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Abstract

:

The mesoporous zirconia/alumina composites were synthesized via a sol–gel method, followed by heat treatment at 500 °C for 5 h. The effect of the ZrO2/Al2O3 ratio on the structural and textural properties of the obtained composites was explored. Sorption analysis has confirmed that all samples have a mesoporous structure whose parameters (SBET, Vp and Dmax) strongly depend on the ZrO2/Al2O3 ratio. The XRD pattern of composites has shown that the addition of zirconia disrupts the crystallinity of alumina. The composites with higher zirconia content (50% ZrO2 and 67% ZrO2) are characterized by peaks related only to the zirconia phase. UV/Vis diffuse reflection spectra of all samples revealed that composites have more intensive absorption compared to pure oxides for wavelengths larger than 250 nm and similar band gaps. Photoluminescence measurements showed presence of defects in all samples, which are responsible for photocatalytic activity. All samples showed significant adsorption/photocatalytic efficacy for the removal/degradation of 2,4,6 -trichlorophenol (TCP). Results obtained using HPLC and TOC techniques showed that between 70 and 80% of the initial TCP concentration was removed/degraded after 4 h of illumination. These results were corelated with flat, conduction and valence band potentials of synthesized pure and binary oxides, calculated using Mott–Schottky plots.
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1. Introduction


In order to overcome the present strong dependence on fossil fuels, the whole planet is turning to an ever-present, clean and abundant source: the Sun, which irradiates the Earth’s surface with approximately 100,000 TW on an annual basis [1]. Bearing in mind that current projections of the global annual energy consumption will reach 20 TW in 2030, about three orders of magnitude less than Earth’s gain from the Sun [2], it would be of great interest for industry and everyday life to make the exploitation of Solar energy as commercial as possible. Among various ways for Solar energy application, an environmental photocatalysis has special significance. This process covers air purification [3] and water decontamination [4]. The main part of the photocatalytic system is the semiconductor able to produce charge separation after absorption of light [5]. The photogenerated charges: an electron in the conduction band and a hole formed in the valence band, which are reactive species that can lead to reduction and oxidation reactions, respectively. To achieve high performance in the photocatalytic system, it is necessary to use semiconductor with strictly defined electronic properties. The ideal candidate should be inexpensive, environmentally harmless, chemically inert with the broad spectral response and appropriate valence and conduction band potentials for useful oxidation and reduction reactions—in short, it is impossible to find everything in one material [5]. The most studied photocatalysts are from the group of transition metal oxides (TiO2, ZnO, ZrO2, etc.), although their spectral response (wide band gaps with energy in UV spectral range) must be corrected/lowered using different approaches. For example, in our previous publications we used the following methods: doping with metal [6,7,8] or nonmetal ions [9,10]; surface modification with coordinating ligands [11]; constructing nanocomposites with other semiconductors [12] or polymers [13].



Zirconia is ceramic material mostly used as catalyst/catalyst support [14], an adsorbent [15], an oxygen sensor [16] or solid oxide fuels [17], among others. Zirconia can be considered also as an n-type, direct band, semiconductor with wide band gap energy. When it is between 3.25–5.10 eV [18] it has been considered a photocatalyst, with suitable conduction and valence band potentials of −1.0 V and +4.0 V, respectively, vs. NHE at pH 0 [18]. It can be found in the literature that the photocatalytic efficacy of zirconia depends on its crystalline structure [18,19], and it can be used for photodegradation of phenolic compounds [7,8,12]. Alumina, on the other hand, a ceramic insulator transparent in the visible, UVA and UVB spectral ranges (band gap > 8 eV [20]), can help in increasing the adsorption of the pollutant molecules onto the surface of the composite and in decreasing the charge recombination. It is easily available, non-toxic and harmless for people and the environment. Additionally, it is proposed that in the wide band gap of alumina various defect states, acceptor and donor states can be formed due to synthesis conditions [20] and hydroxylation. Due to this statement, the photocatalytic properties of alumina are the subject of recent papers [21,22,23,24]. Especially interesting can be the synergistic effect of a combination of different semiconductors with alumina [21].



The subject of this study was the synthesis and characterization of pure ZrO2 and Al2O3 and their binary oxide nanocomposites, as novel photocatalysts for degradation of pollutants. All samples were characterized by XRD techniques, UV/Vis diffuse reflection and PL spectroscopy and SEM measurements. In addition, flat band potentials of synthesized pure and binary oxides, had been calculated using Mott–Schottky plots. These results together with obtained textural properties, were used to determine the correlation between the composition of the samples and their properties. Special attention was devoted to the photocatalytic efficacy of the nanocomposite ceramics in the photodegradation reaction of 2,4,6-trichlorophenol (TCP) as a model compound. We hope these results will open broader usage of ceramic materials for environmental remediation, not just as adsorbers but also as photocatalysts




2. Materials and Methods


The following commercial reagents were used: aluminum isopropoxide (Sigma Aldrich, Darmstat, Germany, 98%), zirconyl nitrate hydrate (SigmaAldrich, p.a.), 2,4,6-Trichlorophenol (TCP, Alpha Aesar, Karlsruhe, Germany, 98%) and Methanol (Panreac, Barselona, Spain, 99.9%). All chemicals were used as received. In all experiments, deionized water from the Mili Q system was used.



Boehmite sol was prepared by the hydrolysis of aluminum isopropoxide according to the procedure given by Yoldas [25]. Briefly, in order to obtain Al/Zr-composite samples (atomic ratios 1/0.5, 1/1 and 1/2), appropriate concentrations of zirconium nitrate solution were mixed with freshly prepared boehmite sol; after that mixtures were gelled at 40 °C and thermally treated at 500 °C for 5 h. Samples were denoted as: ZrO2, Al2O3, 2Al:1Zr, 1Al:1Zr and 1Al:2Zr.



The nitrogen sorption was performed at −196 °C and a relative pressure interval between 0.05 and 0.98 in an automatic sorption apparatus (Sorptomatic 1990 Thermo, Finningen, Italy). The specific surface areas SBET and C were calculated by the BET method [26] from nitrogen adsorption–desorption isotherms, using data up to p/po = 0.3, and the pore size distribution has been computed from the desorption branch of the isotherms [27]. The X-ray powder diffraction measurements were performed on a PHILIPS 1050 X-ray diffractometer (Eindhoven, The Netherlands) using Ni-filtered Cu Kα radiation. The patterns were taken in the 10–70° 2θ range with a step length of 0.05° and exposure time of 5 s per step.



UV/Vis Diffuse reflectance spectra (DRS) of the obtained powders were obtained using a Shimadzu UV-2600 spectrophotometer (S. Corp. Tokyo, Japan) equipped with an integrated sphere (ISR-2600 plus for UV-2600). Default Kubelka–Munk transformation was used for the automatic calculation of absorption spectra from reflectance. Photoluminescence measurements were performed using a PerkinElmer LS 45 fluorescence spectrometer (Waltham, MA, USA).



The morphology and microstructure of the samples were observed by scanning electron microscope JEOL, JSM-6390 LV (USA) coupled with energy-dispersive X-ray spectroscopic mapping (EDS, Oxford Instruments X-MaxN, Abingdon, UK). The samples were covered with a Au film to improve the conductivity during recording.



The photocatalytic degradation procedure was carried out as follows: at atmospheric pressure and room temperature 20 mg of catalyst was added to 40 mL of TCP aqueous solution (5 × 10−4 mol/L). Before illumination, the mixture was stirred in the dark for one hour in order to achieve the adsorption–desorption equilibrium. The reaction suspension was constantly bubbled with O2 and magnetically stirred during irradiation. The bubbling with O was necessary for formation of O2- radical anion which is the main radical species for the degradation of TCP [7]. Suspensions were placed into a vessel which was exposed to white light from an Osram Vitalux lamp (Augsburg, Germany, 300 W, Sun light simulation, white light: UVB radiated power from 280–315 nm 3.0 W; UVA radiated power 315–400 nm 13.6 W; the rest is visible light and IR). Optical power was measured using an R-752 Universal Radiometer (New York, NY, USA) read out with sensor model PH-30, DIGIRAD (New York, NY, USA) and it was ~30 mW cm−2 at a distance of 30 cm from experimental solutions (used in this study) [7,12]. The aliquots (1 mL) were taken from the suspension at regular time intervals and centrifuged.



For kinetic studies of TCP photodegradation, liquid chromatography with diode array detection (HPLC) was used, aliquots (1 mL) of the reaction mixture were taken at the beginning of the experiment (C0) and at regular time intervals (Ct). Aliquots extracted from TCP/catalyst suspensions were diluted with 1ml of methanol and filtered through an Agilent Technologies Econofilter 25/0.2 μm PTFE (syringe filter, Bremen, Germany). The absence of the TCP adsorption on the filter was preliminarily checked [7,12].



After that, a 10–30 μL sample was injected and analyzed on an UltiMate 3000 HPLC System (Thermo Scientific, Waltham, MA USA), equipped with a UV/Vis DAD set at the characteristic wavelength of the absorption maximum of TCP (224 nm, 292 nm and whole spectrum) and a Hypersil GOLD (Thermo Scientific, Waltham, MA, USA, 250 mm × 4.6 mm i.d., particle size 5 μm, 21 °C) column. The mobile phase (flow rate 1 mL/min) was a mixture of methanol and water (7:3) [7,12]. In repeated runs, the results agreed within 5–10%. Kinetic curves were drowned as Ct/C0 = F(t).



Total Organic Carbon (TOC) was measured using TOC-LCSH/CSN Shimadzu (S. Corp. Tokyo, Japan). Samples prepared for the photocatalytic degradation of TCP, before the analysis of samples (after 4 h of illumination), were filtrated so results should be treated as so-called Total dissolved Organic Carbon.



Mott–Schottky plots were recorded by an Autolab electrochemical workstation (Autolab PGSTAT302N, Metrohm-Autolab BV, Eindhoven, The Netherlands). The three-electrode cell used for the electrochemical experiment consisted of a Ag/AgCl in 3 M KCl (E0Ag/AgCl = 0.210 V vs. SHE) as reference electrode, a platinum rod as the counter electrode and a glassy carbon electrode (GCE) coated with the investigated sample as the working electrode. The coating of GCE was performed in the following manner: 10 mg of sample was homogeneously dispersed in 0.95 mL of ethanol and 0.05 mL of 5 wt.% Nafion using an ultrasonic bath. A total of 10 μL of suspension was placed on the surface of the GCE (0.071 cm2). A uniformly distributed sample was obtained at the surface of GCE after solvent evaporation. Mott–Schottky measurements were performed at the frequency of 100 Hz, with the voltage applied at successive steps of 50 mV from 1 V to −1 V. The measurements were performed in 0.1 M Na2SO4 (pH = 5.6).




3. Results and Discussion


3.1. Structural and Morphological Properties of Oxide Samples


XRD patterns of pure and binary oxides are presented in Figure 1. XRD of the pure alumina sample is characterized by diffractions characteristic for cubic γ-alumina (γ-Al2.144O3.2, PDF No. 79-1558), which has spinel-type lattice that contains cation vacancies. Broad diffraction peaks indicate the nanocrystalline nature of alumina and the possible presence of amorphous material. Pure ZrO2 crystalizes in an initial, metastable tetragonal crystal phase (JCPDS 81-1544) usually formed at temperatures higher than 330 °C (formation of m-tetragonal nuclei), and in monoclinic (JCPDS 65-1025) crystalline structure, the latter being expected in the presented experimental conditions. X-ray diffractions of the composite with the lowest amount of zirconia (2Al:1Zr) indicated that crystallization of alumina is suppressed even for that Al/Zr ratio, although still no presence of crystalline zirconia can be seen, so the sample should be considered as amorphous. XRD patterns of the other two composites are dominated by peaks related to initial, metastable tetragonal zirconia, which can be expected due to the presence of trivalent (Al) cations in the matrix, which improve the stability of the tetragonal phase and induce the formation of oxygen vacancies [28]. In addition, according to literature data [29] the presence of Al2O3 can shift the temperature of m-tetragonal phase crystallization to higher temperatures compared to pure ZrO2, from 400 °C (pure ZrO2) to 750 °C (10% Al2O3). The temperature of formation of the monoclinic crystalline phase is consequently increased with an increase of alumina content: pure ZrO2 calcined at 450 °C had both crystalline phases, and samples containing 10% of Al2O3 do not contain the monoclinic phase up to 750 °C [29]. We observed similar behavior: after the annealing of samples at 500 °C in pure ZrO2, both phases were detectable but in composite samples the m-tetragonal phase was a dominant phase of zirconia, with traces of low-intensity peaks of the monoclinic phase (Figure 1). Similar results were obtained when zirconia was doped with Si4+ ions in Carevic et al. [7]. The addition of silica ions induced reduction of particle sizes of zirconia and a delay of crystallization in stable monoclinic form to temperatures higher than 600 °C.



Thus, the crystallinity of nanocomposites decreases with increasing alumina content when annealing was performed at 500 °C, but higher temperatures would severely diminish the specific surface area of the samples. For example: the specific surface area of pure ZrO2 annealed at 450 °C is three times higher than that annealed at 600 °C. Similar results were obtained for ZrO2 with 10% of Al2O3 [29]. In Table 1, together with the textural properties of oxide samples, diameters of crystalline domains calculated using the Scherrer equation, from the FWHM (full width at half maximum of the most prominent peak in the spectra, at 2θ = 30.2 deg) in XRD spectra, are given. Data are in good agreement with the pore sizes of the samples, except for 2Al:1Zr, which has no prominent peaks for calculation. Pure ZrO2 has similar crystallite diameters for both crystalline phases (tetragonal and monoclinic), about 11 nm.



In Figure 2, the SEM microphotographs of pure oxides (a and b) and two composites (c and d) are shown. In (c) and (d) insets of Figure 2, chemical mapping is given for composite samples. The elemental analysis results are presented in Tables S1–S4 in Supplementary Materials.



A scanning electron microscope-energy dispersive spectrometer (SEM-EDS) was used to investigate the morphology and element distribution of alumina/zirconia composites and pure oxide samples. The well-developed porous structures cannot be seen in typical images in Figure 2, all samples consisted of agglomerates and particles of random sharp angled shapes and sizes. Pure alumina has larger agglomerates/particles (Figure 2a), from about 15 µm to submicron sizes, compared to pure zirconia (Figure 2b), which has particles from about 10 µm to submicron sizes. The fraction of smaller particles is larger for zirconia synthesized in the proposed way than for alumina. Additionally, the zirconia sample showed the presence of elongated structures, with a rodlike aspect ratio. When composite Al2O3/ZrO2 samples are in question, a sample with more alumina (Figure 2c) resembles pure alumina, with large agglomerates of about 10–20 µm and a smaller fraction of particles (submicron) distributed on their surfaces without any order. A composite sample with more zirconia (Figure 2d) also has particles of different shapes and sizes. A fraction of smaller particles, with sizes ≤ 1 µm, is distributed on the surface of larger particles (≤15 µm). Elemental mapping presented in Figure 2c,d, as insets, showed the distribution of Al, Zr and O on the surface of composite samples. Elements are distributed in well-balanced manner; it can be concluded that we have contact between Al and Zr oxides mixed at the molecular level. In addition, it could be seen from the SEM images that the samples had an uneven bulky surface, which might lead to locally uneven distribution, especially when a composite sample with more alumina is considered. The surface composition of measured samples, EDS, is given in Tables S1–S4 in Supplementary Materials.




3.2. Textural Properties of Pure and Composite Samples


The isotherms of all samples can be classified as IUPAC type IVa with an H2 hysteresis loop [30], characteristic of mesoporous materials (Figure S1 in SM). Similar results were obtained when titania/zirconia composites were studied in [12], as well as when zirconia was doped with Fe3+ ions [8]. Pure γ-alumina has large SBET and pore volume, and a narrow pore size distribution with a mean pore diameter of 4.9 nm (Figure S2 in Supplementary Materials). The increasing amount of zirconia in nanocomposites induced the reduction of SBET, Vp micro and changes in pore size distribution, i.e., the occurrence of bimodal distribution with two predominating pore diameters (Table 1). Changes in pores structure of alumina/zirconia composites are dependent on the amount of present zirconia, where a small increase of both sizes of pores can be seen. Vp 0.98 are the largest for pure oxides, although alumina has two times higher value compared to zirconia. Values for composites are between 0.124–0.167 cm3g−1, increasing with the increase of zirconia share.




3.3. Optical Properties of Pure and Composite Oxide Samples


The characterization of the optical properties of the semiconductor nanomaterials, requires the use of diffuse reflectance UV/Visible spectroscopy (DRUVS). If the estimation of the optical band gap energy is a goal, then the Kubelka–Munk transformation should be applied on reflectance in order to get the absorption spectra (Figure 3a) and Tauc’s plots (Figure 3b). In the Tauc’s plots, the Kubelka–Munk function, F[R∞(λ)], is proportional to the absorption coefficient of the material (α) as it varies according to the expression (αhν)1/n, which is plotted against the energy of the photons (hν), where α is the absorption coefficient, h is Planck’s constant and ν is the frequency of light. After carefully fitting the best line to the previous plot, an extrapolation to zero shows the intercept corresponding to the optical band gap. The nature of the semiconductor dictates the exponent (n); the band gap of the semiconductor material can correspond to an allowed direct (n = 0.5), allowed indirect (n = 2), forbidden direct (n = 1.5) or forbidden indirect (n = 3) transition. It is assumed that alumina and zirconia, as well as their nanocomposites, have allowed direct transitions, n = 0.5.



As can be seen in the literature [22], the UV/Vis spectra of the γ-Al2O3 dried at 100 °C show three absorption edges (371.38 nm (3.3 eV), 298.46 nm (4.15 eV) and 239.71 nm (5.17 eV) nm), which are associated with different electronic transitions caused by the different environments of hydroxylation present in the material, mainly amorphous oxide. However, when the alumina is annealed at 500 °C, a shift to the visible region of the spectrum can be observed, due to color defects in the oxide structure. Dehydration of the material, which favors the electronic transitions from the 2p orbitals of oxygen to the 3p orbitals of aluminum by a drop from octa- to tetra- and penta-coordinated structure, causes absorption edge shifts. In the samples annealed at temperatures higher than 500–600 °C, an unfavorable shift of the absorption edges to a higher energy value was observed, at about 359 nm (3.45 eV), originating from the spatial arrangement of the Al and O atoms when the crystalline phase of the material was formed [22]. In Figure 3, the absorption spectra (a, Kubelka–Munk transformation from reflection spectra) and Tauc’s plots (b, for estimation of band gaps, values listed in Table 2) of all samples can be seen. The absorption threshold of γ-alumina is about the formerly suggested value, between 350–400 nm, band gap energy and defect transitions, estimated from the Tauc’s plot, are 5.10, 4.80 and 3.90 eV.



The UV/Vis absorption spectrum of ZrO2 powder is also presented in Figure 3. Zirconia is an active and typical photon absorber and photocatalyst among wide band gap metal oxides, although band gap excitation is in the UVC part of the spectra. It is a direct band gap material with two direct band-to-band transitions at 5.20 and 5.79 eV [31], but the wide variety of data for band gap energies can also be found in the literature from 3.25 to 5.10 eV [18,19,31]. Literature data proposed [31] different band gaps for the different crystalline phases of ZrO2: the monoclinic phase transitions at 5.17–5.20 eV (240 nm) and tetragonal ZrO2 transitions at 4.00 eV (310 nm). The valence band of ZrO2 is mainly composed of the occupied 2p energy state of the O atom and the conduction band is constituted of the unoccupied 4d energy states of the Zr atom [31]. The UV/Vis spectrum of the pure ZrO2 sample shows a sharp absorption raise toward wavelengths shorter than 250 nm, with the estimated value of the band gap energy (Table 2) of 4.9 eV, indicating the monoclinic phase. That absorption band corresponds to the valence band to conduction band (VB → CB) transition. The broad absorption tailing that can be observed for zirconia and binary oxides at the photon energies smaller than the band gap of zirconia or alumina, most probably originates from the defect centers. These are usually oxygen vacancies at 3.0 eV (410 nm) and 4.5 eV (275 nm), and hole color centers of the V-type with a maximum at 3.25 eV (380 nm) of oxide materials [22]. As can be seen in Figure 3b and Table 2, composite powders have band gap energies slightly lower than pure ZrO2 (maybe due to the tetragonal crystalline phase of ZrO2): 3.8 eV (2Al:1Zr), 4.1 eV (1Al:1Zr) and 4.5 eV (1Al:2Zr).



To further examine the presence of defects in synthesized pure and composite oxides, the photoluminescence spectroscopy was employed. This technique is an extremely useful tool for obtaining information about the electronic, optical and photoelectric properties of the materials. PL spectra depend strongly on the particle size, defects and impurities present in the materials. The PL spectra of the samples are shown in Figure 4. The excitation wavelength was chosen to be 240 nm /5.1 eV in order to exceed all estimated band gaps (Table 2).



All samples gave similar PL spectra, characterized by broad, overlapped bands with weak peaks/shoulders at about 325 nm, 363 nm, 395 nm, 425 nm and 445 nm. Pure oxides also resembled each other. It should be borne in mind that alumina was mostly amorphous with a dominant influence of defects and decreased optical band gap energy of 3.9 eV, compared to a bulk value of 9 eV [32]. All observed shoulders in the spectra of pure alumina can be assigned to defects/color centers in the band gap of alumina: 395 nm to Fs and Fs+ (Fs is surface perturbed neutral oxygen vacancy) and shoulders above 400 nm (420–450 nm) to F emission centers. In the case of pure zirconia, the broad nature of spectral features also strongly indicated that fluorescence involves defect/intraband/extrinsic states. Excitation energy exceeds the band gap energy of ZrO2 nanoparticles, and photogenerated electrons can be trapped by oxygen vacancies (VO) and create neutral or charged F centers [31]. Recombination of valence band holes and F centers gives rise to broad band emission between 320–450 nm. Mixed oxides have the shapes of PL spectra similar to pure oxides, with lower intensities. This shape can propose the same recombination mechanisms as in the pure oxides (defects) [32], where lower intensities can indicate the decrease of recombination of photogenerated charges. These can be induced by newly formed defects at the interface between alumina and zirconia, which can trap electrons [33].




3.4. Determination of Flat Band Potentials of Oxide Samples (Mott–Schottky Plots)


The Mott–Schottky measurements were performed in order to determine flat band potentials and the recorded plots are presented in Figure 5.



The Mott–Schottky relationship, Equation (1), is given as [34]:


   1   C 2    =  2  ε  ε 0  e N     E −  E  f b   −   k T  e     



(1)




where C is the interfacial capacitance, ε is the relative electric permittivity of a sample, ε0 is the electric permittivity of vacuum, e is the elementary charge, N is the charge carrier density, E is the applied potential, Efb is the flat band potential, k is the Boltzmann constant and T is the absolute temperature.
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Table 2. Flat band potentials of investigated samples determined from Mott–Schottky plots and band gap energies estimated from Tauc’s plots (Figure 3b).






Table 2. Flat band potentials of investigated samples determined from Mott–Schottky plots and band gap energies estimated from Tauc’s plots (Figure 3b).





	Sample
	Efb (V) vs. SHE 1
	ECB(V)
	EVB(V)
	Band Gap Energy (eV)





	Al2O3
	−1.04
	−1.14
	2.76
	3.9



	2Al2O3–1ZrO2
	−0.91
	−1.05
	2.75
	3.8



	1Al2O3–1ZrO2
	−0.88
	−1.00
	3.10
	4.1



	1Al2O3–2ZrO2
	−0.78
	−0.92
	3.58
	4.5



	ZrO2
	−0.74
	−0.94
	3.96
	4.9







1 SHE—standard hydrogen electrode.













The Mott–Schottky plot gave a straight line for the C−2 vs. E plot with interception with a potential axis at Efb. The positive slope of the plots indicated that all investigated samples were n-type semiconductors. The obtained values of flat band potential are given with respect to SHE, and are listed in Table 2.



The value of flat band potential shifted toward more positive values with the increase of ZrO2 content in the composites, with the lowest/the most positive value obtained for pure ZrO2. The values of flat band potential reported for ZrO2 in the literature varied greatly (−0.485V (NHE) −0.69 V vs. Ag/AgCl/3 M KCl [33] or −1.25 V vs. Ag/AgCl [35]), depending on the synthesis procedure and the final product properties. It is considered that the conductive band (ECB) for n-type semiconductors is located at values from 0.1 V to 0.2 V more negative than Efb [36,37]. The valence band (EVB) potential could be obtained by adding the value of the band gap obtained from the Tauc’s plot. All calculated potentials are given in Table 2.




3.5. Evaluation of Photocatalytical Efficacies of Pure and Composite Oxides


In the majority of studies regarding binary oxides used as photocatalysts, they are combined in order to increase the number of available active sites on the binary oxide surface compared to pure oxides, for the adsorption of pollutant molecules [33]. Phenol and its derivatives are common environmental pollutants [38], so trichlorophenol was selected for a study of the photocatalytic efficiencies of the synthesized samples as one of the most toxic compounds. Kinetic curves of photocatalytic degradation of 2, 4, 6-trichlorophenol (TCP) in the first 4 h of illumination are presented in Figure 6a.



Adsorption of TCP on pure and composite samples was also followed in the same time window (0–4 h), presented in Figure S3 in Supplementary Material, and showed a max of about 20% for pure oxides and less than 10% for composite oxides. After 1 h of adsorption–desorption equilibration in the dark, as noted in the experimental part, before illumination, about 10% of TCP was removed when ZrO2 was used, 15% when Al2O3 was used (Table 1: the largest specific surface area of 280 m2g−1 and pore volume 0.54 cm3g−1, combined) and composites adsorbed less than 10%.



Bearing in mind values of band gap energies of both oxides, it can be safely presumed that whole photocatalytic activity induced by simulated solar light originates from defects/oxygen vacancies/color centers, discussed in the former part of the manuscript (Section 3.2). This is a common situation in the case of wide band oxide photocatalysts [7,8,12]. As can be seen in Figure 6a, TCP can be effectively removed from the aqueous solution, due to adsorption/photocatalytic degradation using all synthesized samples. After 4 h of illumination, between 70% (ZrO2) and 80% (all other samples) of TCP was removed from the solutions. These results are similar with results from our previous publications as presented in Table S5 [7,8,12]. Considering flat band potentials obtained from Mott–Schottky plots, all oxide samples (pure and composites) were able to generate all important radical species capable to degrade TCP:    O  2   a d s    /   O 2  • −     (−0.33 V, NHE),   O  H  a d s  −   /  O  H •    (+1.9 V, NHE) and    H 2  O  ads/  O  H •    (+2.32 V, NHE) [5]. It should be stressed that pure oxides had greater adsorptions, so photodegradation is most probably lower compared to composites. If we consider composites only, the best adsorber/photocatalyst was (2Al:1Zr) > (1Al:2Zr) ≥ (1Al:1Zr).



The effective band gap energy of the 2Al:1Zr composite is the smallest compared to other composites; others have Eg > 4 eV, so that can be considered as the reason for better efficacy. All observed band gap energies are the measure of energy levels of defects in the oxide samples, which are present in high concentrations due to the method of synthesis and the close contact of the precursors. However, it should be borne in mind that oxide surfaces are capable of complexation with phenol-like molecules [39,40], making the absorption of light more intensive in the sub-band gap energy part of the spectra.



In Figure 6b, measurements of Total Organic Carbon present in the solutions after 4 h of irradiation are presented. This method keeps count of all present organic molecules, TCP and intermediates in the samples. Similar results were obtained: pure alumina showed the highest percent of removed organic compounds, almost 80%, most probably due to adsorption on the surface of the alumina powder, the zirconia result is also better than composites at about 68%. All others showed removal results between 60 and 70% of the initial value of TCP in the solutions. A slightly lower efficacy compared to results obtained using HPLC was observed, which is expected bearing in mind that this method sees all intermediates; obviously, composite oxides induced the formation of more intermediates in the experimental solutions. If composite oxides should be ranked, then the best result is gained with (1Al:2Zr) > (2Al:1Zr) ≥ (1Al:1Zr).





4. Conclusions


Alumina/zirconia composites with different Al/Zr ratios were synthesized in order to obtain materials with improved properties compared to pure oxides. The method of choice resulted in alumina with characteristics of the cubic γ-phase, which was lost with the first addition of zirconia precursor. The composite oxide with two times more Al than Zr atoms was almost amorphous, growing content of Zr showed an initial metastable tetragonal zirconia phase. Pure zirconia crystallizes in a combination of tetragonal and monoclinic crystalline phases. The nitrogen sorption data confirmed the mesoporosity of the obtained composites and that the Al/Zr ratio strongly affected the texture, as well as the crystalline phase composition of the samples. SEM measurements showed the presence of agglomerates with random shapes and sizes, in the micrometer range, with submicron particles. Crystalline domains of the particles were calculated from XRD, for all oxide samples particles were smaller than 11 nm. UV/Vis reflection absorption measurements and Tauc’s plots gave an estimation of effective band gaps of all samples: pure alumina had Eg ~3.9 eV (defects) and zirconia 4.9 eV, composite oxides had 3.8, 4.1 and 4.5 eV, increasing with increased Zr content. Mott–Schottky plots were used for the determination of Efb: the most negative value was measured for alumina −1.04V (SHE) and the most positive for zirconia −0.74 V. Composite samples had the values: −0.91V, -0.88V and -0.78V, becoming more positive with increasing Zr content in the sample. All oxide samples succeeded in the removal of TCP from experimental solutions, partially due to adsorption, and partially due the photocatalytic process. The most efficient sample was pure alumina, mainly because its adsorption capacity. Pure zirconia also showed an excellent result, but removed only 70% of the initial TCP concentration after 4 h of illumination. Composite oxides had similar results as alumina. TOC measurements showed the presence of a greater concentration of intermediates when composite oxides were used as photocatalysts.
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Figure 1. XRD patterns of the pure γ-Al2O3, ZrO2 and alumina/zirconia composites with different Al/Zr ratios (2Al:1Zr, 1Al:1Zr and 1Al:2Zr), after annealing at 500 °C. XRD peaks were denoted by using γ-Al2.144O3.2, (PDF No. 79-1558), monoclinic ZrO2 (JCPDS 65-1025) and metastable tetragonal ZrO2 crystal phase (JCPDS 81-1544). 






Figure 1. XRD patterns of the pure γ-Al2O3, ZrO2 and alumina/zirconia composites with different Al/Zr ratios (2Al:1Zr, 1Al:1Zr and 1Al:2Zr), after annealing at 500 °C. XRD peaks were denoted by using γ-Al2.144O3.2, (PDF No. 79-1558), monoclinic ZrO2 (JCPDS 65-1025) and metastable tetragonal ZrO2 crystal phase (JCPDS 81-1544).



[image: Photochem 02 00058 g001]







[image: Photochem 02 00058 g002 550] 





Figure 2. SEM micrographs of pure oxides: (a) Al2O3 and (b) ZrO2; and two oxide composites: (c) 2Al:1Zr and (d) 1Al:2Zr; elemental mapping of (c,d) are presented as insets, pink-Al, green-Zr and yellow-O. 
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Figure 3. (a) Absorption spectra (obtained using Kubelka–Munk transformation of DRS) and (b) Tauc’s plots of pure alumina and zirconia and of binary oxide composites, in order to estimate band gap energies of photocatalysts. 
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Figure 4. PL spectra of pure and composite oxide samples. 
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Figure 5. The Mott–Schottky plots of the investigated sample measured at 100 Hz in 0.1 M Na2SO4 solution (pH = 5.6). 
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Figure 6. (a) Kinetic curves of photocatalytic degradation of TCP, obtained using HPLC (High Performance Liquid Chromatography); (b) TOC (Total Organic Carbon measurements) results of photocatalytic degradation of TCP, obtained after 4 h of illumination in the stream of oxygen. 
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Table 1. Textural properties of the pure γ-alumina (A-500), ZrO2 and alumina/zirconia composites with different Al/Zr ratios (2Al:1Zr, 1Al:1Zr, 1Al:2Zr).
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	Sample
	SBET

(m2g−1)
	Vp0.98

(cm3g−1)
	Vp micro

(cm3g−1)
	Dmax1

(nm)
	Dmax2

(nm)
	D (nm), from FWHM/XRD





	Al2O3
	280
	0.441
	0.104
	4.9
	
	3.1



	2 Al:1 Zr
	171
	0.124
	0.056
	3.2
	6.3
	NA



	1 Al:1 Zr
	145
	0.154
	0.044
	3.2
	6.4
	5.7



	1 Al:2 Zr
	90
	0.167
	0.037
	3.8
	7.2
	7.5



	ZrO2
	55
	0.228
	0.019
	10.9
	
	10–11
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