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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 methods 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 complete oxidation of phenol in aqueous phase. The effects of several parameters such as catalyst amount, temperature and solution pH on the degradation efficiency of the process were also investigated. Experimental results demonstrated that phenol could be completely oxidized 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 various organic pollutants are consistently produced and discharged into the environment and thus could induce considerable damages for the ecosystems. Therefore, development of efficient and cost-effective methods and technologies 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 pharmaceutical industries) represent an important class of environmental water pollutants due to their toxicity, comparatively 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, thermal and chemical treatments have been applied for removing organic compounds from wastewaters. The biodegradation is represented as an environmentally friendly and non expensive method of treatment. However, its application is limited for effluents that contain high organic load and/or non-biodegradable compounds such as phenol and its derivatives.7 Thermal incineration is applicable for almost complete destruction of concentrated and toxic organic waste streams, but it requires very high energy and presents considerable emissions of other hazardous by-products such as dioxins and furans.8, 9 Chemical methods such as adsorption, precipitation and flocculation are not widely used because of the need of a post-treatment stage.10 

Advanced oxidation processes (AOPs) are alternative pollutants destructive technologies that have the potential to completely destroy harmful non-biodegradable organic 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 processes, heterogeneous catalytic oxidation has some advantages 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 article it has been found that ruthenium catalyst prepared by impregnation with 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 mineralization around 100 % was obtained within 100 h of reaction. Moreover, it has been mentioned that Ru/ZrO2-CeO2 catalyst possesses the possibility for practical use.21 Zirconia supported Pt and Pd catalysts are found very promising for the low-temperature destructive oxidation of phenol with molecular oxygen in aqueous medium.22 However, the increasing price of the noble metals limits their applications as catalysts for industrial use.

The present paper aims to synthesize and characterize novel bulk and zirconia supported NiOx catalytic systems in accordance with the scientific fundamentals of preparing ecological catalysts for fast and complete oxidation of phenol with air at ambient conditions.
2. Experimental

Developing the scientific basis of the methods for synthesis of new Ni-oxide catalytic systems (individual and supported) we considered the major requirements to low-temperature ecologically friendly catalysts for complete oxidation of organic compounds under mild conditions (temperatures close to room temperature and atmospheric pressure). The catalytically active phase should be characterized by high dispersity, high content of over-stoichiometric acive oxygen, high oxidation degree and octahedric coordination of metallic ions, low energy of the surface cation- oxygen (M – O) bond and presence of ОН – 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. 
2.1. Synthesis

The synthesis of the bulk NiOx samples was carried out by the precipitation-oxidation method with reverse order of precipitation in combination with ultrasound stimulation realized by ultrasound homogenizer UP100H. The stimulation of the synthesis by ultrasound cavitation provides, from the one hand, conditions for more efficient homogenization 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 activation, which in its turn favors the reaction kinetics.  The details of the synthesis are described in the paper of Stoyanova et al.23
The supported oxide system NiOx/ZrO2 was prepared by deposition-precipitation technique. Solid ZrO2 (Merck) was suspended in a fixed volume of 0.1 М aqueous solution of  Ni(NO3)2.6H2O, in an amount necessary to achieve an atomic ratio of Ni:Zr = 1:1, followed by dropwise 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 mother 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 OС to constant mass (the sample was marked as NiOx/ZrO2 –fresh). Part of the prepared catalyst was calcined in air at 300 and 600 OC, respectively for 4 hours in a program-controlled electric furnace LM312.11C at a heating rate of 2OС/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 XRD, IR spectroscopy and chemical analyses. The morphology of the as prepared samples was studied by ТЕМ and SAED analyses. 
The bulk NiOx catalyst was characterized in our previous investigations using a set of physicochemical techniques for investigation of solids such as XRD, XPS and EPR.24 Therefore, some of the corresponding spectra are not illustrated in the present work. 
2.2 Experimental techniques

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 0.040 and collection time of impulses - 1.2 s. The samples were scanned in 2θ range within 10 - 800. The phase identification was made by comparison of the experimental diffractograms of the database JCPDS (International Center for Diffraction Data, Alphabetical Indexes, Pennsylvania 19073-3273, sets 1-86, 1997).25 Using the "PowderCell" program an analysis of the experimentally obtained diffraction spectra was made for determinining the exact content of the phases, as well as of the parameters of the elementary cell in each of the monitored phases.
The FTIR spectra were monitored on a Vertex 70 spectrophotometer (Bruker), with 2 cm-1 resolution, in KBr tabletes (1 mg of the corresponding sample in 100 mg KBr).

Structural analysis of the samples was carried out in a transmission electron microscope with high resolution JEOL JEM 2100 at an accelerating voltage of 200 kV. Two basic regimes of microscope mode were used – bright field transmission microscopy (BF TEM) and selected area electron diffraction SAED.
The change in the concentration of phenol and 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 (D 2) 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-components 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 determined on the basis of the measured absorption intensity at  λmax = 268 nm using a calibration graph.  
The HPLC analyses were performed using a computerized system for liquid chromatography Knauer, Germany, which consists of two isocratic pumps with a mixer and equipped with PDA and fluorescence (RF-10 Axl) detectors. The components separation in the analyzed samples 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 containing water, acetonitrile and acetic acid were prepared. The mobile phase А was a mixture of 90 parts of 1 % aqueous solution of acetic acid and 10 parts of the mobile phase В. 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% А from 0-20 minutes to 30% А, from 20-30 minutes to 0 % А, from 30 to 31 minutes to 100% А was used. The volume of the anaysed sample was 20 µl. 
The amount of dissolved oxygen and pH of the solution were controlled by a multi-functional apparatus Ino Lab Multi 740.

2.3. Chemical analysis
The chemical analysis of the synthesized catalysts included determination of the total active oxygen content (О*), expressed in % and g-at g-1 and the index chemical oxygen demand (COD).

2.3.1. Determination of total active oxygen content 
Active oxygen is the amount of over-stoichiometric oxygen in the oxide above that corresponding to the lowest stable oxidation state. The content of total active oxygen was determined iodometrically.26 For this purpose a proper amount of the sample (0.1 g ± 0.0001) was dissolved in diluted (1:10) sulphuric acid containing 2 g solid KJ 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 (О*), in g-at g-1, was calculated according to the following formula:
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where: N – normality of the titrant; V – volume of the consumed titrant solution, cm3; m – catalyst mass, g; 
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2.3.3. Determination of the index chemical oxygen demand (COD) 

Chemical Oxygen Demand (COD) of the initial phenol solution and at a given point in its oxidation was determined by the colorimetric method using a Spectroquant® CSP/COD cell test (Merck) and a NOVA 400 UV-Vis spectrometer (Merck, Germany). 

2.3.4. Determination of the specific surface area

The surface area of the studied catalytic systems was determined using an adsorption method.The method is based on the determination of the iodine amount (J2, 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 classical BET method.

The amount of iodine adsorbed on the catalyst surface 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 solution 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):
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where: mEqI2=0.127; NA –Avogadro’s number; 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.
2.4. Catalytic oxidation procedure
The process of low temperature (25 – 35OС) liquid phase oxidation of phenol by air at atmospheric pressure was carried out in a thermostated 150 cm3-cell volume under constant stirring by a magnetic stirrer. At these conditions in the reaction volume an unform environment is ensured for or all parameters defining the system state: operating temperature, phenol concentrartion, pH (pH = 6.0 or pH = 12.0), amount of dissolved oxygen. Kinetic studies were investigated with model solutions with initial 50 mg dm-3 concentration of phenol. The choice of concentration is consistent with the actual content of phenol in industrial wastewaters. The amount of catalyst in the different experiments varied within the range 2 – 5 g dm-3. In all experiments the following procedure was used: 100 см3 of phenol solution was saturated by air at atmospheric pressure for 20 minutes followed by the addition of an appropriate amount of catalyst. The use of the latter in powder form contributes to the increase in the accessible for the oxidation reaction surface of the catalyst. The process was conducted at continuous bubbling of air into the system, resulting in state concentration 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 and 35 OС.

The efficiency of the heterogenous-catalytic oxidation process of phenol was assessed by the degree of PhOH conversion at a given moment during the course of the reaction (α, %). It was calculated after the following equation:
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The rate constant (k, min-1), was determined by the kinetic equation of a first-order reaction: 
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where: C0  - initial phenol concentration, mol dm-3; C – concentration of the phenol solution at a time (t, min) of the oxidation, mol dm-3; as well as by the degree of  COD removal.
3. Results and discussion
3.1. Powder X-ray diffraction

The data obtained from the X-ray analysis of samples of ZrO2, NiOx/ZrO2 – fresh, NiOx/ZrO2 – 300 OС and NiOx/ZrO2 – 600 OС are presented in Figure 1. It was found that the bulk NiOx is amorphous and for that reason its diffractogram is not shown. The amorphous character of the bulk sample determines the chemical and structural isotropy of the active sites centers on the catalytic system surface area which is a prerequisite for high selectivity in the oxidation processes. Phase composition, average size (according to the Scherrer’s formula) of the particles (d) and elementary cell parameters of the synthesized samples were also determined. The data are summarized in Table 1. 
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Fig. 1. Diffraction patterns of ZrO2 and NiOx/ZrO2 – fresh and calcinated samples

The X-ray diffraction pattern of the ZrO2 support confirms its monoclinic structure. In the XRD spectrum of NiOx/ZrO2 – fersh only diffraction lines of ZrO2, with similar intensity are observed, which indicates that the size of crystallites on the support is preserved after the deposition of the active phase on it. The absence of reflections for Ni-containing oxide or oxy-hydroxy (NiOOH) phase, although the relatively high content of Ni in the sample, may be due to the amorphous structure of the deposited active phase, as well as to the formation of highly-dispersed oxide layer on the support surface area. 
Table 1 Phase composition and crystallographic properties of catalysts
	Sample
	Phase composition
	d, nm
	Parameters of the elementary cell, Å

	ZrO2
	ZrO2 (JCPDS 88-2390)
	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 – 300ОС
	ZrO2
	48
	a= 5.138; b=5.197;c=5.303’

	NiOx/ZrO2 – 600ОС
	ZrO2
– 91 %

NiO (JCPDS 47-1049) – 9 %
	42

25
	a= 5.142; b=5.204;c=5.310’

a = 4.173


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 OС.24 In contrast, the X-ray diffraction pattern of NiOx/ZrO2 – 300 OС again shows the presence only of single-phase oxide material – ZrO2. However, in the diffractogram of the supported sample, calcined at 600 OС, besides the characteristic reflections of the support, two new characteristic peaks at 2Θ=37.24 and 43.24O were recorded. This fact confirms the formation of NiO phase with a cubic structure. The higher temperature of NiO phase formation in the composition of NiOx/ZrO2–600 OC is attributed to the role of ZrO2 carrier to improve the thermal stability of the catalyst. This in turn suggests that part of the active oxygen is maintained even at higher temperatures (near 300 OС), that can extend 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].
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Fig. 2. TEM (a) micrograph and SAED (b) patterns of NiOx
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. 3а is presented the ТЕМ image of the catalytic system NiOx/ZrO2 – fresh. Two types of morphologically-different particles are observed in the investigated sample. The first type of particles 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 large ones.
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Fig. 3. (а) ТЕМ microgaph of the catalytic system NiOx/ZrO2 and  (b, с) the corresponding  SAED for the two areas, marked with 1 and 2.


In order to determine the phase composition of the sample diffractions were made seperately for the both particles type. For this purpose, the diffraction signal was captured by the marked with circles zones: 1- for the large particles and 2 – for the smaller ones, taking care of that within the range of the electron diffraction aperture to fall particles only of one type. The diffractograms of both particles type are presented 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 diffraction 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 supported 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 cumulatative 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 HRТЕМ 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 have 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 derivatogaphic analyses as well as with the chemical analysis. The non-stochiometry in this case provides the presence (availability) of active oxygen which is required for the activity 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 tо 20 nm, which provides large specific surface area. Their arrangement around the ZrO2 carrier as loose agglomerates ensures access to their surface. Thorough microscope observation revealed that these complex agglomerates, consisting of large ZrO2 nanoparticles and multiple NiOx nanoparticles around them are well dispersed in the sample, which also performs another important condition for the operation of the catalyst.
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Fig. 4. HRTEM micrograph of an agglomerate shown in fig. 3.
3.3. Chemical analysеs

In previous studies it has been found that the bulk NiOx is characterized by a high content of active oxygen (7–8 %) and it has been confirmed that 80 % of the oxygen are localized on the surface area of the oxide system, which is highly reactive and responsible for the heterogeneous liquid phase oxidation of the substrate even at room temperature. The presence of over-stoichiometric amount of О* in the sample is a result of the applied method of synthesis, whose key moment is the simultaneous process of precursor formation Ni(ОН)2 and its subsequent oxidation by NaOCl. The electron transfer between the hydroxide and oxygen from the oxidant leads to effects of basic importance of the catalysts for complete oxidation: (i) to increase the oxidation state of metal ions; (ii) to provide high concentration of ionic forms of oxygen (О-, О22-, О2-), i.e. of over-stoichiometric (active) oxygen on the catalyst surface, which play a key role in the oxidation process. The active oxygen (О*) is obtained as a result of the nascent oxygen chemosorption, generated from the NaOCl decomposition with the participation of Ni2+- ions on the surface area of the oxide system during the synthesis process. 
The chemical analyses showed that the ZrО2, NiOx/ZrO2 – 300 OС, and NiOx/ZrO2 – 600 OС do not contain active oxygen, which was confirmed also by the IR spectra of the samples. The considerably lower content (30 wt %) of the catalytically-active NiOx component in NiOx/ZrO2 – fresh with respect to the bulk active phase is responsible for the reduced content of О* in the freshly supported catalyst (2.6 %), which was further reduced as a result of its thermal treatment at 300 and 600 OС.

The content of О* in the studied samples provides the possibility of their use as catalysts for complete oxidation of organic compounds under mild conditions (temperature close to room temperature and atmospheric pressure). This fact makes possible their direct use for solving ecological problems associated with wastewater treatment for organic contaminants removal. 

3.4. FTIR spectroscopy

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

A peculiar characteristic 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 М – О bond vibrations in the corresponding hydroxides – 460 cm-1) is due to the stretching vibrations of the М – О bond of sample surface and considers the presence of active oxygen therein. This band is absent in the IR spectrum of the ZrO2 carrier, confirming the absence of active oxygen in the sample (fig. 7).
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Fig. 6. IR spectrum of NiOx/ZrO2 – fresh.

The intensity of the abovementioned band in the IR spectrum 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 analysis of the samples.  
It is known that oxygen atoms can be bound in two ways in the structure of the transition metal oxides, containing cations in higher oxidation sate: through covalent bonds with two adjacent metal atoms (М-О-М) or double σ-π bonds only with one metal atom (М = О). The nature of oxygen bonding in the oxides is IR-spectral distinguishable. The М = О bond which is stronger than the М-О bond is registered in the range between 900 and 1100 cm-1. In the presented spectra a band in this interval was not observed. It is experimentally found that oxide catalysts containing the М = О bond in their structure oxidize selectively organic substances whereas those with М – О bond exhibit high catalytic activity in the reactions of complete oxidation.27 Comparison of the data from the IR spectral characterization of the studied catalyst systems with literature data concerning the pattern of oxygen bonding with metal ions and the appearance of spectral absorption bands give us a reason to assume a high activity of the synthesized samples in reactions of complete oxidation.
In the IR spectra of ZrO2, NiOx, NiOx/ZrO2 – fresh catalysts was recorded also a broad absorption band at 3436 cm-1, which is due to the vibrations of the ОН – groups, bound by hydrogen bonds and/or water. Additional data for the presence of water are provided also by the band at 1627 cm-1, assigned to the bending vibrations of water molecules. It is also known that the formation of hydrophilic residues depends on the mode (range) of the precipitation proceeding. The incorporation of ОН – groups in the composition of the oxide systems (as a result of the applied inverse order of precipitation) is appropriate, since they are invloved in the oxidation mechanism of the studied reaction. Moreover, the reverse order of precipitation does not provide conditions for the proceeding of secondary topochemical reactions between the formed precipitate and the solution leading to the formation of basic salts. 
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Fig. 7. IR spectrum of pure ZrO2

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 carrier ZrО2, varying about  1-3 m2 g-1,28 and percent  ratio of NiOx:ZrO2 = 30:70.  In the literature exist several papers dealing with the specific surface area of ZrO2 ranging in broad limits which is due to the different methods of oxide preparation.29, 30 However, no data could be found for the calcined samples since they have not been used in oxidation reactions. 
3.6. Low temperature oxidation of phenol in aqueous solutions involving bulk NiOx and supported NiOx/ZrO2 catalysts
In the preliminary control tests was found that in the absence of NiOx/ZrO2 – fresh catalyst in the system, the chemical oxidation of phenol by air does not take place. A slight reduction in the phenol concentration was registered also at the heterogeneous oxidation in the presence only of the pure carrier which indicates that ZrO2 is catalytically inactive with respect to substrate oxidation degradation. However, under the same conditions a very high rate of phenol oxidation over   NiOx/ZrO2 – fresh was observed.
In Figures 8 and 9 are illustrated the UV spectra and their second derivatives of phenol solutions monitored during its heterogeneous-catalytic oxidation over supported NiOx/ZrO2 – fresh (b) under certain conditions. 
It is seen from the figures that the synthesized sample NiOx/ZrO2-fresh demonstrates high catalytic activity at ambient conditions, and at a catalyst concentration of 5 g dm-3 80% of phenol are oxidized for 10 minutes and practically complete degradation is achieved for 20 minutes. The latter is confirmed by the second derivative spectrum of the solution recorded after oxidation for 20 minutes that clearly indicates the absence of intermediates in the reaction mixture. 
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Fig. 8. UV spectral changes of phenol during heterogeneous oxidation over NiOx/ZrO2 – fresh   (Ccat = 5 g dm-3; CPhOH = 50 mg dm-3; t = 25OC; рН = 6.0)
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Fig. 9. Second derivative spectra of phenol solution before (A) and after oxidation for 20 minutes (B) over NiOx/ZrO2 – fresh
Further details on the high selectivity of the catalytic system with respect to phenol complete oxidation were obtaind also 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 of the reaction mixture recorded at definite times of the oxidation process are illustrated in fig. 10.
The results of HPLC analysis confirmed the UV-spectroscopic observation of the complete oxidation of phenol over NiOx/ZrO2 – fresh for 20 minites, but in the reaction mixture small amount of an intermediate compound was recorded which is further almost completely oxidized and after 20 minutes it is present only in trace amounts. The latter was identified as hydroquinone by comparing the retention time of the corresponding peak in the chromatogram of the reaction mixture with that of the reference, containing a standard solution of phenol and major products of its partial oxidation. Hydroquinone was not detected in the UV- spectra (λmax = 290 nm) due to its low concentration, which is below the detectable limit of this analytical method. 
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Fig. 10. High-perfomance liquid chromatograms of phenol solution during catalytic degradation over NiOx/ZrO2 – fresh. Degradation time (min):10, 15, and 20.
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Fig. 11. UV – spectrum profiles of phenol solution during oxidation with NiOx.
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Fig. 12. Second derivative spectrum in 60 min of phenol oxidation with active phase NiOx            (m = 0.156 g, pH = 6.0, T = 25 OC)
In order to assess the impact of the carrier ZrO2 on the catalytic behavior of the supported catalyst, oxidation of phenol was performed only over NiOx under the same conditions, but with an amount equivalent to the content of the active phase in NiOx/ZrO2 – fresh (30 wt.%). The recorded UV spectra of the samples at a fixed moment of the reaction proceeding and their second derivatives are demonstrated in Figures 11 and 12, respectively. It is clear that along with the slower kinetics of the process compared with the oxidation over NiOx/ZrO2 – fresh, the electronic absorption spectra have different profiles. During the oxidation process, in parallel with the decrease in the band intensity at 268 nm, new absorption bands with maxima at 244, 275 and 400 nm emerge, which is indicative of intermediates formation. The latter are subsequently oxidized slow and complete oxidation of phenol 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. According to literature data, the band at λmax = 244 nm is characteristic of p-benzoquinone, and that at λmax = 275 nm may be due to the presence of catechol and/or hydroxyhydroquinone in the reaction mixture which makes difficult their identification only by UV spectral analysis. It is noteworthy that in the oxidation over the active phase at the beginning of the process another intermediate compound is also formed at λmax = 400 nm, that according to some authors could be attributed to the formation of dimers.31 
The influence of major operating conditions like pH, amount of catalyst, temperature, on the catalytic behavior and efficiency of NiOx/ZrO2 – fresh for the oxidative destruction of phenol in aqueous solutions was investigated. In Fig. 13 are illustrated the UV- spectra of samples of the reaction mixture taken in the course of the oxidation process carried out at pH = 12.0 as well as the spectrum of the initial phenol solution without pH adjustment (6.0).
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Fig. 13.  UV-spectrum of oxidation of phenol at рН = 6.0 and рН = 12.0 and after 30 and 90 min of the oxidation process at  рН = 12.0

(m = 5 g dm-3, T = 35 OC)

The presented spectra evidence that the phenol oxidation do not take place in alkaline medium. Furthermore the comparison of the UV-spectra at pH 6.9 and pH 12.0 reveals a batochromic shift of the absorption maximum of phenol in alkalime medium, which is due to the formation of phenolate anion characterized by λmax = 286 nm. Similar results regarding the effect of pH were obtained in studying the liquid phase oxidation of phenol involving the active phase NiOx,21 assuming a similar mechanism of the catalytic process on the bulk and supported on ZrO2 catalyst. According to this mechanism, the oxidation reaction is initiated by dissociative adsorption of phenol over the catalyst surface through the H detachment (cleavage) from the phenol hydroxyl group. The latter forms with the active oxygen of the catalyst highly-reactive surface •ОН radicals which attack the phenol molecule and causes its destruction. After depletion of O* in the active phase, the reduced catalyst is further oxidized by the oxygen in the constinously bubbling air in the reaction mixture. These results give us reason to assume the proceeding of the reaction by the Mars van-Krevelen oxidation-reduction mechanism. Since at pH = 12.0 phenol is in the form of phenolate anion in the solution, this makes impossible the generation of •ОН radicals and, respectively, the oxidation of the substrate.
The effect of catalyst amount and temperatures on the kinetics of the catalytic process is evaluated by the rate constant of the reaction and the degree of phenol degradation. In Fig. 14 are presented the kinetic curves obtained in the catalytic oxidation of phenol at 25OС with three different concentrations of NiOx/ZrO2 – fresh, which are correlated with the data from the chemical oxidation with air and the heterogeneous- catalytic oxidation with the carrier.
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Fig. 14. Kinetic curves of the PhOH oxidation at T = 25OC with NiOx/ZrO2

The linear character of the dependencies lnCo/C = f (t) (fig. 15) indicates that the oxidative destruction of phenol over NiOx/ZrO2 – fresh obeys the kinetic relationships of a first-order reaction with respect to the substrate. 
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Fig. 15. Linear dependence lnCo/C = f (t)

The continuous bubbling of air in the system in the course of the oxidation reaction helps to maintain a stationary concentration of dissolved oxygen (8.6 mg/l), thus the order of the reaction with respect to oxygen is zero. The rate constants of the oxidation process were determined and their values are presented in Table 2. 
Table 2 Effect of temperature and catalyst concentration on the reaction rate constant of phenol oxidation 
	Temperature, OC
	First-order rate constants, k (min-1)

	
	Сcat=2 g dm-3
	Сcat=3 g dm-3
	Сcat=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


The data for the efficiency of heterogeneous oxidation of phenol over NiOx/ZrO2 – fresh, expressed by the degree of phenol conversion, depending on the reaction temperature and catalyst concentration are illustrated in Fig. 16.

The results show that at 35OС and catalyst concentration of 5 g dm-3 complete oxidation of phenol is achieved for 5 minutes, without registering intermediate partially oxidized products. 
The degree of phenol mineralization in the course of its catalytic oxidation over NiOx/ZrO2 – fresh was also assessed by the parameter COD. It was found that under the experimental conditions used 80.4 % COD removal was achieved for 20 minutes, which can be attributed both to trace amounts of non-oxidized hydroquinone in this reaction period and to traces of low-molecular carboxylic acids. 
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Fig. 16. Dependence of the degree of phenol conversion α on temperature and catalyst concentration after 5 min of oxidation

 4. Conclusions
As a result of the proposed non-conventional synthesis, assisted by UV-stimulation we obtained nano-sized, highly dispersed nickel-oxide catalyst systems, characterized by a high content of active oxygen, highest degree of oxidation of metal ions in octahedral coordination, that are main characteristics of low-temperature catalyst for complete oxidation. The use of ZrO2 carrier increases the thermal stability of the obtained catalyst which expands 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 activity and selectivity of the supported catalyst in the reaction of low temperature complete oxidation of phenol by air in liquid phase. It was found that at all investigated reaction conditions, except at рН = 12, practically complete oxidation of phenol is achieved in the presence both of the bulk and the supported catalysts. The results show that increasing the amount of catalyst and the reaction temperature affects strongly the efficiency of the oxidation process. Thus, at 35 OС and catalyst concentration of 5 g dm-3, complete degradation of phenol is observed for 5 minutes, without formation of intermediate partially oxidized products.
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