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bstract

An alumina-supported nickel oxide system with overstoichiometric oxygen (NiOx/Al2O3) was investigated with respect to heterogeneous catalytic
ecomposition of ozone, complete oxidation of volatile organic compounds (VOCs) and oxidation of CO. The catalyst was prepared by a deposition
xidation–precipitation method and was characterized by chemical analysis, XPS, XRD, IR techniques, magnetic and adsorption measurements.

The experiments were performed in the temperature range of −50 to 250 ◦C in an isothermal plug-flow reactor. A very high activity of the
atalyst towards ozone decomposition was observed even at temperatures below −45 ◦C and at the same time the catalyst remained active for a
ong time. The activity of the catalyst with respect to complete oxidation of VOCs and oxidation of carbon monoxide was studied in presence
f different oxidizing agents (ozone or oxygen). A significant increase in catalytic activity and decrease in reaction temperature were observed

sing ozone as an oxidant. Two main reasons for this behaviour were found: (i) the high content of active and mobile oxygen obtained during the
ynthesis on the catalyst surface, and (ii) the catalytically active complex of Ni4+O(OH)2, formed during the reaction of ozone decomposition and
ble to oxidize VOCs at room temperature.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Catalytic processes are used for removing harmful compo-
ents from waste gases. It is important to reduce the temperature
f the catalytic reactions with a view to saving energy and at the
ame time keeping a high catalytic activity. Therefore, investi-
ations are aimed at finding effective low-temperature catalysts
r new catalytic processes. Such an appropriate process is ozone
atalytic oxidation (OZCO method), which uses ozone as an oxi-
ant in catalytic oxidation reactions. Ozone is known as a strong
xidizing agent for waste and drinking water treatment, steril-
zation and deodoration [1–3]. During the exploitation of copiers
nd laser printers, ozone is released into the office air [4]. Due to
he fact that ozone itself is toxic, the residual ozone from these

rocesses must be removed. The main method for neutralization
f waste gases containing residual ozone is the heterogeneous
atalytic decomposition. The catalytic ozonation is a promis-
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ng method ensuring the purification of waste gases [5–10] and
aters [11–13] from organic contaminants. The main hypothesis

s that the catalytic ozone decomposition yields a highly reac-
ive oxygen species which could completely oxidize the toxic
ompounds at lower temperatures [6–10].

Among transition metals oxides, nickel oxides, both unsup-
orted and supported on different oxide support materials
including alumina), belong to the most important catalysts for
omplete oxidation. They are widely used in various reactions,
uch as reduction of NOx [14], oxidation of CO [15–18], partial
nd complete oxidation reactions of various organic substances
19,20] and in electrocatalysis [21,22]. In previous publications
23] we investigated a higher nickel oxide system, prepared by
he oxidation-precipitation method, which contained an oversto-
chiometric amount of oxygen and Ni ions in a high oxidation
tate. It has been found that the obtained system, denoted as
iOx, has a high catalytic activity towards some oxidation reac-
ions taking place in aqueous and in gaseous phase [24–26] as
ell as in the reaction of ozone decomposition (our unpublished
ata). According to the results obtained, the synthesized nickel
xide system is prominent and useful in a wide field of appli-
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dx.doi.org/10.1016/j.cej.2006.05.018
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ations in environmental protection. From a practical point of
iew it is important to investigate the catalytic properties of this
xide system upon deposition on support materials.

The aim of the present work is to investigate the catalytic
ctivity of an alumina-supported nickel oxide system with over-
toichiometric oxygen (denoted as NiOx/Al2O3) during hetero-
eneous catalytic decomposition of ozone. Based on the high
xygen content in this catalyst, the oxidation of CO and organic
ubstances, using two-different oxidants (ozone and oxygen)
ill be studied.

. Experimental

.1. Sample preparation

The NiOx/Al2O3 catalyst was prepared by a deposition
xidation–precipitation method in an aqueous solution. The
ctive phase of the supported catalyst (NiOx) was synthesized
ccording to the procedure described in detail in [23]. The pro-
edure applied to the preparation of the supported sample was
s follows: the required amount of nickel sulphate was dissolved
n 150 ml of deionised water. The solution was heated to 70 ◦C
nd then the support (�-Al2O3) was added and kept under con-
inuous stirring for 4 h. After cooling to room temperature, the
mpregnated catalyst precursor was separated from the solution
nd added to a mixture of aqueous solutions of NaOH (4 M)
nd NaOCl (1 M). The solid was kept digested for 24 h, washed
everal times (until the disappearance of chlorides), then dried
n an oven at 110 ◦C for 12 h.

.2. Sample characterization

The bulk unsupported NiOx catalyst was characterized by
eans of IR, XPS, ESR, DTA, X-ray diffraction and chemical

nalyses. The specific surface areas of the supported catalyst
iOx/�-Al2O3 and the �-Al2O3 support were determined by

he BET method using low-temperature nitrogen adsorption.
ore size distribution was evaluated from the adsorption curve
f the isotherm, using the procedure developed by Orr and
alla Valle [27]. The chemical composition was determined
y atomic absorption spectrometry with Pye Unicam SP90V.
he total overstoichiometric oxygen or the so-called active oxy-
en content, O* (the active oxygen content is considered to be
he amount of oxygen above the stoichiometric content in the
xide, corresponding to the lowest stable valence state [28])
as determined by a direct iodine method [29]. Assuming that

ll nickel is exposed on the surface of the support, the nickel sur-
ace density was calculated. The infrared spectra in the region of
000–400 cm−1 were recorded on a Bruker model IFS 25 Fourier
ransform interferometer (resolution <2 cm−1) using KBr discs
s matrices. X-ray powder diffraction technique (XRD) mea-
urements were carried out using a DRON-3 apparatus with Cu
� radiation and scintillation calculation. The XPS studies were

erformed in a VG Escalab II electron spectrometer using Al
� radiation with energy of 1486.6 eV. The residual gas pres-

ure in the analysis chamber was 10−7 Pa. Binding energy values
BE ± 0.2 eV) were referenced to the C 1s line at 285.0 eV as

p
d
[
h
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ell as to the Al 2p line of the alumina support at 74.3 eV. The
ntegrated peak area of the Ni 2p line was normalized to that
f the relevant Al 2p line corrected by the corresponding pho-
oionization cross sections. The accuracy of the measured BE
as ±0.2 eV. Magnetic measurements were carried out in air
ith a magnetic apparatus constructed according to the Faraday
ethod. The magnetic susceptibility (χ) was measured in the

emperature range of 290–490 K with a magnetic field intensity
arying from 2 × 103 to 10 × 103 Oe. The magnetic moments
BM) were calculated based on the magnetic susceptibility with
correlation of diamagnetic susceptibility of the support and

iamagnetic corrections for Ni and O2− ions.

.3. Catalyst activity measurements

The catalytic activity of the samples was investigated in
n isothermal plug flow reactor. The catalyst particle size of
.3–0.5 mm was chosen taking into account the reactor diameter
6.0 mm) and the volume rate (mean value 22 000 h−1, calcu-
ated with respect to the total catalyst bed volume) in order to
educe the effect of external diffusion. The preliminary treat-
ent of the catalysts included heating at 120 ◦C for 1 h in air
ow. The rate of the gas flow was 4.4 l/h, the catalyst volume
.2 cm3, and the mass of the catalyst under consideration 0.19 g.

Ozone was synthesized in a flow of oxygen (99.7% dried
ver silica gel) using an ozone generator with a silent discharge
f 4–6 kV between the electrodes. The inlet concentration of
zone for the reaction of ozone decomposition varied between
2.0 and 14.0 g/m3. The ozone concentration was analyzed with
n Ozomat GM (Germany) ozone analyzer with an accuracy of
0.1 g/m3. The reaction temperature varied between −50 and

5 ◦C and was maintained with an accuracy of ±0.2 ◦C.
The catalytic oxidation of CO and iso-propanol were car-

ied out within the range of 22–140 ◦C and 22–250 ◦C, respec-
ively. The amounts of CO and iso-propanol were dosed by
n Ismatex MS2/6 (Switzerland) pump. The oxidizing agent
as oxygen from synthetic air (gas mixture of 80% nitrogen

nd 20% oxygen) or ozone produced in oxygen flow. The inlet
oncentration of carbon monoxide was 0.2 vol.% and for iso-
ropanol 0.1 vol.%. The inlet concentrations of ozone for CO
nd iso-propanol oxidation were chosen in stoichiometric ratios,
onsidering that only one oxygen atom from the ozone molecule
s consumed. The rate of complete oxidation was evaluated by

easuring the amount of CO2 formed during the reaction with
Maihak (NDIR) gas analyser. The CO and CO2 concentra-

ions were determined with an accuracy of ±2 ppm. The same
nalyzer measured the oxygen with an accuracy of ±100 ppm.

. Results and discussion

The results obtained for the bulk unsupported NiOx catalyst
how that the applied method of synthesis yields an amorphous
nd highly disperse NiOx phase with non-stationary surface

roperties, a high content of active oxygen, a high oxidation
egree (Ni3+Ni4+) and octahedral coordination of the nickel ions
23]. Due to all these attractive properties, one can suppose a
igh catalytic activity for the supported NiOx/Al2O3 catalyst in
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Table 1
The results of chemical analysis, magnetic measurement and textural character-
ization of the supported catalyst

B.E.T surface area of the support (m2/g) 325
B.E.T surface area of the catalyst (m2/g) 318
Total pore volume of the catalyst (cm3/g) 0.34
Ni loading in the catalyst (%, w/w) 8.84
Ni surface density of the catalyst (atoms/nm2) 3.97
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Fig. 1. Adsorption isotherm of NiOx/�-Al2O3 catalyst.

eactions of complete oxidation in the low temperature region.
he supported NiOx/Al2O3 catalyst has a larger surface area than
oes unsupported one and is thus expected to show a higher activ-
ty. To check this assumption, the supported NiOx/Al2O3 catalyst
as characterized by means of different advanced techniques.
Low-temperature nitrogen adsorption at 77 K was carried out

n order to characterize the textural properties of the NiOx/�-
l2O3 catalyst and the �-Al2O3 support. The adsorption

sotherm, which is IV type according to BDDT classification
30], is presented in Fig. 1. The hysteresis loop is type H3
ccording to IUPAC classification [31], which indicates that the
ores possess “bottle-necked” entrances with different widths.
ore size distribution was evaluated from the adsorption curve
f the isotherm, using the procedure developed by Orr and Dalla
alle [27], which assumes cylindrical shape of the pores. Fig. 2
resents the pore size distribution of the NiOx/Al2O3 catalyst,

hich is typical of mesoporous materials. From Fig. 2 it is evi-
ent, that pores with small radii predominate in the sample. The
pecific surface area of the sample was determined by the B.E.T.
ethod [32] using the adsorption data for the 0.05–0.30 interval

Fig. 2. Pore size distribution of NiOx/Al2O3 catalyst.
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ctive oxygen of the bulk NiOx, O* (%) 4.4
ctive oxygen of the catalyst, O* (%) 2.9

f relative pressures. The results of chemical analysis and
extural characterization of the supported catalyst are listed in
able 1. The surface area measurements data show that the NiOx

eposition induces a slight decrease of the B.E.T. surface area of
he initial support, indicating a partial blockage of the alumina
ores with a smaller diameter. The results of the chemical anal-
sis reveal that the deposition of the active phase on �-Al2O3
ields nickel oxide with a lower active oxygen content as com-
ared to the unsupported NiOx system, suggesting some surface
eduction of the active phase upon deposition on the support. The
RD analysis shows that the supported catalyst is amorphous.
The magnetic moment µeff = 3.32 BM with Θ = −46 was

alculated on the basis of the Curie–Weiss equation, with a cor-
elation of R = 0.9945. It is known that the magnetic moment
f Ni2+ ions in an octahedral configuration has a value of 3.54
or ∆ = 5000 cm−1 and does not depend of the temperature (this
eature allows the equation of Curie–Weiss to be used). With
ncreasing crystal field, the magnetic moment decreases. The

agnetic moment for Ni3+ and Ni4+ in a strong crystal field is
lso low. From the foregoing one can conclude that in our case
igher oxidation states of the nickel are expected. For the bulk
nsupported NiOx catalyst the magnetic moment is µeff = 2.75
ith Θ = −40 and R = 0.9990. This magnetic moment has a value

ower than the theoretic one, because in the bulk catalyst there
re more ions in higher oxidation states.

The IR spectra of the �-Al2O3 support (a), the bulk phase
iOx (b), the freshly prepared NiOx/Al2O3 catalyst (c) and the
sed catalyst after ozone decomposition (d) are presented in
ig. 3. The spectra of (c) and (d) are identical, showing that

he catalyst structure is not altered during the catalytic reaction.
he broad absorption band having a centre at approximately
444 cm−1 arises from the stretching vibration of hydrogen
onded hydroxyl groups. The absorption band at 1640 cm−1

s due to the bending vibration of adsorbed water. These results
ndicate that all the samples are hydrated/hydroxylated.

An intense absorption band at 570 cm−1 is observed in all
pectra of (b)–(d) samples. The band at 570 cm−1 is not present
n the IR spectrum of the pure support (a) and, in accordance
ith the literature data [33], is assigned to the stretching vibra-

ion of the surface nickel–oxygen bond. The band at 570 cm−1

lso accounts for the presence of active oxygen in the samples,
hereupon its intensity is proportional to the content of O*. The

pectral range of its appearance is evidence of the covalent char-
cter of the oxygen bonding to the metal ions of the surface,
hich in its turn justifies the assumption about a high activity of

he synthesized sample in reactions of complete oxidation.
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ig. 3. Infrared spectra of �-Al2O3 support (a), bulk phase NiOx (b), freshly
repared NiOx/Al2O3 catalyst (c) and worked NiOx/Al2O3 catalyst after ozone
ecomposition (d).

The XPS spectra of Ni 2p and O 1s core levels of the fresh
curve 1), used in CO oxidation with ozone (curve 2) and in
zone decomposition (curve 3) NiOx/Al2O3 catalysts are pre-
ented in Fig. 4a and b. The spectra of all samples show similar
eatures, indicating that upon catalytic reaction there is no sig-
ificant change in the electronic density of the nickel atoms. A
ittle difference was found for the values of the Ni/Al intensity
atio for fresh and used samples 0.267 and 0.247, respectively.
he slight decrease of this ratio for the used sample might be
ttributed to some agglomeration of the loaded nickel phase. The
i/O ratio was also found to change: (i) from 0.121 to 0.123 dur-
ng the oxidation of CO with ozone, this indicating a decrease of
he surface oxygen amount; (ii) from 0.121 for the fresh sample
o 0.111 for the used one during the ozone decomposition, which
eveals an increase of the surface oxygen amount.

i
t
t
i

ig. 4. XPS spectra of NiOx/Al2O3 catalyst: (a) O 1s; (b) Ni 2p. Curve (1) presents a
eaction of ozone decomposition.
ering Journal 122 (2006) 41–46

The O 1s profiles (Fig. 4a) exhibit a single symmetrical peak
entred at 531.4 eV and the main Ni 2p3/2 peak (Fig. 4b) at
56.4 eV with its shake-up satellite ca. 6 eV to higher binding
nergy. The presence of a prominent satellite structure in the Ni
p spectra indicates that all the samples investigated are para-
agnetic as is also evidenced by the magnetic measurement

esults. The observed binding energy values of O 1s and Ni 2p
omponents correspond closely to those found for bulk Ni(OH)2
34], but could also be attributed to O− and Ni3+ ion defects on
he surface [35]. The black colour of the catalysts as well as the
bsence of strong IR absorption at 3650 cm−1 arising from the
tretching fundamental of nonhydrogen bonded hydroxyl groups
typical of nickel hydroxide) imply that the surface of the sam-
les are not covered with Ni(OH)2. Moreover, in the hydroxide
f nickel the 2p shake-up satellite band appears to consist of two
omponents [36]. Considering the fact that the NiOx/Al2O3 cat-
lysts contain an excess of oxygen, this strongly suggests a high
oncentration of metal-ion vacancies at the surface. Such cation
acancies are known to induce adjacent Ni3+ and O− species
37].

On the basis of the results obtained from chemical analysis,
agnetic measurement, XPS and IR techniques it may be con-

luded that the deposition of NiOx on the alumina causes a slight
ecrease in amount of the active surface oxygen and leads to a
ower oxidation state of the nickel ions Ni2+ and Ni3+.

According to our preliminary tests in reaction of ozone
ecomposition and oxidation of organic compounds with oxy-
en, the bulk unsupported system shows very high activity at
oom temperature. The activity of the NiOx phase supported
n alumina remains unchanged, the supported catalysts hav-

ng a higher surface area and better mechanic properties than
he bulk phase. Fig. 5 depicts the temperature dependence of
he catalyst activity towards decomposition of ozone, CO and
so-propanol oxidation using two-different oxidation agents: O3

fresh sample, (2) used in reaction of CO oxidation with ozone and (3) used in
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Fig. 5. Conversion-temperature dependences for: (a) ozone decomposition, (b)
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ation with O2 and (e) i-propanol complete oxidation with O2 over NiOx/Al2O3

atalyst.

nd O2. It is evident that the activity of the NiOx/Al2O3 catalyst
owards ozone decomposition is very high even at low temper-
ture (−50 ◦C) and reaches almost 100% at room temperature.
ig. 6 presents the time-conversion dependence measured for
50 min at three different temperatures: 0, −20 and −45 ◦C.
s can be seen, the NiOx/Al2O3 catalyst has an extremely high

ctivity at all investigated temperatures and does not show any
eactivation during the whole period of catalytic measurements
550 min).

According to earlier investigations [38], the mechanism of
atalytic ozone decomposition can be presented as follows:
3 + Z → O−Z+ + O2 (1)

3 + O−Z+ → 2O2 + Z (2)

O−Z+ + O2 → 2Z + 2O2 (3)

ig. 6. Conversion-time dependence of the NiOx/Al2O3 catalyst in reaction of
zone decomposition at different temperatures.
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O−Z+ → O2 + 2Z (4)

he proposed mechanism reveals that for a high activity towards
zone decomposition, the catalyst should have active sites (Z)
apable to change their oxidation state. Such types of catalysts
re the transition metal oxides where several oxidation states are
ossible.

At room temperature in the presence of ozone, the fresh sam-
les rapidly change their grey-green colour into black, which
ndicates fast process of oxidation. It is known that preliminary
educed samples, which contain Ni2+ ions change their oxidation
tate into Ni4+ in presence of a strong oxidant such as NaOCl
23]. Our opinion is that this process also occurs in ozone con-
aining environment. We assume that the ozone decomposition
roceeds through the following reaction steps:

i2+(OH)2 + O3 → Ni4+O(OH)2 + O2 (5)

i4+O(OH)2 + O3 → Ni2+(OH)2 + 2O2 (6)

eaction (6) regains the initial state of the active sites. The high-
st oxidation state (4+) of the nickel ions is unstable and the
omplex Ni4+O(OH)2 decomposes with release of oxygen:

Ni4+O(OH)2 → 2Ni2+(OH)2 + O2 (7)

Ni4+O(OH)2 → Ni2+(OH)2 + 2Ni3+O(OH) + H2O + O2

(8)

fter ozone decomposition in the samples there are both Ni2+

nd Ni3+ ions, obtained by reactions (7) and (8). It is expected
hat Ni ions in 3+ and 4+ oxidation states are very active oxidants.
o reveal their oxidative properties, the experiments of oxidation
f iso-propanol and CO were carried out with two-different oxi-
ants: ozone and oxygen. The conversion-temperature depen-
ences (Fig. 5) show that when ozone is used, better conversion
an be achieved and at the same time the oxidation temper-
ture of the different substances significantly decreases. It is
vident that the temperature for 50% conversion of iso-propanol
n presence of ozone is by 170 ◦C lower as compared to the
ase of oxidation in air. In the case of CO oxidation at 80 ◦C in
resence of ozone the conversion is 54%, whereas in air at the
ame temperature only 10% can be achieved. Comparison of the
atalytic activity at temperatures higher than 80–85 ◦C for oxi-
ation reactions with ozone is not correct due to the increased
ffect of homogeneous ozone decomposition [39].

One can see that with the use of ozone, instead of oxygen as an
xidant, the degree of CO conversion is lower than the oxidation
f i-propanol at a given temperature. Most probably, this is due to
he fact that the oxidation with ozone has a mechanism different
rom that of the oxidation with oxygen. The active complex for
xidation with ozone is Ni4+O(OH)2 which is formed during the
ecomposition of ozone:
i4+O(OH)2 + R → Ni2+(OH)2 + RO (9)

here R is the reducing agent (CO or iso-propanol) and RO is
he product of the oxidation. This type of active complex is not
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resent on the catalyst surface in the oxidation reaction with
xygen.

Therefore, the oxidation with ozone leads not only to a
igher catalytic activity at lower temperatures, but also to a
hange in selectivity of the reaction. The high catalytic activity
sing ozone as oxidant permits reaction proceeding in a low-
emperature region (below 80 ◦C) which is extremely important
or the catalytic oxidation of toxic volatile organic compounds,
ecause it permits saving energy. A very important feature of
he NiOx/Al2O3 catalyst is that it possesses activity toward both
zone decomposition and oxidation with ozone, this leading to
emoval of the residual ozone from waste gases. Hence, the
iOx/Al2O3 catalyst is very suitable for application in envi-

onmental catalysis.

. Conclusion

According to the results obtained from chemical analysis,
magnetic measurements, XPS and IR techniques, the deposi-
tion of NiOx on alumina causes a slight decrease in amount
of active surface oxygen and leads to a lower oxidation state
(near to Ni3+) of the nickel ions.
The NiOx/Al2O3 catalyst shows a very high activity at room
temperature in both reactions of ozone decomposition and
oxidation with ozone, the catalyst remaining active with the
time. The catalytic activity with respect to complete oxidation
of iso-propanol and oxidation of carbon monoxide in presence
of ozone is higher than in presence of oxygen. A significant
increase in catalytic activity and decrease in reaction temper-
ature were observed with ozone as an oxidant.
Two main reasons for the high catalytic activity are found:
(i) the high content of active and mobile oxygen obtained
during the synthesis on the catalyst surface; (ii) the catalytic
active complexes of Ni4+O(OH)2, which are formed during
the reaction of ozone decomposition and are able to oxidize
VOCs at room temperature.
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