD instrument.

FTIR measurements were performed with a Nicolet FT-IR Magna-IR 560 spectrometer. pH

measurements were done employing a Mettler Delta 320 pH-meter, and phosphate buffer was used

throughout. For high pH values, few drops of sodium hydroxide were added.

Kinetic measurements

Kinetic measurements were carried out following a procedure described previously [20, 22] in the

range of 25±40�C. The observed rate constant, kobs, was evaluated from the integrated ®rst order

equation. The initial reaction rate values were determined from the extrapolation of straight lines of

d[H2O2]/dt vs. [H2O2] plots.
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