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Ozone decomposition on ZnO catalysts obtained from different precursors
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Kinetic investigations for ozone conversion on three different series of zinc oxide catalysts, containing pure ZnO
and doped with Mn or Cu one with dopant content less than 1 wt.% were carried out. The different samples were
obtained from carbonate, nitrate and acetate precursors. The as prepared catalysts were characterized by AAS, XRD,
IR, EPR and BET methods. The mean size of the crystallites determined by XRD data is in the range 2768 nm.
The presence of Mn** and Cu?* ions into the ZnO matrix was established by EPR. The ozone decomposition was
investigated for 30+75°C temperature range. The zinc carbonate precursor samples show highest activity, while
the nitrate precursor ones show lowest activity toward reaction decomposition of ozone in the whole temperature
range. At 75°C two of the catalyst, obtained from carbonate precursor — ZnO and CuZnO show 100% conversion.
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INTRODUCTION

Zinc oxide is a catalyst, preferred for many heterogenic
reactions due to its insolubility and low price'. One of its
major applications is for decomposition of ozone, initially
used for oxidation of different organic compounds in
liquid phase®**% &7 The catalytic activity of ZnO stron-
gly depends on the used method of synthesis™ ® 78, The
specific surface area and the defects have great influence
on the activity of metal oxides catalysts. For achieving
higher activity different transition metal dopants such
as Mn or Cu could be used for raising surface defects
leading to evolution of the specific surface area of the
catalysts. It is well known that Mn and Cu substitute
Zn ions in the structure of hexagonal wurzite ZnO> '°.
Well evolved surface area typical for nanomaterials has
advance on catalysis. Decrease of the mean size of the
particles and respectively increase of the specific surface
area leads to increase in the number of active sites, whe-
re the reaction is carried out'. The scarce information
describing the way of synthesis of ZnO catalysts used
for ozonation exists in the literature’. Few publications
discussed the application of pure ZnO as catalyst for
ozone decomposition as well as for disposal of organic
pollutants in the presence of ozone. However the use
of doped with small amounts of Mn and Cu zinc oxide
as ozone decomposition catalyst is not investigated from
other authors. In previous publication'* we have made
investigation of the activity of doped ZnO for ozone
decomposition with the time. The aim of the present
article is to explore the influence of the precursor used for
obtaining of ZnO doped with Mn and Cu over catalytic
activity for ozone decomposition with the temperature.

EXPERIMENTAL

Pure and doped with Mn and Cu zinc oxide samples
were obtained from zinc nitrate, acetate and carbonate
precursors. For preparation of ZnO from nitrate
and acetate 15 g of Zn(NO,;), - 4H,O and 15 g of
Zn(CH;COO), - 2H,0 were dissolved in 100 ml H,O,
respectively. The as prepared solutions were decompo-

sed under electromechanical stirring at 1000 rpm and
temperature 150°C. For the doped samples 0.25 M
Mn(NO;), or 0.25 M Cu(NO,), stock solutions were also
added into Zn(NOs;), - 4H,0 or Zn(CH,COO), - 2H,0
solutions. The concentration of each metal dopant was
so calculated as to give 0.15 wt% content with respect
to Zn. As final preparation step all samples were dried
first at room temperature, then at 100°C for an hour
and finally calcinated at 500°C for 3 h in air at atmo-
spheric pressure.

In the case of carbonate precursor undoped and doped
with Cu or Mn zinc oxide samples were prepared by
precipitation method. Analytical grade of purity zinc
sulfate (heptahydrate) ZnSO, - 7H,O, sodium carbonate
Na,CO; and 0.25 M CuSO, stock solution or mangane-
se sulfate 0.25 M MnSO, stock solution were used as
starting materials. In a typical experiment we dissolved
90 g of Na,CO; in 850 ml H,O under heating and
continuous stirring (solution 1). An amount of 20 g
ZnSO, - 7TH,0O was dissolved in 140 ml H,O under
heating and continuous stirring (solution 2). Calculated
quantities of copper sulfate were added to the solution
2 such to obtain mixture of ZnO doped with 0.15 wt.%
Cu or Mn. This mixed solution of ZnSO, - 7H,0O and
CuSO, - H,0 or MnSO, - H,0 was added drop by drop
to the solution 1. After adjusting the pH value to 11,
the final mixture solution was stirred under heating for
10 minutes. The precipitate was separated by filtration,
washed several times with distilled water to pH value 7
and dried in air. For preparation of final crystal samples
they were dried at room temperature, then at 100°C for
an hour and finally calcinated at 500°C for 3 h in air at
atmospheric pressure.

Several samples were prepared and named as follows:

From nitrate precursor: ZnO(nit.), MnZnO(nit.) and
CuZnO(nit.),

From acetate precursor: ZnO(ac.), MnZnO(ac.) and
CuZnO(ac.),

From carbonate precursor: ZnO(ca.), MnZnO(ca.)
and CuZnO(ca.).

The synthesis is published in details in'%.
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Sample characterization

AAS analysis

Chemical composition of the samples was determined
using Atomic Absorption Analysis FAAS - SOLAAR
MS5 spectrometer. For preparation of standard solutions
standards produced by “Titrisol” (Merck) — Germany
were used, the concentration of reference metal content
was 1000 ppm.

X-ray diffraction (XRD) analysis

The X-ray diffraction (XRD) analysis was carried out
on a Siemens powder diffractometer model D500 using
CuKoa radiation within a 20 angle of diffraction interval
of 10-60 degrees. The identification of the phases was
done by means of the JCPDS database of the Interna-
tional Center of Powder Diffraction Data. The particle
size was determined by Scherrer’s formula.

Infrared Spectroscopy (IR)

The IR spectra were recorded in the range of 4000 to
400 cm™ on a IFS 25 spectrometer (Briker) with resolu-
tion of less than 2 cm™. The samples were prepared as
tablets from KBr, with content of investigated samples.

Electron paramagnetic resonance (EPR)

The electron paramagnetic resonance (EPR) spectra
were registered as a first derivative of the absorption
signal in the temperature interval of 100-400 K using
an ERS 220/Q instrument.

Adsorption — texture analysis

The determination of the specific surface area was carried
out by nitrogen adsorption at the boiling temperature of
liquid nitrogen (77.4 K) using a conventional volume-
measuring apparatus. Before the measurements, the
samples were degassed at 423K until the residual pressure
became lower than 1.333 x 10~ Pa.

Catalytic activity test

The catalytic activity of the sample in the reaction
of ozone decomposition was investigated in a plug
flow reactor system. The catalyst particle sizes were
0.25+0.6 mm. The volume rate was 120 000 h™'. Ozone
was synthesized in a flow of oxygen (99.7%) and dried
with silica gel using an ozone generator with silent di-
scharge and coaxial electrodes. The inlet concentration
of ozone was varying from 13 to 15 g/m* (0.25-0.3 mol/
m?). Ozone concentration was measured by an Ozomat
GM (Anseros, Germany) ozone analyzer with a resolu-
tion of + 0.1 g/m®>. The range of the temperature was
30+75°C, the raise step was 5 degrees per 2 minutes.

RESULTS AND DISCUSSION

The X-ray diffraction patterns of investigated pure
and doped by Cu and Mn zinc oxide synthesized from
carbonate, nitrate and acetate precursors are shown in
Figures 1+3. The X-ray diffraction analysis revealed
the formation of hexagonal wurzite ZnO phase (JCPDS
36-1451).

There is no indication of any secondary phase or clu-
sters, confirming that the samples are only one single
phase. The XRD results also indicate that the Mn?* and
Cu?* ions systematically substituted the Zn®* ions in the
samples without changing the wurtzite structure. This is
due to the fact that ionic radius of Cu?* (0.73 A) is very
close to that of Zn>* (0.74 A), due to which Cu can easily

penetrate into ZnO crystal lattice, as well as the fact that
the ionic radius of Mn2* is 0.80 A, whereas that of Zn**
is 0.74 A. The slight shift to low angular scale is clearly
evident for the most intense diffraction peak in a case of
doping by Cu or Mn ions. Additionally, the intensity of
the diffraction peaks decreases, and the width broadens
due to the formation of smaller grain diameters as a
result of an increase in disorder in ZnO due to Cu**
or Mn** doping. The shifting and broadening of XRD
lines with doping strongly suggest that Cu** and Mn?*,
respectively successfully substituted Zn** into the ZnO
host structure. The sizes of crystallites are calculated for
all investigated samples by Debye-Sherrer equation and
the results are presented in the Table 1.

Table 1. Type of the used precursor, dopant content, crystallites

size and specific surface area (Aggy) of undoped ZnO
and Mn-doped and Cu-doped ZnO

Dopant Crystallites A
Sample content, size, [rﬁg/T’]

[wt.%] [nm] 9
ZnO(ac.) - 42 8
MnZnO(ac.) 0.16 39 9
CuzZnO(ac.) 0.19 35 10
ZnO(ca.) - 31 22
MnZnO(ca.) 0.13 28 23
CuZnO(ca.) 0.18 27 26
ZnO(nit.) - 68 1
MnZnO(nit.) 0.14 65 3
CuZnO(nit.) 0.17 57 5

Intensity, c/s
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Two theta, degree

Figure 1. X-ray diffraction patterns of samples obtained from
carbonate

The compositions of the obtained samples and their
specific surface area are presented in Table 1. The
concentration of the dopants was evaluated by AAS
method and is less than 0.2 wt.%. It can be seen that
specific surface area strongly depends on precursor type.
The lowest specific surface area has ZnO obtained from
zinc nitrate precursor. The reasonable explanation for
this could be associated with the fact that the process
of decomposition of the precursor pass through in a
molten state. Highest specific surface area has ZnO
obtained from carbonate precursor, due to the fact that
during decomposition process a great amount of gases
is dissociated. That difference in the value of the speci-
fic surface area keeps for doped with Mn and Cu zinc
oxide samples. ZnO(ca.) samples have highest specific
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Figure 3. X-ray diffraction patterns of samples obtained from
nitrate

area — 22+26 m*g, ZnO(ac.) ones have 8+10 m%*g and
the ZnO(nit.) samples have the lowest area — 1+5 m?%g.
All obtained samples are nanosized ones. Calculated
size of the crystallites from X-Ray data is in the range
of 27+68 nm. Doping with Mn and Cu leads to slight
decrease of the crystallite sizes compared to pure ZnO.

IR spectroscopy results (see Figs. 4 and 5) of Mn and
Cu doped samples, obtained from nitrate, carbonate and
acetate precursors show absorption peak in the range
520+420 cm™!, which is typical characteristic absorption
band of ZnO". O-Cu-O bonding causes bending close
to 500 cm™! and 1384 cm™! (Fig. 5)™* 5.

The EPR spectra of MnZnO samples are shown in
Figure 6. Six characteristic lines for isolated Mn?>* are
observed for MnZnO(ca.) and MnZnO(ac.) samples,
together with broad line of cluster manganese ions, as
mentioned in'® ' 18, According to the spectroscopic
analysis the manganese ions are dispersed within the ZnO
matrix, and adsorbed on the ZnO surface, or formed
manganese clusters with strong metal-metal interactions®.
The six-line hyperfine structure is clear inducation for
interaction between nucleus and the electrons in the
magnetic field”. EPR spectrum of ZnO(nit.) shows
only broad line of cluster Mn ions as it was established
by Bogomolova et al.?’. The EPR spectra of CuZnO
catalysts are presented in the next Figure 7. For all of
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Figure 4. IR spectroscopy of MnZnO(ac.); MnZnO(nit.);
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Figure 5. IR spectroscopy of CuZnO(ac.); CuZnO(nit.);
CuZnO(ca.)

the investigated samples mainly isolated Cu”* ions have
been registered?!. Similar results for Cu’* ions distribution
were discussed in?. Furthermore for CuZnO(ac.) sam-
ple narrow signal with g-factor about 2.0 was observed.
This signal most probably is due to the formation of
different radicals during the process of decomposition
of acetate ligand.

The ozone decomposition versus temperature for the
pure ZnO samples as well as for Cu doped samples is
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Figure 6. EPR spectra of: MnZnO(nit.); MnZnO(ca.);

MnZnO(ac.)
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Figure 7. EPR spectra of: (a) CuZnO(nit.); (b) CuZnO(ca.);
(c) CuZnO(ac.)

presented in Figure 8. Two main conclusions can be
made from the obtained results. First of all the obtained
carbonate precursor samples have considerably higher
conversion compared to those of nitrate and acetate
precursor samples, which easily can be explained with
their well developed specific surface area, as a result of
dissociation of great amount of gases during their syn-
thesis. The conversion for carbonate precursor samples
is not proportionally higher to the specific surface area
compared to other precursor samples most probably due
to internal diffusion factors. Practically full conversion is
observed only for carbonate precursor synthesized sam-
ples in a temperature interval 70+75°C, while the most
active acetate sample has less than 66% conversion in
this temperature range. Reasons for the activity of ZnO
as catalyst are — its donor characteristic, caused by the
large number of defect sites as oxygen vacancies and
interstitial atoms and the acceptor states arising from
vacancies and interstitial oxygen atoms®.
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Figure 8. Ozone conversion with the temperature for pure
ZnO and Cu doped ZnO samples obtained from
acetate, nitrate and carbonate precursors

Another important conclusion is that doping of zinc
oxide with very little quantities of copper considerably
raises catalytic activity for ozone decomposition. The
light-off conversion for CuZnO(ca.) is reached at about
34°C, compared to 36°C for pure ZnO(ca.). The compa-
rison for acetate precursor samples show that the light-
-off temperature for the copper doped one is reached at

68°C against 74°C for undoped one. Noticeable raise of
the activity is observed for nitrate precursor synthesized
samples too, but because their specific surface areas are
not well developed, the obtained catalysts according to us
cannot find practical application. Bellini et al."® find out
that diffusion processes during the method of obtaining of
the catalysts at high temperatures could lead to reactions
that may provoke the appearance of defects when Cu**
cations substitute Zn>* cations in the crystal lattice of
ZnO. It was also observed (see the explanation above)
that by doping with Cu the intensity of the diffraction
peaks of the ZnO decreased which was caused by the
decrease in the crystallinity of ZnO. Such changes in
crystallinity might be the result of changes in the atomic
environment due to extrinsic doping of ZnO samples.
According to theoretical calculations by Yan et al.*® on
Cu-ZnO electronic structure, Cu occupying a Zn site
creates a single-acceptor state above the valence band Ev
of ZnO. According to our experimental XRD results, only
ZnO peaks have been detected, which suggest that Cu is
incorporated into the lattice. The Cu doping mechanism
of ZnO can be described by Cu-doping into the ZnO
host lattice; Cu®* is substituting the Zn>* sites. In our
previous paper®* the X-ray Photoelectron Spectroscopy
(XPS) analysis was employed on the same system but
synthesized from different precursor. We have observed
a significant increase in the ratio of the oxygen XPS
features attributed to defective ZnO in the Cu-doped
sample as compared to the undoped ZnO reemphasizing
the incorporation of Cu®** ions into the ZnO and the
consequent generation of defects. The result shows that
the high activity of Cu doped zinc oxide is due to the
creation of complex defects in the ZnO lattice'’.
Practically similar conversion of the manganese doped
and pure ZnO (not shown here) catalyst was reached and
this fact limits their application for ozone decomposition.

CONCLUSIONS

The catalytic activity of the catalysts, obtained from
pure or doped with Cu and Mn zinc oxide is determi-
ned by means of the initial precursor used as follows:
carbonate>acetate>nitrate.

The same correlation is observed and is related to the
physicochemical parameters of the investigated catalytic
systems — specific surface area and size of crystallites.

The catalyst based on CuZnO (ca.) is the most per-
spective for practical application, reaching 100% ozone
conversion at 70°C.
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