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ABSTRACT

A range of catalytic samples made by extractive-pyrolytic method (EPM) and based on nickel and palladium 
nanoparticles supported on inorganic supports such as activated carbon, silica, alumina and aluminium hydroxide 
oxide were tested in the reaction of ozone decomposition. Aluminum oxides and oxyhydroxides occur in numerous 
crystallographic forms which exhibit different surface properties. The properties of the catalysts were confirmed by 
using various characterization techniques as BET, XRD, EPR and TEM. The EPM method allows small amounts of 
noble metals with particle size ranging from several nanometers to several tens of nanometers to be affixed onto the 
surface of the support. It was found that all treated Ni/Pd catalytic samples were active in the ozone decomposition 
reaction but the maximum conversion degree (more than 90 %) was achieved using aluminium hydroxide oxide-
supported Ni/Pd system.
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INTRODUCTION

Ozone is widely used in the industrial and environ-
mental processes such as semiconductor manufacturing, 
deodorization, disinfection and water treatment [1]. The 
residual ozone must be removed because it is an air 
contaminant on the ground level [2]. Тhe heterogene-
ous catalytic decomposition [3] is an effective method 
for purification of waste gases containing ozone. The 
effect of different combinations of Fe, Ni, Ag, Co and 
Mn supported on zeolites has been investigated in 
ozone-assisted catalytic reaction for toluene removal 
[4]. Transition metal oxides as NiO/Al2O3, CoO/Al2O3, 
MnO2/Al2O3, Fe2O3/Al2O3 and CuO/Al2O3 prepared by 

wetness impregnation also have been evaluated for the 
catalytic ozonation of toluene at room temperature. The 
NiO/Al2O3, CoO/Al2O3 and MnO2/Al2O3 have showed a 
higher efficiency for ozone and toluene decomposition 
[5]. The influence of nickel oxide addition on the activity 
of cement containing catalyst for ozone decomposition 
has been studied in ref. [6]. It is found that the addition 
of nickel oxide to the catalyst composition improves its 
catalytic properties. A decrease of the catalyst activity 
has been found upon decomposition of wet ozone. There 
is evidence that the presence of either activated carbon 
or Ni/AC improves considerably TOC removal during 
catalytic p-CBA ozonation. It has been found that p-CBA 
mineralization proceeds to a greater extent in the pres-
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ence of Ni/AC catalyst instead of pure activated carbon 
as catalyst in the course of ozonation [7]. In another solid 
phase catalytic ozonation process aiming destruction of 
p-CBA as a model pollutant [8] titanium dioxide, cobalt 
oxide, nickel oxide, copper oxide, and a mixed metal 
oxide containing copper, zinc, and aluminium oxides 
have not accelerated the removal p-CBA in deionized 
water. However, cobalt oxide and the mixed metal oxide 
catalyst have been effective in accelerating the removal 
of p-CBA in a natural water matrix. An alumina-sup-
ported nickel oxide system has been found to be active 
in ozone decomposition at temperatures below 228 K 
[9]. Palladium catalysts have been used in catalytic 
ozonation for total oxidation of naphthalene [10], total 
oxidation of toluene [11] as well as in examination of 
the effect of calcinations temperature on the activity of 
Pd–Mn/SiO2–Al2O3 catalysts in the reaction of ozone 
decomposition [12].

EXPERIMENTAL

The extractive-pyrolytic method (EPM) was used for 
catalysts preparation. This simple and low cost method 
was described in our previous paper [13]. It allows small 
amounts of noble metals of particle size ranging from 
several nanometers to several tens of nanometers to be 
affixed onto the surface of the support. The inorganic 
supports were purchased from Aldrich. The organic 
precursors (the extracts) were prepared by extracting 
palladium and nickel from HCI solutions using 1 M 
n-trioctylamine (C8H17)3N solution in toluene. Different 
volumes of the extracts were used to impregnate the 
metals in order to obtain catalysts of different palladium 
and nickel contents. After impregnation, the toluene was 
evaporated by drying at 90°C - 110°C. Finally, the sam-
ples were heated up to 300°C at a rate of 10ºC min-1. Thus 
the catalytic supports were loaded with 4.7 mass % of 
nickel and 0.17 mass % of palladium. The catalysts were 
denoted as 0.17Pd4.7Ni/SiO2, 0.17Pd4.7Ni/Al(OH)O, 
0.17Pd4.7Ni/Al2O3 and 0.17Pd4.7Ni/Carbon.

The ozone conversion degree measurements were 
carried out in a tubular glass reactor (6 mm ×150 mm) 
charged with 0.05 g - 0.06 g of catalyst bed. The experi-
ments were performed at feed flow rates of 6.0 l h-1 and 
inlet ozone concentration of 15 000 ppm. The ozone was 
generated by passing dry oxygen through a high-voltage 
silent-discharge ozone generator. The inlet and outlet 

ozone concentrations were monitored using a BMT 964 
UV absorption-type ozone analyzer.

X-ray powder diffraction patterns were recorded on 
a Bruker D8 advance powder diffractometer with Cu Kα 
radiation source and SolX detector. The samples were 
scanned at 2h angles from 10º to 80º at a rate of 0.04º s-1. 
The X-ray intensity was operated with a current of 40 
mA and a voltage of 45 kV.

The EPR spectra in the X–band were recorded as a 
first derivative of the absorption signal of a JEOL JES-FA 
100 EPR spectrometer at room temperature. The samples 
were placed in special quartz tubes and were fixed at the 
centre of a standard TE011 cylindrical resonator. The EPR 
spectra were recorded at modulation frequency of 100 
kHz, microwave power of 1 mW, modulation amplitude 
of 0.5 mT, sweep of 500 mT, time constant of 0.3 s and 
sweep time of 2 min.

The microstructure of the catalyst was observed us-
ing a high-resolution transmission electron microscope 
(HRTEM JEOL 2100).

The specific surface area of the catalysts was 
measured by N2 adsorption–desorption isotherms at 77 
K using single point BET method in a FlowSorb 2300 
instrument (Micromeritics Instrument Corporation).

RESULTS AND DISCUSSION

The catalytic activity of the supported Ni/Pd cata-
lysts in ozone decomposition was measured by monitor-
ing the inlet and outlet ozone concentrations and calcu-
lating the conversion of ozone to molecular oxygen. It 
was found that all treated Ni/Pd catalytic samples have 
activity in respect to the ozone decomposition reaction 
but the maximum conversion degree (more than 90%) 
is observed in case of boehmite-supported Ni/Pd system 
(Fig. 1). This fact is probably due to the adsorption and 
desorption characteristics of aluminum oxide hydroxide 
as a support of Ni/Pd bimetallic catalyst. Ozone is easily 
adsorbed onto aluminum oxide hydroxide comparing 
to the other supports, because of the hydroxyl groups. 
The high conversion degree indicates that the hydroxyl 
groups of aluminum oxide hydroxide have excellent 
adsorption properties for ozone, the catalytic cycle of 
the process is steady and the catalyst prepared can be 
used for the removal of ozone from air.

The results of X-ray analysis of fresh Ni/Pd catalysts 
supported on alumina, carbon and silica are shown in 
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Fig. 2. The diffractograms are indicative of well pro-
nounced crystal structure of the samples. The peaks at 
43.2° and 62.9° in Fig. 2A correspond to nickel oxide. 
The diffraction features at 41.5º, 46.5° and 67.4º refer to 
Al2O3. The peaks at 40.1°, 46.8º and 68.2º show the pres-
ence of palladium in the catalytic structure. The peaks 
at 37.2º, 43.3º and 62.9º in Fig. 2B correspond to NiO. 
The diffraction features at 44.6º and 51.9º are determined 
by nickel presence in the catalytic structure. The peaks 
at 40.2º, 46.7º and 68.2º indicate the presence of metal 
palladium over the carbon. Fig. 2C shows nine features 
of the catalytic system corresponding to PdO, three peaks 
referring to palladium and three peaks indicative of NiO.

The ability of the catalyst to decompose ozone de-
pends critically on the noble or transition metal, which 
must be adequately dispersed in order to provide ozone 
conversion to molecular oxygen. The morphology 
and size of the palladium particles present on different 
supports аre studied by high resolution transmission 
electron microscopy (Fig. 3). There is a clear example 
in Fig. 3A of a palladium nanoparticle of a size of about 
15 nm over an alumina nanocristal. Fig. 3B shows that 
the palladium nanoparticles are uniformly dispersed on 
aggregate clusters of silica nanocrystals. The comparison 
with 0.17Pd4.7Ni/Al(OH)O catalyst (Fig. 3D) indicates 
that the metal nanoparticles supported on carbon (Fig. 3C) 
are equally dispersed on the catalytic surface.

The particle size distributions are elucidated with 
the application of ImageJ software which is also able to 

at room temperature are presented in Fig. 5. That of 
0.17Pd4.7Ni/Carbon (Fig. 5a) includes a broad signal of 

ΔH = 122 mT and g factor of 2.28, which is attributed to 
the ferromagnetic resonance of metallic nickel [14, 15]. 
Homogeneous magnetization is most probably respon-
sible for the resonance of the separate nickel particles. 
The g value, which is close to the theoretical value of 

Fig. 1. Ozone conversion as function of ozonation time 
for the Ni/Pd catalytic samples (the supports are denoted 
in graph legend).

Fig. 2. X-ray diffraction of Ni/Pd catalysts supported on 
A alumina, B carbon and C silica.

measure the diameter of the particles. In order to calcu-
late the mean particle diameter of 0.17Pd4.7Ni/Carbon 
catalyst, extra images are taken from several sections 
of the crystallites. 31 metal particles of the sample are 
processed aiming statistical treatment of the data. It is 
found that the mean size refers to 7.1 nm. The distribu-
tion of the particles size is illustrated in Fig. 4.

The BET surface areas of the prepared samples are 
as follows: 168 m2g-1 for 0.17Pd4.7Ni/SiO2, 103 m2 g-1 

for 0.17Pd4.7Ni/Al(OH)O,  44 m2 g-1 for 0.17Pd4.7Ni/
Al2O3 and 300 m2 g-1 for 0.17Pd4.7Ni/Carbon.

The EPR spectra of fresh Ni/Pd catalysts recorded 
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at room temperature are presented in Fig. 5. That of 
0.17Pd4.7Ni/Carbon (Fig. 5a) includes a broad signal of 

ΔH = 122 mT and g factor of 2.28, which is attributed to 
the ferromagnetic resonance of metallic nickel [14, 15]. 
Homogeneous magnetization is most probably respon-
sible for the resonance of the separate nickel particles. 
The g value, which is close to the theoretical value of 
ca 2.22 [16] is in agreement with the round shape of the 
particles. The values of g and ΔH suggest that the nickel 
particles on the catalyst surface are finely divided. After 
ozone treatment (Fig. 6a) the broad EPR signal remains 
but its line width decreases slightly, while the g value 
shifts to higher magnetic field. In addition, a new signal 
appears with g = 2.003. This signal is due to the pres-
ence of carbon. It is expected that the interaction of O3 
with electron-excess in the catalytic surface sites leads 
to the formation of O3ˉ radicals, but that sort of species 
are not observed.

Fig. 5b shows an EPR spectrum of 0.17Pd4.7Ni/
Al(OH)O catalyst. The spectrum consists of two 
overlapping EPR signals of g values of 2.4 and 2.04, 
respectively. The signal of g = 2.4 refers most probably 
to palladium [17]. This means that the oxidation state 
of palladium can be Pd3+, Pd1+ or Pd0. The line width of 

the signal cannot be determined because of overlapping 
EPR lines but the broad spectrum indicates that the signal 
is due to palladium particles. The second EPR signal 
of g value of 2.04 is determined by nickel ions pres-
ence. The great line width of the EPR spectra suggests 
dipole-dipole interaction between the cluster ions. The 
EPR spectrum of ozone treated sample of 0.17Pd4.7Ni/

Fig. 3. TEM micrographs of the A 0.17Pd4.7Ni/Al2O3, B 0.17Pd4.7Ni/SiO2, C 0.17Pd4.7Ni/Carbon 
and D 0.17Pd4.7Ni/Al(OH)O catalysts.

Fig. 4. Particle size distribution histogram of deposited 
metal acquired from TEM analysis.
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Al(OH)O catalyst can be seen in Fig. 6b. It is evident 
that the spectrum is changed. The palladium ions signal 
dominates the spectrum prior to ozonation, whereas 
the treatment carried out results in a shift of the effect 
in respect to the nickel ions. Furthermore, the width of 
the EPR spectrum decreases. This fact suggests decay of 
the clusters and presence of isolated Pd3+ and Ni2+ ions.

When Ni and Pd are deposited on SiO2, the EPR 
spectrum of the fresh sample (Fig. 5c) is almost the same 
as that of 0.17Pd4.7Ni/Al(OH)O catalyst (Fig. 5b). Two 
signals of g values of 2.4 and 2.1, referring to palladium 
and nickel ions, respectively, are observed. The com-
parison with 0.17Pd4.7Ni/Al(OH)O catalyst after ozone 
treatment shows that the intensity of the signal arising 
from palladium particles of ozonated 0.17Pd4.7Ni/SiO2  
sample increases whereas the intensity of the EPR signal 
of Ni2+ decreases (Fig. 6c). It is easier to distinguish 
separate lines after ozone treatment. The line width of 
the EPR spectrum does not change but the lines are better 
outlined. This is indication that isolated ions are formed 
during ozone treatment.

The EPR spectrum of the freshly prepared 
0.17Pd4.7Ni/Al2O3 catalyst is shown in Fig. 5d. The 
spectrum contains a signal of g = 2.1 and ΔH = 52 mT. It 
is due to Ni2+ ions in distorted octahedral coordination. 
After ozonation an axial EPR signal of g‖ = 2.29 and               
g^ = 2.07 is recorded (Fig. 6d). This EPR data is typical 

Fig. 5. EPR spectra at room temperature of: a) 0.17Pd4.7Ni/
Carbon; b) 0.17Pd4.7Ni/Al(OH)O; c) 0.17Pd4.7Ni/SiO2; 
d) 0.17Pd4.7Ni/Al2O3.

Fig. 6. EPR spectra after ozone treatment: a) 0.17Pd4.7Ni/
Carbon; b) 0.17Pd4.7Ni/Al(OH)O; c) 0.17Pd4.7Ni/SiO2; d) 
0.17Pd4.7Ni/Al2O3 catalysts at room temperature.

of systems containing Ni2+ ions coordinated by distorted 
octahedral sites filled with O2- or OH- ions (Damyanova 
et al., 1989). In addition, an EPR line of g = 2.4 appears. 
This signal arises from Pd3+ ions (Tripathi et al., 2005). 
Hence it can be concluded that diamagnetic Pd2+ and 
Pd4+ transform to paramagnetic Pd3+ in the course of 
ozone treatment. 

CONCLUSIONS

It is found that all Ni/Pd catalysts prepared are active 
in respect to ozone decomposition but the maximum con-
version (more than 90 %) is provided by Al(OH)O–sup-
ported Ni/Pd system. This result is of importance for the 
role of nickel and palladium nanoparticles in the catalytic 
reaction. The distinction in the activities of the catalytic 
samples prepared on different supports is probably due 
to the nature of the active sites on every support as well 
as to the character of interaction between the nickel and 
palladium nanoparticles with each of the carriers.

The TEM studies evidence the mean size of the 
metal nanoparticles as well as the influence of the meth-
ods of preparation and pre-treatment on the structural 
and catalytic properties of the samples.

EPR signals of mixed Ni/Pd catalysts are related 
to species of Pd3+, Pd0, Ni0 and Ni2+, which have para-
magnetic behavior. The existence of oxygen radicals 
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in ozone treated samples is suggested but so far not 
observed experimentally.
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