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Abstract
In the present study bulk NiOx and supported NiOx/ZrO2 catalysts have been prepared. The bulk NiOx was synthesized

using the precipitation-oxidation method with reverse order of precipitation while deposition-precipitation technique

was used for the preparation of zirconia supported catalyst. The as-prepared samples were characterized by means of

XRD, HRTEM, SAED, IR-spectroscopy, and chemical analyses. It was found that under the applied synthesis procedu-

re nanosized and highly dispersed oxide materials with high active oxygen content were obtained. The catalytic activity

and selectivity of these oxide catalysts have been studied in reaction of low-temperature oxidation of phenol in aqueous

phase. The effects of several parameters such as catalyst amount, temperature and solution pH on the degradation effi-

ciency of the process were also investigated. Experimental results demonstrated that phenol could be completely degra-

ded under all reaction conditions, except at pH = 12. 
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1. Introduction

Wastewater treatment is one of the most important
area of environmental protection due to the fact that vari-
ous organic pollutants are consistently produced and disc-
harged into the environment and thus could induce consi-
derable damages for the ecosystems. Therefore, develop-
ment of efficient and cost-effective methods and technolo-
gies for complete destruction of such water contaminants
has received a great attention in the last decades. Phenol
and its derivatives, commonly present in many industrial
effluents (e.g. from chemical, petrochemical, and pharma-
ceutical industries) represent an important class of envi-
ronmental water pollutants due to their toxicity, compara-
tively more refractory to natural degradation and ability of
formation of higher-molecular aromatic compounds.1

Therefore, phenol is usually used as a model pollutant for
wastewater treatment studies.2–6

Conventional technologies such as biological, ther-
mal and chemical treatments have been applied for remo-
ving organic compounds from wastewaters. The biode-
gradation is represented as an environmentally friendly
and non expensive method of treatment. However, its ap-
plication is limited for effluents that contain high organic
load and/or non-biodegradable compounds such as phe-
nol and its derivatives.7 Thermal incineration is applicab-
le for almost complete destruction of concentrated and
toxic organic waste streams, but it requires very high en-
ergy and presents considerable emissions of other hazar-
dous by-products such as dioxins and furans.8,9 Chemical
methods such as adsorption, precipitation and floccula-
tion are not widely used because of the need of a post-
treatment stage.10

Advanced oxidation processes (AOPs) are alternati-
ve pollutants destructive technologies that have the poten-
tial to completely destroy harmful non-biodegradable or-
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ganic contaminants in water. Typical examples of AOPs
include Fenton and photo-Fenton oxidation process,11,12

catalytic wet air oxidation (CWAO),13,14 ozonation,15,16

photo-catalytic oxidation17 that are successfully used for
the removal of phenol. Among the various AOPs proces-
ses, heterogeneous catalytic oxidation has some advanta-
ges such as operation at mild conditions with high energy
efficiency.18

ZrO2 is increasingly used as a catalytic support due
to its several useful properties.19 In a recently reported ar-
ticle it has been found that ruthenium catalyst prepared by
impregnation on CeO2-ZrO2 support, show high activity
and selectivity in the phenol oxidation.20 At temperature
of 413 K and under air pressure of 4 MPa phenol minera-
lization around 100 % was obtained within 100 h of reac-
tion. Moreover, it has been mentioned that Ru/ZrO2-CeO2

catalyst possesses the possibility for practical use.21 Zirco-
nia supported Pt and Pd catalysts were found very promi-
sing for the low-temperature destructive oxidation of phe-
nol with molecular oxygen in aqueous medium.22 Howe-
ver, the increasing price of the noble metals limits their
application as catalysts for industrial use.

The present paper aims to synthesize and characteri-
ze novel bulk and zirconia supported NiOx catalytic sys-
tems in accordance with the scientific fundamentals of
preparing ecological catalysts for fast and complete
oxidation of phenol with air at ambient conditions.

2. Experimental

2. 1. Preparation of Catalysts 
In developing the scientific fundamentals of the

method for synthesis of new Ni-oxide catalytic systems
(bulk and supported) we were guided by the main require-
ments for low-temperature environmental catalysts for
complete oxidation of organic compounds under ambient
conditions. The catalytically active phase should be cha-
racterized by high dispersity, high content of over-stoic-
hiometric active oxygen, high oxidation degree and octa-
hedric coordination of metallic ions, low energy of the
surface cation- oxygen (M – O) bond and presence of OH
– groups in their composition. The preparation of oxide
catalysts, according to the requirements pointed above,
depends strongly both on the initial compositions and the
experimental conditions of their synthesis. 

The synthesis of the bulk NiOx samples was carried
out by the precipitation-oxidation method with reverse or-
der of precipitation in combination with ultrasound stimu-
lation realized by ultrasound homogenizer UP100H. The
stimulation of the synthesis by ultrasound cavitation pro-
vides, from the one hand, conditions for more efficient ho-
mogenization of the reaction mixture, and from the other,
is a prerequisite for the preparation of highly dispersive
and nano-sized systems with higher specific surface. The
latter contributes to increasing the number of accessible

catalytic centres for substrate adsorption and catalyst acti-
vation, which in its turn favors the reaction kinetics. The
details of the synthesis are described in the paper of Chri-
stoskova et al.23

The supported oxide system NiOx/ZrO2 was prepa-
red by deposition-precipitation technique. Solid ZrO2

(Merck) was suspended in a fixed volume of 0.1 M aque-
ous solution of Ni(NO3)2.6H2O, in an amount necessary to
achieve an atomic ratio of Ni:Zr = 1:1, followed by drop-
wise addition of a mixture of 4 M NaOH and NaOCl at
constant stirring by the ultrasonic homogenizer to yield a
black precipitate. The latter was allowed to age in the mot-
her solution for 24 hours, followed by filtration, washing
with distilled water to a negative reaction towards Cl– ions
and neutral pH. The precipitate was dried at 105 °C to
constant mass (the sample was marked as NiOx/ZrO2

–fresh). Part of the prepared catalyst was calcined in air at
300 and 600 °C, respectively for 4 hours in a program-
controlled electric furnace LM312.11C at a heating rate of
2 °C/min. The thermally treated samples were labelled as
NiOx/ZrO2 – 300 and NiOx/ZrO2 – 600, respectively.

In order to determine the phase composition of the
samples, the content of active oxygen, the strength of the
M – O bond and the coordination of the metal cation, the
synthesized catalytic systems were characterized by
means of X-ray diffraction (XRD), Fourier transform in-
frared spectroscopy (FTIR), and chemical analyses. The
morphology of the as prepared samples was studied by
transmission electron microscopy (TEM). 

The bulk NiOx catalyst was characterized in our pre-
vious investigations using a set of physicochemical tech-
niques for investigation of solids such as XRD, XPS and
EPR.23 Therefore, some of the corresponding spectra are
not illustrated in the present work. 

2. 2. Characterization of Catalysts 

XRD was performed using a X-ray diffractometer
TUR-MA 62, operating at U = 37 kV, Cu Kα radiation
(λ = 1.5406 Å) and I = 20 mA. The diffractometer was
supplied with a computer-controlled goniometer (HZG -
3), scanning step of the spectrum of 0.04 ° and collection
time of impulses – 1.2 s. The samples were scanned in
2θ range within 10–80 °. The phase identification was
carried out using JCPDS database.24 The experimental
XRD spectra were processed with »PowderCell« pro-
gram for determining the content of the registered pha-
ses, as well as of the lattice parameters of each of the
monitored phases.

The FTIR spectra were taken on a Vertex 70 spec-
trophotometer (Bruker), with 2 cm–1 resolution, in KBr
pellets (1 mg of the corresponding sample in 100 mg
KBr).

Structural analysis of the samples was performed
using high resolution JEOL JEM 2100 electron microsco-
pe operating at an accelerating voltage of 200 kV. Two ba-
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sic regimes of microscope mode were used – bright field
transmission microscopy (BF TEM) and selected area
electron diffraction (SAED).

The chemical analysis of the synthesized catalysts
included determination of the total active oxygen content
(O*), expressed in % and g-at g–1 and of their specific sur-
face area. 

Active oxygen is the amount of over-stoichiometric
oxygen in the oxide above that corresponding to the lo-
west stable oxidation state. The content of total active
oxygen was determined iodometrically.25 For this purpose
a proper amount of the sample (0.1 g ± 0.0001) was dis-
solved in diluted (1:10) sulphuric acid containing 2 g solid
KI at constant stirring. The liberated iodine was titrated
with 0.1 N solution of Na2S2O3 in the presence of starch
as indicator. The relative standard deviation of the method
amounts to 4.71 %. 

The content of O*, in g-at g–1, was calculated accor-
ding to the following formula:

(1)

or in % according to :

(2)

where: N – normality of the titrant; V – volume of the con-
sumed titrant solution, cm3; m – catalyst mass, g; mgEO2

=
0.008 miligram equivalent O2.

The surface area of the studied catalytic systems
was determined using an adsorption method. This method
is based on the determination of the iodine amount (I2, g)
which is necessary to cover the measured surface with a
monomolecular layer. The method is express and precise
and its accuracy is of the same order as that of the classi-
cal BET method.

The amount of iodine adsorbed on the catalyst surfa-
ce was determined titrimetrically. The procedure was as
follows: a proper amount of the catalyst (0.50 ± 0.01 g)
was placed in a flask and 25 cm3 0.05 M iodine solution in
chloroform was added. The flask was shaken for 2 hours.
The catalyst was filtered and an aliquot of the filtrate (10
cm3) was titrated against 0.1 N sodium thiosulfate using
starch as indicator (V1, cm3). A 10 cm3 0.05 M iodine so-
lution was parallelly titrated (V2, cm3).

The amount of adsorbed iodine (G) was calculated
according to formula (3), and the specific surface area (S)
according to formula (4):

(3)

(4)

where: mEqI2 
= 0.127; NA–Avogadro constant; ω –surface

area occupied by one iodine molecule (taken 9 × 10–20

m2); MI2
– molecular weight of the iodine, and m – mass

of the catalyst.
Point of zero charge (pHPZC) of the samples was de-

termined using the mass titration method.26

2. 4. Catalytic Oxidation Procedure

The process of low temperature (25–35 °C) liquid
phase oxidation of phenol by air at atmospheric pressure
was carried out in a thermostated 150 cm3-cell volume un-
der constant stirring by a magnetic stirrer. At these condi-
tions in the reaction volume an uniform environment is
ensured for all parameters defining the system state: ope-
rating temperature, phenol concentrartion, pH (pH = 6.0
or pH = 12.0), amount of dissolved oxygen. Kinetic stu-
dies were investigated with model solutions with initial 50
mg dm–3 concentration of phenol. The choice of concen-
tration is consistent with the actual content of phenol in
industrial wastewaters. The amount of catalyst in the dif-
ferent experiments varied within the range 2–5 g dm–3. In
all experiments the following procedure was used: 100
cm3 of phenol solution was saturated by air at atmospheric
pressure for 20 minutes followed by the addition of an ap-
propriate amount of catalyst. The catalysts were used in
powder form to maximise the number of accessible active
sites on the surface of catalysts and thus to enhance the
oxidation rate. The process was conducted at continuous
bubbling of air into the system, resulting in steady con-
centration of the dissolved oxygen. 

In order to clarify the effect of temperature on the
activity and selectivity of the tested catalytic systems the
oxidation was conducted at two temperatures 25 °C and
35 °C.

The change in phenol concentration and that of the
intermediate products of its oxidation was followed by
UV – Vis spectral analysis and high-performance liquid
chromatography (HPLC). The UV–Vis spectra as well as
their second derivatives (D2) were recorded by two-beam
scanning UV-Vis spectrophotometer (Cintra 101) in the
range of 200–600 nm. The use of derivative spectroscopy
(D-Sp) ensures more precise analysis of multi-compo-
nents systems. The spectral measurements were carried
out in a 5-mm quartz cuvette and bidistilled water was
used as a reference. The phenol concentration was deter-
mined on the basis of the measured absorption intensity at
λmax = 268 nm using a calibration graph. 

The HPLC analyses were performed using a compu-
terized system for liquid chromatography Knauer, Ger-
many, which consists of two isocratic pumps with a mixer
and equipped with PDA and fluorescence (RF-10 Axl) de-
tectors. The components separation in the analyzed sam-
ples was carried out on an analytical column Purospher
(Merck) RP C18 (250 × 4.6 mm i.d., 5 μm). The analysis
was conducted in gradient conditions. Solutions contai-
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ning water, acetonitrile and acetic acid were prepared. The
mobile phase A was a mixture of 90 parts of 1 % aqueous
solution of acetic acid and 10 parts of the mobile phase B.
The latter was prepared by mixing 99 parts of acetonitrile
and 1 part of 1 % aqueous solution of acetic acid. The
flow rate was 1 ml/min. For better separation of phenols a
gradient at room temperature: 100% A from 0–20 minutes
to 30% A, from 20–30 minutes to 0 % A, from 30 to 31
minutes to 100% A was used. The volume of the analysed
sample was 20 μl. 

Chemical Oxygen Demand (COD) content of the
initial phenol solution and those at given time of its oxida-
tion was determined by the reflux colorimetric method us-
ing a Spectroquant® CSP/COD cell test (Merck) and a
NOVA 400 UV-Vis spectrometer (Merck, Germany). The
COD values of the initial phenol solution and those at gi-
ven time of its degradation were determined by reflux co-
lorimetric method using a Spectroquant® CSP/COD cell
test (Merck AG). Sample solution (2 mL) was pipetted in-
to the COD tube and digested at 148 °C for 2 hour in an
Spectroquant® TR 420 COD reactor. COD concentration
was measured colorimetrically at λ = 420 nm using a NO-
VA 400 UV-Vis spectrometer (Merck AG). 

The amount of dissolved oxygen and pH of the solu-
tion were controlled by a multi-functional apparatus Ino
Lab Multi 740.

The efficiency of the heterogenous catalytic oxida-
tion of phenol was assessed both by the degree of PhOH
conversion (α, %) and the extent of COD removal (%),
calculated by the following equations:

(5)

(6)

where: C° and C are the initial phenol concentration and
concentration of phenol at a given time of the oxidation
reaction, respectively (mol dm–3); [COD]o and [COD] are
the initial and current COD concentrations, respectively
(mg dm–3).

The kinetics of phenol degradation was evaluated by
the first order kinetic model: 

(7)

3. Results and Discussion

3. 1. Powder X-ray Diffraction
The data obtained from the X-ray analysis of ZrO2,

NiOx/ZrO2 – fresh, NiOx/ZrO2 – 300 and NiOx/ZrO2 – 600
are presented in Figure 1. It was found that the bulk NiOx

is amorphous and therefore its diffractogram is not shown.
The amorphous character of the bulk sample determines
the chemical and structural isotropy of the active sites on
catalyst surface which is a prerequisite to high selectivity
in oxidation processes. Phase composition, average cry-
stallite size (D) calculated using the Debbye-Scherrer
equation, and lattice parameters of the unit cell of the
synthesized samples were determined from the experi-
mental XRD profiles. Data obtained are summarized in
Table 1. 

Fig. 1. Diffraction patterns of ZrO2 and NiOx/ZrO2 – fresh and cal-

cinated samples

The X-ray diffraction pattern of the ZrO2 support
confirms its monoclinic structure (JCPDS 88-2390). In
the XRD spectrum of NiOx/ZrO2 – fresh only diffraction
lines of ZrO2 are registered. Moreover, the intensities of
the ZrO2 patterns are not reduced after deposition of the
active component, indicating that crystallites size of the
NiOx is retained. 

Although the relatively high content of Ni in the
supported sample, the absence of distinct reflections for
Ni-containing oxide or oxy-hydroxy (NiOOH) phases
could be due to the amorphous character of the deposited
active phase, as well as to the formation of highly-disper-
sed oxide layer on the support surface. 

Our previous studies on the thermal stability of bulk
NiOx by derivatographic and X-ray analyses demonstrated
that NiO phase was formed during the thermal treatment
of the sample at 300 °C.23 In contrast, the X-ray diffrac-
tion pattern of NiOx/ZrO2 – 300 again shows the presence
only of single-phase oxide material – ZrO2. However, in
the diffractogram of the supported sample, calcined at 600
°C, besides the characteristic lines of the support, two new
peaks at 2θ = 37.24° and 43.24° were registered. These
peaks are indexed to reflections of the (1 1 1) and (2 0 0)
planes of face-centered cubic crystal structure of NiO
(JCPDS 47-1049), confirming the formation of NiO pha-
se. The higher temperature of NiO phase formation in the
NiOx/ZrO2–600 sample could be attributed to the benefi-
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cial role of ZrO2 support to improve the thermal stability
of the catalyst. This in turn suggests that a part of the acti-
ve oxygen is still maintained even at higher temperatures
(near 300 °C), thereby extending the practical application
of the studied catalytic systems in oxidation reactions in
gas phase. 

3. 2. TEM and SAED Analyses

TEM and the corresponding SAED micrographs of
the catalytic active phase NiOx are presented in Fig. 2.
The nanoparticles have spherical-like form and diameter
in the range 5 nm – 20 nm forming large agglomerates
that contain hundreds of particles. It has been found that
they correspond to monoclinic Ni15O16 phase [PDF 72-
1464]. le types. For this purpose, the diffraction signal was cap-

tured by the two selected areas marked with circles in
Fig. 3a: 1 – for the large particles and 2 – for the smaller
ones. The diffractograms of both particle types are pre-
sented in Fig. 3b and 3c. It is seen that the large-walled
particles are indeed monocrystalline, as we supposed by
the morphology of the particles. The analysis of the dif-
fraction pattern shows that they consist of ZrO2 [PDF
37–1484], in this case directed to the zone axis [121] and
correspond to the material used as a carrier of the suppor-
ted catalyst. The small particles also have crystalline
structure, but because of their small size and aggregate
formation, in the surface of the aperture, a signal from a
great number of them has been included and the cumula-
tative diffraction signal is found to be similar to that of
polycrystalline sample (Fig. 3c). After the indexation of
the diffraction pattern it has been found that it correspods
to the Ni15O16 phase. 

Fig. 4 shows the HRTEM micrograph of part of an
aggregate presented in Fig. 3. The edge of the large ZrO2

particle and a number of Ni15O16 particles arranged to it
are observed. It is clearly seen that the small particles ha-
ve also well-defined facets, visible at high magnifications
of the microscope (600k and more). High-resolution
fringes corresponding to the two types of structures are
visualized and the values of their inter-planar distances
are indicated in the figure. 

The results of the SAED examinations revealed the
presence of a non-stoichiometric nickel oxide (Ni15O16),
confirming the results from the preliminary investigations
with derivatographic as well as chemical analysis. The
non-stochiometry in this case provides the presence (avai-

Fig. 2. TEM (a) micrograph and SAED (b) patterns of NiOx

Fig. 3. (a) TEM microgaph of the catalytic system NiOx/ZrO2 and

(b, c) the corresponding SAED for the two areas, marked with 1

and 2.

Table 1 Phase composition and crystallographic properties of catalysts

Sample Phase composition D, nm Lattice parameters of the unit cell, Å
ZrO2 ZrO2 34 a = 5.144; b = 5.208; c = 5.307’

NiOx/ZrO2 – fresh ZrO2 45 a = 5.141; b = 5.204; c = 5.308’

NiOx/ZrO2 – 300 ZrO2 48 a = 5.138; b = 5.197; c = 5.303’

NiOx/ZrO2 – 600 ZrO2 (91 %) 42 a = 5.142; b = 5.204; c = 5.310’

NiO (9 %) 25 a = 4.173

a) b)

Although not detectable by the XRD technique, the
presence of NiOx nanoparticles in NiOx/ZrO2 – fresh can
be confirmed using HRTEM and SAED regimes of the
transmission electron microscope. In Fig. 3a is presented
the TEM image of the catalytic system NiOx/ZrO2 – fresh.
Two types of morphologically-different particles are ob-
served in the investigated sample. The first type of partic-
les are electronically-dense, apparently well faceted, with
dimensions in the range 50 nm – 300 nm, indicated with
No 1 in the image. Other (No 2 in the image), being with
diameter of about 5 nm–10 nm, form large aggregates
numbering hundreds of particles clustered around the lar-
ge ones.

In order to determine the phase composition of the
sample diffractions were made seperately for both partic-

a)

b)

c)
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lability) of active oxygen which is required for the activi-
ty of the catalyst. It has been confirmed that the bulk NiOx

exists in the form of nanoparticles with size in the range
from 5 nm to 20 nm, which provides large specific surface
area. Their arrangement around the ZrO2 carrier as loose
agglomerates ensures access to their surface. Through mi-
croscope observation revealed that these complex agglo-
merates, consisting of large ZrO2 nanoparticles and multi-
ple NiOx nanoparticles around them, are well dispersed in
the sample, which also performs another important condi-
tion for the operation of the catalyst.

The chemical analyses showed that the ZrO2, Ni-
Ox/ZrO2 – 300, and NiOx/ZrO2 – 600 do not contain acti-
ve oxygen, which was confirmed also by the IR spectra
of the samples. The reduced content of O* in NiOx/ZrO2

– fresh (2.6 %) compared to the bulk catalyst is attribu-
ted to the considerably lower content (30 wt %) of the
catalytically-active phase NiOx in the fresh supported ca-
talyst. Moreover, the amount of this active oxygen was
further reduced upon thermal treatment of NiOx/ZrO2 –
fresh at 300 °C and higher temperatures. It should be no-
ted that incorporation of O* in the studied samples ex-
pands their application as catalysts for complete oxida-
tion of organic compounds under mild conditions (room
temperature and atmospheric pressure). This fact makes
possible their direct use for solving ecological problems
associated with wastewater treatment for organic conta-
minants removal. 

3. 4. FTIR Spectroscopy

In Figures 5–7 are shown the IR spectra of the bulk
NiOx, NiOx/ZrO2 – fresh and ZrO2, respectively.

Fig. 4. HRTEM micrograph of an agglomerate shown in fig. 3.

3. 3. Chemical Analyses

Our previous study showed that bulk NiOx is cha-
racterized by a high content of active oxygen (7–8 %),
80 % of it being localized on the catalyst surface.23 This
oxygen is highly reactive and is responsible for the hete-
rogeneous liquid phase oxidation of the substrate even at
room temperature. The presence of over-stoichiometric
(i.e. active) oxygen in the sample is a result of the ap-
plied method of synthesis, whose key moment is the si-
multaneous process of precursor formation Ni(OH)2 and
its subsequent oxidation by NaOCl. As a result of the
electron transfer between the hydroxide and the oxygen
from the oxidant, the oxidation state of the metal ions is
increased and a high concentration of electrophilic oxy-
gen species (O–, O2

2–, O2–), i.e. of over-stoichiometric
(active) oxygen on the oxide surface is provided. These
effects are of great importance to the complete oxidation
catalysts.27

The active oxygen is formed as a result of the
chemisorption of nascent oxygen, generated from the Na-
OCl decomposition in strongly alkaline medium catalyzed
by Ni2+– ions, on the surface area of the oxide system. 

Fig. 5. IR spectrum of bulk NiOx

A characteristic feature of the IR spectrum of NiOx

is the presence of a broad intensive band at 572 cm–1. This
band (registered at frequencies, higher than those assigned
to the M – O bond vibrations in the corresponding hydro-
xides – 460 cm–1) is due to the stretching vibration of the
surface M – O bond and accounts for the presence of acti-
ve oxygen in the samples, thereupon its intensity is pro-
portional to the content of O*. Such band is not present in
the IR spectrum of the ZrO2 support, confirming the ab-
sence of active oxygen in the sample (fig. 7).

The intensity of the band at 572 cm–1 in the IR spec-
trum of the supported NiOx/ZrO2 – fresh catalyst is lower
suggesting lower content of active oxygen (fig. 6). These
data are consistent with the results of the chemical analy-
sis of the samples. 
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It is known that the strength of the bond between sur-
face cation and oxygen is the main factor providing cataly-
tic activity of oxide catalysts in oxidation reactions. The
oxygen atoms can be bound in two ways in the structure of
the transition metal oxides: through covalent bonds with
two adjacent metal atoms (M-O-M) or double σ–π bonds
only with single atom (M = O). The type of oxygen bon-
ding in oxides is distinguished in the IR spectra. The stretc-
hing mode of M = O bond which is stronger than the M-O
bond is registered in the range between 900 and 1100 cm–1,
while that of M-O bond appears between 600 and 900
cm–1.28 In the presented spectra a band in a former spectral
region was not observed. It is experimentally found that
oxide catalysts containing the M = O bond in their structure
oxidize selectively organic substances whereas those with
M – O bond exhibit high catalytic activity in the reactions
of complete oxidation.29 Based on the results from the IR
spectral characterization of the studied catalytists it could
be suggested a high activity of the synthesized samples in
reactions of complete oxidation.

The infrared spectra of ZrO2, NiOx, NiOx/ZrO2 –
fresh catalysts also show an absorption band with a maxi-
mum centered about 3370 cm–1 (O-H stretching), together
with a band at 1627 cm–1 (H-O-H bending). The band at
3370 cm–1 can be ascribed to hydroxyl groups bonded
through hydrogen bonds, whereas the band at 1627 cm–1

corresponds to adsorbed molecular water. It is also known
that the formation of hydrophilic precipitates depends on
the precipitation procedure. The incorporation of OH –
groups in the composition of the oxide systems (as a result
of the applied inverse order of precipitation) is appropria-
te, since they are invloved in the oxidation mechanism of
the studied reaction. Moreover, the reverse order of preci-
pitation does not provide conditions for the proceeding of
secondary topochemical reactions between the formed
precipitate and the solution leading to the formation of ba-
sic salts. 

3. 5. Specific Surface Area

The specific surface area of the NiOx was found to
be 28.7 m2 g–1, and that of NiOx/ZrO2 – fresh is 8.6 m2 g–1.
The lower specific surface area of the latter compared to
that of the active phase is due to the lower specific surface
area of the bare ZrO2, varying about 1–3 m2 g–1,30–32 as
well as to the low percentage loading of catalytically acti-
ve NiOx phase (weight percentage ratio of NiOx:ZrO2 =
30:70). 

3. 6. Low Temperature Oxidation of Phenol
in Aqueous Solutions Over Bulk NiOx
and Supported NiOx/ZrO2 Catalysts
In preliminary control test was found that chemical

oxidation of phenol by air takes place very slowly in the
absence of catalyst, resulting in less than 3% phenol de-
gradation within 60 min. A negligible reduction in the
phenol concentration was also registered during heteroge-
neous oxidation in the presence of bare support and only
around 10 % of degradation was achieved after 60 min of
reaction. It should be noted that a similar PhOH removal
efficiency was also attained in adsorption test, indicating
that ZrO2 is catalytically inactive with respect to substrate
oxidative degradation. However, under the same condi-
tions a significant enhancement of the rate of phenol oxi-
dation was observed using NiOx/ZrO2 – fresh as catalyst.

Figs. 8 and 9 show typical UV-vis spectra and their
second derivatives obtained during heterogeneous cataly-
tic oxidation of phenol over NiOx/ZrO2 – fresh under the
experimental conditions employed. 

It is seen from the figures that the synthesized sam-
ple NiOx/ZrO2-fresh demonstrates high catalytic activity at
ambient conditions, resulting in about 80% phenol remo-
val efficiency at 10 min and almost complete conversion of
phenol (more than 98 %) in 20 min at 5 g dm–3 catalyst loa-
ding. Furthermore, the second derivative spectrum of the

Fig. 6. IR spectrum of NiOx/ZrO2 – fresh.

Fig. 7. IR spectrum of pure ZrO2
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solution recorded after oxidation for 20 min indicates the
absence of aromatic intermediates in the reaction mixture.
However, the COD removal within this reaction period
was about 71.2% which implies that under operating con-
ditions phenol is not completely mineralized and the furt-
her oxidized intermediate products such as low molecular
weight carboxylic acids still present in the solution.

It should be emphasized that in another control ex-
periment conducted without bubling of air in the solution
(depletive oxidation) the concentration of phenol decrea-
sed only around 21% in the first ten minutes and was kept
constant afterwards, i.e. about four-fold lower removal ra-
te compared to that of heterogeneous catalytic oxidation
was observed. In the meantime, a new absorbance peak at
about 244 nm appeared in the UV-vis specrum of the sam-
ple collected after 10 min (not shown), implying that an
intermediate compound is being formed during the pro-
cess. Therefore, it may be speculated that the observed de-
crease of phenol concentration in this case is due to the
oxidative destruction of phenol rather than the nonde-
structive adsorption of PhOH on the surface of the ca-
talyst. Actually, at pH 6.0 the surface sites of NiOx/ZrO2-
fresh are positively charged since the pHpzc of catalyst
was found to be 7.1. On the other hand, given that pKa va-
lue of phenol is 9.99, at pH used in our experiment phenol
primarily exists in its unionized form. Based on these
facts, it is considered that the electrostatic interaction bet-
ween phenol and NiOx/ZrO2-fresh could be ignored under
given conditions and most probably the non-electrostatic
surface complexation may take part during the contact
between catalyst and phenol. Thus, the phenol degrada-
tion in the absence of an oxidant could be assumed to oc-
cur due to the presence of active oxygen in the NiOx/Zr-
O2-fresh, which was confirmed by the about 10-fold lower
O* content of the catalyst after the depletive oxidation as
compared to that of the fresh sample. On contrary, when
the reaction was conducted in the presence of oxygen the

amount of active oxygen in the NiOx/ZrO2-fresh remains
unchanged after the reaction completed. Since the oxida-
tion of phenol without a catalyst was found to occur very
slowly, it can be concluded that the active oxygen of the
catalyst is directly involved in the oxidation process, whi-
le the oxygen from air re-oxidizes the partially reduced
surface of the catalyst. The negligible catalytic activity de-
monstrated by samples calcined at 300 °C and 600 °C
(less than 5% phenol conversion within 60 min) further
confirmed the above assumption. 

Further details on the high selectivity of the catalytic
system with respect to phenol complete oxidation were al-
so obtaind by HPLC analysis. Phenol and its oxidation
products were identified using a fluorescence detector due
to its higher sensitivity compared to the PDA detector.
HPLC chromatograms of samples taken at definite times
of the oxidation process are illustrated in Fig. 10.

The results of HPLC analysis confirmed the UV-
spectroscopic observation of almost complete phenol con-
version over NiOx/ZrO2 – fresh within 20 min. However, a
small amount of an intermediate compound was detected in
the reaction mixture, which further is also degraded and af-

Fig. 8. UV-vis spectral changes of phenol during heterogeneous

oxidation over NiOx/ZrO2 – fresh (Ccat = 5 g dm–3; CPhOH = 50 mg

dm–3; t = 25 °C; pH = 6.0)

Fig. 9. Second derivative spectra of phenol solution before (A) and

after oxidation for 20 minutes (B) over NiOx/ZrO2 – fresh

a)

b)
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ter 20 min present only in trace amounts. The intermediate
was identified as hydroquinone by comparing the retention
time of the corresponding peak in the chromatogram of the
reaction mixture with that of the standard solution, contai-
ning phenol and major products of its partial oxidation.
Hydroquinone was not detected in the UV- spectra (λmax =
290 nm) probably due to its low concentration, which is be-
low the detectable limit of this analytical method. 

The reusability of NiOx/ZrO2 – fresh in three succes-
sive runs was investigated with the recycling of the catalyst
under the same reaction conditions. After the degradation
was finished, the used catalyst was collected by filtration,
washed thoroughly with double distilled water and dried
overnight before the next run. It was found that the phenol
degradation rate in the first and second runs was the simi-
lar and only dropped slightly in the third run. However, in
the latter run the phenol removal was still about 94% after
20 min thus demonstrating stable performance of the Ni-
Ox/ZrO2 – fresh catalyst in the studied reaction.

In order to assess the impact of the carrier ZrO2 on
the catalytic behavior of the supported catalyst, oxidation
of phenol over bulk NiOx was performed under the same
conditions except the amount of catalyst which was equi-
valent to the content of the active phase in NiOx/ZrO2 –
fresh (30 wt.%).

The UV-vis spectra of the reaction mixture, collected
at certain degradation times and their second derivatives are
depicted in Figs. 11 and 12, respectively. It is evident that
along with the slower reaction kinetics compared to the oxi-
dation over NiOx/ZrO2 – fresh, the electronic absorption
spectra show different profiles. During the oxidation process
in the presence of non-supported NiOx, in parallel with the
gradual decrease in the intensity of the band at 268 nm, new
absorption bands with maxima at 244, 275 and 400 nm ap-
pear, which is indicative of intermediates formation. The lat-
ter are subsequently oxidized slow and complete phenol oxi-
dation is achieved for 60 minutes. The absence of a distinct
isobestic point in the spectrum in Fig. 10 demonstrates the
formation of more than one intermediate compounds. Ac-
cording to literature data,33 the band at λmax = 244 nm is at-
tributed to p-benzoquinone, while that at λmax = 275 nm may
be due to the presence of catechol and/or hydroxyhydroqui-
none in the reaction mixture which makes difficult their
identification only by UV spectral analysis. It is noteworthy
that at the beginning of the oxidation process over NiOx

another intermediate compound is also formed (λmax = 400
nm), that according to some authors could be attributed to
the formation of dimers.33 Meanwhile, as has been observed
by using of NiOx/ZrO2-fresh, without bubling of air in the
solution initially the phenol oxidation occurs as fast as the
reaction carried out in the presence of oxygen and then a
strong decrease of the oxidation rate with time was registe-
red. Chemical analysis of NiOx after the depletive oxidation
experiment again showed a significant decrease in the active
oxygen content (around 1 %) thus implying that as-prepared
NiOx being a solid oxidant itself.

Fig. 10. High-perfomance liquid chromatograms of phenol solution

during catalytic degradation over NiOx/ZrO2 – fresh. (Ccat = 5 g

dm–3; CPhOH = 50 mg dm–3; t = 25 °C; pH = 6.0)

Fig. 12. Second derivative spectrum in 60 min of phenol oxidation

with active phase NiOx (m = 0.156 g; CPhOH = 50 mg dm–3; t = 25

°C; pH = 6.0)

Fig. 11. UV – vis absorption spectra of phenol solution during ca-

talytic oxidation on NiOx.(m = 0.156 g; CPhOH = 50 mg dm–3; t = 25

°C; pH = 6.0)
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Due to higher activity of NiOx/ZrO2 – fresh compa-
red to that of non-supported catalytically active phase,
further investigations on the effects of main operating
conditions such as pH, amount of catalyst, and temperatu-
re on the catalytic behavior and efficiency of the suppor-
ted catalyst for the oxidative destruction of phenol were
performed. 

The UV- spectra of samples of the reaction mixture
taken in the course of the oxidation process conducted at p-
H = 12.0 as well as the spectrum of the initial phenol solu-
tion without pH adjustment (6.0) are illustrated in Fig. 13.

gest that the catalytic oxidation reaction follows the Mars-
van Krevelen reduction- oxidation mechanism. Since at p-
H = 12.0 phenol is in the form of phenolate anion in the so-
lution, this makes impossible the generation of OH radi-
cals and, respectively, the oxidation of the substrate.

The effect of catalyst amount and temperature on the
kinetics of the catalytic process is evaluated by the rate
constant of the reaction and the degree of phenol degrada-
tion. Fig. 14 presented the kinetic curves obtained during
catalytic oxidation of phenol at 25 °C using three different
concentrations of NiOx/ZrO2 – fresh along with phenol
degradation profiles obtained in the course of chemical
oxidation with air and the heterogeneous catalytic oxida-
tion over bare support. 

Fig. 13. UV-spectrum of oxidation of phenol over NiOx/ZrO2 –

fresh at pH = 6.0 and pH = 12.0 and after 30 and 90 min of the oxi-

dation process at pH = 12.0 (Ccat = 5 g dm–3, t = 35 °C) 

Fig. 14. Kinetic curves of the PhOH oxidation at t = 25 °C with 

NiOx/ZrO2-fresh
The presented spectra evidence that the phenol oxi-

dation do not take place in alkaline medium. Furthermore,
the comparison of the UV-spectra of phenol solution at p-
H 6.0 and pH 12.0 reveals a batochromic shift of the ab-
sorption maximum of phenol in alkalime medium, which
is due to the formation of phenolate anion (λmax = 286
nm). Hence, the adsorption of phenol onto the NiOx/ZrO2

– fresh at pH 12 is also considered to be restricted due to
the repulsion between the negatively charged phenol spe-
cies and negatively charged surface of the catalyst.

Similar effect of pH has been observed during the li-
quid phase catalytic oxidation of phenol using the active
phase NiOx 21, assuming a similar mechanism of the ca-
talytic oxidation process on the bulk and supported on Zr-
O2 catalysts. According to this mechanism, the oxidation
reaction is initiated by dissociative adsorption of phenol on
the surface of catalyst through tearing of an H atom off
from the phenolyc hydroxyl group. The cleaved H atom
formed with the active oxygen of the catalyst highly-reac-
tive surface OH radicals, which readily attack the phenol
molecule and causes its destruction. The active oxygen is
continually renewed by re-oxidation of the reduced ca-
talyst by oxygen from air, which was continuously bubbled
in the reaction mixture. These results give us reason to sug-

The enhanced rate of phenol degradation resulted by
increasing of catalyst concentration from 2 to 5 g dm–3

could be ascribed to the increased amount of the generated
OH radicals because of higher amount of the available ac-
tive oxygen in the larger catalyst mass. The linear plots of
ln(Co/C) versus time (fig. 15) indicate that the oxidative
destruction of phenol over NiOx/ZrO2 – fresh followed the
first-order kinetics with respect to phenol concentration.

Continual re-oxidation of the reduced catalyst by
oxygen from continuously bubbling air is considered to
provide steady-state concentration of active oxygen on the
catalyst surface as well as to maintain a constant concen-
tration of dissolved oxygen in the liquid phase (8.6 mg/l)
throughout the oxidation process. This fact gives us
grounds to assume that the reaction rate becomes indepen-
dent of the oxidant concentration under studied experi-
mental conditions. Therefore, it could be suggested that
the order of the reaction with respect to oxygen is zero.

The rate constants of the oxidation process determi-
ned at varying the NiOx/ZrO2 – fresh concentration and
the temperature are listed in Table 2. The established li-
near dependence of the rate constant on the catalyst loa-
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ding at both temperatures indicates that the reaction is not
controlled by external diffusion and moreover, it further
supported the assumption that active oxygen of the ca-
talyst takes part in the oxidation process.

Data regarding the influence of the reaction tempe-
rature and catalyst concentration on the efficiency of hete-
rogeneous oxidation of phenol over NiOx/ZrO2 – fresh,
expressed by the degree of phenol conversion are illustra-
ted in Fig. 16.

The results show that at 35 °C and catalyst concen-
tration of 5 g dm–3 complete conversion of phenol is ac-
hieved for 5 minutes. 

The degree of phenol mineralization in the course of
its catalytic oxidation over NiOx/ZrO2 – fresh was also as-
sessed by the parameter COD. It was found that under the
experimental conditions (Ccat = 5 g dm–3; CPhOH = 50 mg
dm–3; t = 25 °C; pH = 6.0) used, 80.4 % COD removal was
achieved for 20 minutes, which can be attributed both to
trace amounts of non-oxidized hydroquinone in this reac-
tion period and to traces of low-molecular carboxylic acids. 

4. Conclusions

As a result of the proposed non-conventional
synthesis, assisted by ultrasonic stimulation we obtained
nano-sized, highly dispersed nickel-oxide catalytic sys-
tems, characterized by a high content of active oxygen,
highest degree of oxidation of metal ions in octahedral
coordination, that are main characteristics of low-tempe-
rature catalyst for complete oxidation. The use of ZrO2

support increases the thermal stability of the obtained ca-
talyst which is expected to expand its practical application
as a catalyst not only for oxidation in liquid but also in gas
phase reactions. The results of the catalytic experiments
also show that ZrO2 has substantial influence on the acti-
vity and selectivity of the supported catalyst in the reac-
tion of low temperature oxidation of phenol by air in li-
quid phase. It was found that at all investigated reaction
conditions, except at pH = 12, practically complete con-
version of phenol is achieved in the presence both of the
bulk and the supported catalysts. However, the catalytic
performance of active phase NiOx was considerably im-
proved after deposition on ZrO2, manifesting in faster
phenol degradation rate and a higher COD removal effi-
ciency. The results also show that increasing the amount
of NiOx/ZrO2 – fresh and the reaction temperature affects
strongly the efficiency of the oxidation process. Thus, at
35 °C and catalyst concentration of 5 g dm–3, complete de-
gradation of phenol is observed for 5 minutes, while 80.4
% COD removal within 20 min was attained. The suppor-
ted catalyst also exhibited stable performance during the
recycling tests.
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Fig. 15. Linear dependence lnCo/C = f (t)

Fig. 16. Dependence of the degree of phenol conversion α on tem-

perature and catalyst concentration after 5 min of oxidation

Table 2 Effect of temperature and catalyst concentration on the reaction rate constant of phenol oxida-

tion 

Temperature, °C First-order rate constants, k (min–1)
Ccat = 2 g dm–3 Ccat = 3 g dm–3 Ccat = 5 g dm–3

25 0.10 ± 0.01 0.14 ± 0.01 0.20 ± 0.01

35 0.15 ± 0.02 0.20 ± 0.01 0.28 ± 0.02
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Povzetek
Z uporabo obarjalno-oksidacijske metode z obratnim zaporedjem obarjanja smo pripravili »bulk« NiOx. Za pripravo us-

treznega katalizatorja NiOx/ZrO2 pa smo uporabili usedalno-obarjalno tehniko. Pripravljene snovi smo kemijsko anali-

zirali ter jih okarakterizirali s uporabo XRD, HRTEM, SAED in IR spektroskopije. Ugotovili smo, da z uporabo nave-

denih metod dobimo polidisperzne okside nano velikosti z visoko vsebnostjo aktivnega kisika. Njihovo katalitsko aktiv-

nost in selektivnost smo prou~evali z uporabo pri izvedbi reakcije popolne oksidacije fenola v vodni fazi pri nizki

temperaturi. Izkazalo se je, da ta reakcija popolno pote~e pri vseh izbranih pogojih razen pri pH = 12.


