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Abstract: Zeolite Y with microporous and hierarchical structure containing Ti-Ni and Ti-Co oxides
were obtained as active photocatalysts. Different Ti amounts (5, 10% TiOz) were supported, followed
by loading of Ni or Co oxides (5 %). The X-ray diffraction evidenced the presence of TiO2as anatase.
N2 adsorption-desorption results showed type IV isotherms, for hierarchical zeolite Y samples, and
a combination of type IV and I isotherms, for zeolite Y samples. UV-Vis diffuse reflectance spectra
showed shift of absorption band to visible with increasing of Ti loading and especially after Co and
Ni addition. A significant effect of the support was evidenced for Ti and interaction with Co/Ni
species. The zeolite Y support stabilizes Ti in the 4+ oxidation state while hierarchical zeolite Y
support favored the formation of Ti 3+ species and oxidation of Co and especially of Ni to 3+.
Photocatalytic activity, under UV and visible light, was evaluated in degradation of amoxicillin,
used as a model test. The photocatalytic mechanism was investigated using ethanol, p-
benzoquinone and KI as -OH, Oz radicals and hole (h*) scavengers. The best results were obtained
for the immobilized Ni-Ti species on hierarchical zeolite Y support.

Keywords: Co-Ti/ zeolite Y; Ni-Ti/zeolite Y; hierarchical zeolite Y; properties; photodegradation;
amoxicillin; UV light; visible light; scavengers; mechanism

1. Introduction

The use of zeolite-based materials as adsorbents and photocatalysts for the extraction of heavy
metals and degradation of wide variety of dyes, pharmaceutical compounds like antibiotics and other
organic pollutants was broadly discussed [1-4], highlighting the advantage of their use in the
treatment of contaminated water. Zeolites offer high surface area, nanoporous structure, strong
acidity, high ion exchange ability and hydrothermal stability for synthesis of highly efficient
photocatalysts. Unfortunately, the micropores from zeolites and active sites from the surface are less
accessible to organic pollutants due to the limitations of mass transport. Furthermore, materials with
a mesoporous structure are widely used as a support in the synthesis of photocatalysts because of
their highly ordered mesoporous channels and large surface area [5, 6, 7]. The solution to keep the
properties of zeolites, along with the advantage of mass transfer through mesopores, seems to be
hierarchical zeolites. These materials have significant advantages in reactions involving large
molecules by coupling the native micropores with intracrystalline mesopores network. Higher
adsorption capacity and degradation efficiency of amoxicillin were obtained for Au-Ti [7] and Fe-Ti
[8] bimetallic photocatalysts supported on hierarchical zeolites Y photocatalysts. Whereas all the
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zeolite supports are not photoactive they were activated by incorporation of semiconductors and
metal nanoparticles. The preparation of nanocomposite photocatalysts by immobilization of
nanosized titanium dioxide into zeolite is a very promising solution to removal of organic and
inorganic pollutants from water [4,9-11]. The utilization of zeolite as a carrier for titanium dioxide led
to smaller particle sizes of this oxide. Also, the photocatalytic activity of the TiOz-zeolite system
increased comparatively to that of TiO2. However, TiO: is a wide band gap semiconductor (~3.2 eV)
and high recombination rate for electron-hole pairs with limited practical utility [12, 13]. Recently,
there has been increased the interest in the synthesis of nanocomposite materials as photocatalysts
more efficient and active under visible light irradiation by doping of TiO: with noble metals [7, 14,
15] and transition metals semiconductors [8, 16-19]. The increase of catalytic activity with transition
metals is alternative to highly expensive noble metals. The transition metal cations have been found
to be dopants and cocatalysts in the photocatalytic reactions. Among different transition metal ions,
Ni and Co attracted attention for the development of visible light active TiO: materials used in
photocatalytic degradation of organic pollutants [20-27]. At the interfacial contact between n-type
TiO2 semiconductor and a p semiconductor as nickel and cobalt oxides is established an p-n
heterojunction which represents an effective way to hinder electron hole pair recombination after
light absorption and prolong the charge carrier life time [28-30]. Theoretically, the p-n junction
generates an internal electric field at the interface, which causes, at equilibrium, a negative charge in
p-type semiconductor region while the TiO:2 region has a positive charge [28]. Under the illumination,
the photogenerated electron-hole pairs are separated by the internal electric field. Thus the electrons
move in the positive field and the holes in the negative field. Their separation leads to a significant
increase in photocatalytic activity.

Cobalt oxide was reported as good photocatalyst for pollutants degradation [5]. Bahnemann et
al. [22] highlighted the effect of the synthesis method on the photocatalytic activity of TiO: doped
with cobalt. It was also shown that the photocatalytic activity under visible light irradiation depends
largely on the valence state of the Co ions in the dopant and its concentration rather than the specific
surface area of the support and the crystallinity of the anatase [5,21]. Also, in the case of TiO2 doping
with NiO, it was evidenced [29] that the synergistic interactions of heterojunctions, design, synthesis
method, and structure influenced the photocatalytic performances. PL spectra [31] showed that the
small amount of Ni on TiOz enhances the recombination of photogenerated electrons and holes and
Ni excess decrease reaction rate, due to coverage effect of nickel species on the active site from
titanium bioxide surface.

While, most of the works have been focused on modifying TiO2 based photocatalysts in order of
their increasing efficiency in degradation of pollutants under sunlight or visible light irradiation a
limited number had as their objective the activation of zeolite type supports and especially
hierarchical zeolites. Also, a comparative study of the effect of Co and Ni doping on the activity of
TiO2 immobilized on a zeolite support with a micro-mesoporous structure has not been carried out.
The novelty also consists in evaluation with scavengers of the photocatalytic reactions mechanism.

In this work were studied zeolites Y containing Ti-Ni and Ti—-Co mixed oxides as photocatalysts
for degradation of amoxicillin from water. The zeolite Y supports, with microporous and hierarchical
structure, were synthesized and impregnated, as active species, with different Ti amounts (5%, 10%
TiO2) followed of Ni or Co species (5% NiO, CoO) loading. The effects of supports, TiO2 loading and
type of the second immobilized metal (Ni or Co) on formation of reactive species, photocatalytic
performances and mechanism were studied.

2. Materials and Methods

2.1. Materials

Sodium silicate solution (Na20(5iOz2)xxH:20, reagent grade), sodium aluminate (NaAlO2),
sodium hydroxide (NaOH, 298 %), 1-propanol (CH.CH.CH.OH, ACS reagent, 299.5 %),
tetradecyltrimethylammonium bromide—TTAB (CH3(CHz)13N(Br)(CHs)s, for synthesis), amoxicillin
(C16H19N305S, 95.0-102.0% anhydrous basis) used for photocatalytic reactions, and terephthalic acid
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(98%) were purchased from Sigma Aldrich (Burlington, MA, USA), titanium (IV) n-butoxide
(Ti(OCH2CH2CH2CH3)4, reagent grade, 97%) from ACROS Organics (Geel, Belgium), nickel (II)
nitrate ((Ni(NOs)2 -6H20) and cobalt (II) nitrate ((Co(NOs)2 -6H20) from Merck (Darmstadt,
Germany). Potassium iodide (KI) ethanol (C2HsOH), p-benzoquinone (CsH:O2) used as scavengers
were purchased from Merck.

2.2. Photocatalysts Preparation

Hierarchical zeolite Y (noted hY) was obtained by a seed assisted method, previously reported
[16], in the presence of TTAB as mesopores structure directing agent. After 24 hours of aging, the
synthesis mixture with the molar ratio 0.66Na20:0.21A1:05:5i02:0.02TTAB:19.1H.0 was
hydrotermally treated for 6 hours at 100 °C. Zeolite Y having only microporous structure (noted Y)
was obtained in a similar way, but in the absence of surfactant. The precipitates obtained after the
hydrothermal treatment were filtered, washed with deionized water until pH=9, dried at 60 °C and
calcined at 600 °C, 6 hours.

Modification of zeolite Y and hierarchical zeolite Y with titanium dioxide was carried out by
impregnation with an alcoholic solution of titanium butoxide. In the case of zeolite Y, the
concentration of the immobilized TiO: was 5%, while for the hierarchized zeolite hY, the percentage
of TiO2 was varied (2, 5 and 10%). After impregnation, the samples were dried at room temperature
for 24 h and then at 80 °C for 12 hours. Calcination was carried out in air for 6 hours at 600 °C with a
heating rate of 2 °C/min. Further, these materials were impregnated with aqueous solution of Co(NOs)2
or Ni(NO:s)2, prepared so that the mass percentage of metal oxide in the final powders to be 5%. After
impregnation, the samples were dried at room temperature for 24 hours and then at 60 °C for 8 hours.
Calcination was carried out in air for 6 hours at 450 °C with a heating rate of 2 °C/min. The obtained
materials were noted hYT2C, hYT5C, YT5C, hYT10C in the case of Ti and Co oxides modification and
hYT2N, hYT5N, YT5N, hYT10N for Ti and Ni oxides modified materials.

2.3. Photocatalysts Characterization

X-ray diffraction (XRD) patterns were recorded using a Rigaku Ultima IV diffractometer (Rigaku
Corp., Tokyo, Japan) with Cu Ka, A =0.15406 nm. Phase analysis was performed using Rigaku PDXL
software with Whole Powder Pattern Fitting (WPPF) module, connected to the database ICDD-PDE-
2.

Textural properties were evaluated from TRISTAR 3000 sorptometer (Micromeritics, Merignac,
France). Before measurements, the samples were outgassed under vacuum (pressure = 0.13 mBar) at
25 °C for 16 h.

The scanning electron microscopy (SEM) with EDX, FEI Quanta 3D FEG was used to analyze
the morphology and composition of the samples.

UV-Vis diffuse reflectance spectra of the powders were recorded in the 250-900 nm wavelength
range using a JASCO V570 spectrophotometer (Tokyo, Japan).

Hydrogen temperature-programmed reduction (H2-TPR) experiments were performed using a
ChemBET 3000-Quantachrome instrument (USA) equipped with a thermal conductivity detectors
(TCD). 50 mg of photocatalyst was used and a continuous flow of 5 vol% H: in Ar (70 mL/min). The
heating rate was 10 °C/min, up to 850°C. In order to remove the water vapor and ensure optimal
stability of the TCD (thermal conductivity detector) a silica gel column was inserted.

The analysis of the surface of the samples was investigated by X-Ray Photoelectron Spectroscopy
(XPS). XPS spectra were obtained in an AXIS Ultra DLD (Kratos Surface Analysis, Manchester, UK)
setup, using Al Kal (1486.74 eV) radiation produced by a monochromatized X-Ray source at
operating power of 192 W and the high resolution core level spectra were recorded using hybrid lens
mode, 40 eV pass energy, slot aperture. The binding energy scale was calibrated to the C 1s standard
value of 284.6 eV and the spectra of interest were deconvoluted using Voigt profiles, based on the
methods described in ref. [32].

Raman Scattering Spectra were collected on a Jobin-Yvon T64000 spectrometer equipped with
an optical microscope in confocal mode (Horiba Jobin-Yvon, Palaiseau, France).
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2.4. Photocatalystic Properties

The ability of the samples to generate, under irradiation, hydroxyl radicals in aqueous solution
was evaluated with terephthalic acid. Thus, the fluorescence of the 2-hydroxyterephthalic acid
(TAOH) resulting from the interaction of terephthalic acid (TA, 5x10* M TA prepared using an
aqueous solution of NaOH 2x10- M) with hydroxyl radicals generated under irradiation by the
samples (Aex=312 nm) was recorded using a spectrofluorometer FluoroMax 4P (Horiba Jobin Yvon,
Northampton, UK).

The photocatalytic experiments were carried out in quartz microreactors, thermostated
conditions (30 °C) and under stirring. Firstly, the amoxicillin aqueous solution (30 mg/L) and 20 mg
of the photocatalyst were stirred for 30 minutes in darkness to allow AMX adsorption on the
photocatalyst surface. Irradiation was then carried out for 5 hours, using 2 x 60 W halogen lamps.
After 1, 3, and 5 hours of irradiation, 3 mL from reaction mixture was taken out, the photocatalyst
was separated using Millipore syringe filter of 0.45 um and the solution was spectrophotometrically
measured using a JASCO V570 UV-Vis spectrophotometer (A = 230 nm). AMX degradation was
calculated using the solution phase concentration Ct (mg/L) at moment t and the initial concentration
Co (mg/L) att=0.

In the case of ROS-scavenging tests, the experimental procedure was similar as in a
photocatalytic test. In each reaction system was added 0.1 mmol of scavenger.

3. Results
3.1. Characterization of the samples

3.1.1. X-Ray Diffraction

The wide angle XRD patterns of the synthesited samples are illustrated in Figure 1 (a-b). For all
the samples was evidenced the diffraction pattern of zeolite Y (ICDD 00-038-0239), used as support
to obtain the photocatalysts. Furthermore, for all the prepared samples, was noticed a diffraction
peak located at 25.2°, assigned to anatase [33] whose intensity increases with TiOz concentration (from
2% to 10%), most likely as a result of the size variation of the supported TiO2 nanoparticles. The X-
ray diffractograms presented in Figure la confirmed the presence of nickel as NiO species in the
samples after inpregnation, by the appearance of characteristic diffraction lines at 37.3°, 43.3° and
62.9° [34]. In the case of modification with cobalt, XRD results suggest the formation of CosOs (Figure
1b), associated with the presence of some discrete diffraction peaks located at values of 20 = 31.2°,
36.7° and 65.7° (ICDD 00-042-1467).
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Figure 1. X-ray diffractograms of (a) Ni-Ti/zeolite Y and (b) Co-Ti/zeolite Y samples ( Y- zeolite Y with
microporous structure, and hY-zeolite Y with hierarchical structure).

3.1.2. N2-sorption

The nitrogen adsorption-desorption isotherms recorded for the materials obtained by
impregnation with titania and nickel or cobalt oxide are shown in Figure 2.
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Figure 2. The nitrogen adsorption-desorption isotherms of the zeolitic samples modified with (a) Ti-Ni oxides,
and (b) Ti-Co oxides.

No change in the isotherm type, which is characteristic of the hY support (type IV) was
evidenced after double impregnation processes (Figure 2). The specific surface area and pore volume
values are shown in Table 1.
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Table 1. The specific BET surface areas (Sser), pore volume (Vpore), and band gap values of the synthesized

photocatalysts.
Sample hY hYT2N hYT5N hYT 10N hYT2C  hYT5C hYT 10C
Sser (m?/g) 810 100 98 91 99 50 89
Vpore (cm?/g) 0.2 0.08 0.08 0.08 0.1 0.06 0.09
Es (eV) - 2.18 2.93 2.88 1.55 2.51 2.05

A significant decrease of the specific surface after double impregnation with metal oxides was
revealed, suggesting the blocking of the pores by the distribution of active species inside the micro-
and mesopores.

3.1.3. Scanning Electron Microscopy (SEM)

Morphology of the modified zeolite supports with Co-Ti or Ni-Ti was evaluated by scanning
electron microscopy (Figure 3). No change of morphology was observed after the impregnations of
support. Thus, the preservation of octahedral morphology with smooth surface, specific to zeolite Y
and no aggregates or any other observable defects in the structure of zeolite Y was evidenced.
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Figure 3. SEM images of (a) hYT2N, (b) hYT10N, (c) hYT10C, (d) hYT5C, and (e) YT5C samples.

The composition of the samples was evaluated by EDX analysis. The elemental analysis (Figure
4) shows the presence of immobilized species Ti, Co or Ti, Ni (Figure 4) and a higher content of
elements (O, Si, Al, Na) from the composition of the zeolite supports.
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Figure 4. EDX spectrum of Co-Ti and Ni-Ti supported samples.
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3.1.4. UV-Vis absorption spectroscopy

The optical properties of the samples were investigated by UV-Vis absorption spectroscopy, the
results are shown in Figure 5. It was evidenced the presence of a broad absorption band for all the
samples in the UV range, with a maximum peak located at ~ 260 nm, assigned to ligand-to-metal
charge transfer of the highly dispersed octahedrally coordinated titanium oxide species. By
increasing the TiO2 amount from 2% to 10%, it can be noticed a broadening of the UV absorption
band towards wavelengths over 300 nm, most likely due to the growing of the anatase particles size
[35, 36].

Furthermore, in the case of Co-modified samples (Figure 5a), it was noticed the presence of two
absorption bands in the visible domain, specific to CosOs species, with maxima located at ~440 nm
and ~710 nm [37]. These are assigned to O>—Co? and O*—Co?* charge transfer and also to 1A1;—1Tz
electron transfer given by the octahedral Co(IIl) species. The hypsochromic shift of the characteristic
absorption band of unsupported CosOs (located at 470 nm, as reported in the literature) indicates the
obtaining of smaller sized CosOs species by dispersion on the Y zeolitic support [38]. The same
behavior was observed for the Ni-modified samples which exhibited a broad absorption band with
the maximum located at ~715 nm, assigned to NiO species (Figura 5b) and not at 725 nm, as was
reported for the unsupported NiO [39].
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Figure 5. UV-Vis absorption spectra of (a) Ti-Co modified samples and (b) Ti-Ni modified samples.

The recorded UV-Vis absorption spectra indicate that the synthesized materials are active both
in UV and visible light irradiation. Obtaining materials with visible light absorption capacity by
modifying the zeolitic supports with Co or Ni oxide is an extremely important aspect in the current
context where the maximization of efficiency is desired, but with minimal energy consumption [40]
and was also supported by the band gap values calculated using the Kubelka-Munk function (Table
1).

3.1.5. H>-TPR measurements

The reduction behavior of the synthesized photocatalysts was studied by thermoreduction
measurements H>-TPR to investigate the chemical state of the metal as well as to obtain information
about the reducibility of the species on the photocatalyst surface and in the bulk. A strong interaction
of the immobilized metal species with hierarchical zeolite Y can lead to changes in chemical status. A
weak interaction with the support favors the reduction of metal oxides at lower temperatures, while
the strong interaction with the support forms species that reduce at higher temperatures. The amount
of Hz (umol) consumed per gram of photocatalyst is indicated in Table 2.
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Table 2. The amount of hydrogen consumed, calculated from the TPR profiles of the samples.

The metallic pumol H/

Sample .
species g
YT5C Co?, Co™ 1109
YT5N Niz, Ni0 869
hYT10C Co, Co, Tit, 1151
T13+
hYT10N Ni2, Ni0 916
hYT5N Ti#, Ti* 858
hYT5C Co*, Co> 1090

The TPR profiles recorded for the samples are illustrated in Figure 6 (a-b). In the case of materials
modified with Ti and Ni oxides, the TPR profiles (Figure 6a) show several signals which can be
divided as follows: peaks occurring at temperatures below 500 ° C are attributed to various NiO
species formed mainly on the outer surface of the zeolite, peaks occurring in the range of 500-650 °C
are due to Ni ions present inside the zeolitic channels and peaks located at temperatures higher than
700 °C are attributed to Ni species incorporated in the zeolitic network, according to the literature
[41]. For YT5N sample, no reduction peak in temperature range of 500-650 °C was observed, which
means that the microporous structure of the support did not allow the access of Ni ions inside the
zeolitic channels with smaller dimensions than in the case of hierarchical zeolite. There is also a shift
in the signals recorded for the hYT10N sample to higher values of reduction temperatures. This
indicates stronger interactions between Ni oxide and supported titanium dioxide [42], most likely
due to the high concentration of TiO2 (10%) which ensures a higher probability of interaction with
nickel oxide. The high degree of interaction between NiO and TiO: in this sample is also supported
by the absence of reduction peaks of bulk NiO which usually occurs in the temperature range
between 280-300 °C. In the case of a moderate interaction of NiO with TiOs, its reduction takes place
at about 400 °C, while in the case of stronger interactions with titanium dioxide, the reduction
temperature of NiO increases to 530 °C [43, 44]. The presence of reduction peaks up to 500 °C for all
the samples modified with Ti-Ni mixed oxides indicates the formation of NiO species, predominantly
presented on the outer surface of zeolitic materials [42] (both zeolite Y and hierarchical zeolite hY).
The consumption of hydrogen from temperatures higher than 600 °C can be attributed to the
reduction of titanium. The presence of metallic nickel particles on the zeolite subsurface favors the
molecular dissociation of Hz and, thus, the reduction of Ti* to Ti** or Ti species with a lower valence
state. The amount of hydrogen needed to reduce nickel is greater than the stoichiometric amount.
This confirms the hypothesis that the reduction of small amounts of titanium also takes place.
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Figure 6. H>-TPR profiles of the samples with (a) Ti-Ni oxides, and (b) Ti-Co oxides.

Figure 6b shows the TPR profiles for Ti-Co containing samples with three different domains of
reduction temperatures. The first peaks observed at lower temperature (200°C) correspond to the
reduction to CoO on the surface of the support (I), second and third peaks located at 370 and 536°C
(I'and III) can be attributed to the reduction Co* —Co*—Co° and the fourth peak at 636°C can be
attributed to the reduction of Co? which interacts strongly with the support [45-50]. TPR signals
recorded at higher temperatures, between 600-700 °C are due to reduction of cobalt oxide species
strongly bounded to the support (surface Co—O-Al species reduced to Co metal), as reported in the
case of CosOs0n alumina support [50].

3.1.6. XPS analysis

The surface of the samples and the oxidation states were investigated by XPS, which revealed
the existence of the following core levels: O 1s, Si 2p, Al 2p, Na 1s, C 1s, Co 2p, Ti 2p and Ni 2p. The
spectra of interest are illustrated in Fgure 7. The Table 3 gives the relevant parameters obtained after
the deconvolutions of the core levels of interest (Ti 2p, Co 2p and Ni 2p): binding energies, amplitudes
and an assignment by consulting the existing database. The deconvolutions highlight the coexistence
of different oxides states, the ratio varying depending on the synthesis method (the incorporated
titanium concentration).

Table 3. Binding energies (BE), amplitudes, and assignment of the deconvolutions for the core levels of interest

for the samples.

Sample Element BE (eV) Ampl. (cps) Assignment
Ti2p C1 456.06 84.85 Ti(II)
C2 458.15 408.71 Ti(IV)
hYT2C Ti(IID)/ Ti(IV) 021
Co2p C1 778.92 480.6 Co(II)

2 780.88 2147 Co(III)
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Co(III)/ Co(II) 0.45
Ti2p C1 458.07 242.65 Ti(IV)
YT5C Co2p C1 780.04 1229.39 Co(II)
C2 781.65 471.77 Co(IIT)
Co(III)/ Co(II) 0.38
Ti 2p C2 456.04 77.38 Ti(III)
C3 458.15 223.11 Ti(IV)
hYT2N Ti(II)/ Ti(IV) 0.35
Ni 2p C1 852.75 124.61 Ni(IT)
C2 854.5 673.48 Ni(III)
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Figure 7. XPS spectra of the core levels Co 2p (a) for YT5C and hYT2C samples, and Ti 2p (e) for YT5C, hYT2C,
and hYT2N doped samples, and (b-d, f-h) the fit and deconvolutions for the samples.

Thus, it can be observed that for sample YT5C, based on zeolite Y support, no titanium reduction
occurs and the oxidized Co species are less (Table 3). Instead, the formation of Ti(IIl) is observed in
the case of samples supported on hierarchical Y zeolite. At the same time, several species of oxidized
Co (III) are formed on this support, even if the percentage of TiO: is lower. We consider that it is the
result of different interactions of titanium species with the surface of zeolite Y and that of
aluminosilicate with mesopores. However, comparing hYT2C and hYT2N samples that have the
same support and percentage of TiO2 and Co or Ni oxide, a significant increase in the amount of
oxidized Ni (III) was observed, although the amount of reduced Ti (III) is slightly higher.

3.1.7. Raman spectroscopy

Raman spectra of the synthesized samples are illustrated in Figure 8. For Ti-Ni containing
samples (Figure 8a), Raman modes of segregated anatase were depicted at 144 (Eg), 197 (Eg), 637 cm
1 (Eg) while for the samples modified with Ti and Co oxides, more obvious are the peaks located at
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192, 483, 527, 620 and 692 cm™ (Figure 8b) which characterize the Raman active modes of CosOs. The
phonon symmetries of these Raman peaks are caused by lattice vibrations of the spinel structure, in
which Co?* and Co?® cations are situated at tetrahedral and octahedral sites in the cubic lattice [37].
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Figure 8. Raman spectra of (a) hYT2N, hYT5N, hYT10N, and (b) hYT2C, hYT5C, hY110C samples.
3.2. Photocatalytic activity

3.2.1. Photocatalytic results

The synthesized materials were tested in the photocatalytic degradation of amoxicillin under
UV and visible light irradiation. The results obtained are presented in Figure 9 (a-d). In the case of
UV light irradiation (Figure 9a-b), it was observed a higher photocatalytic efficiency of materials
based on hierarchical zeolite Y. This behavior is due to its characteristic properties which contribute
to a high and uniform dispersion of metal species and also to improve the access of both light
radiation and amoxicillin molecules to the metallic sites. Similar results were noticed under visible
light irradiation (Figure 9c-d), highlighting that the hierarchical zeolite Y used as a support improves
the photocatalytic performances of the resulted materials compared to the non-hierarchical zeolite Y.
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Figure 9. Photocatalytic degradation of amoxicillin using the synthesized materials under UV (a, b) and visible
light (c, d) irradiation.

It was pointed out that Ti-Ni modified photocatalysts have better activity than those modified
with Ti and Co oxides. It is explained by the efficient separation of photogenerated electron-hole
pairs, as a synergistic effect of internal electric field resulted in a typical p-n heterojunction and band
alignment of NiO and TiO: semiconductors, as can be seen in Figure 10a. In contrast, for the
photocatalytic systems containing TiO2-Co03Os, the electrons transfer across the electric field is
thermodynamically hindered, because the conduction band of Co3Os semiconductor is lower than
that of TiOz (Figure 10b) [51].
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Figure 10. Schematic representation of charge transfer in the p-n heterojunction of the synthesized materials.

A Detter separation of charge careers in the case of Ti-Ni samples leads to a higher number of
holes available to generate more hydroxyl radicals (-OH), species responsible for the degradation of
amoxicillin in photocatalytic reactions [16]. The ability of these materials to generate hydroxyl
radicals was also supported by the fluorescence results obtained in the case of terephthalic acid
reaction (Figure 11). This method is based on the capacity of terephthalic acid (TA) to interact with
‘OH radicals resulted in aqueous solution during the photocatalytic experiment, leading to formation
of a photoluminescence compound, 2-hydroxyterephthalic acid (TAOH) which can be quantified.

(7]
(=]
T

—=—YT5N
—e—hYT5N
—+—hYTION

N
[V/]]

[
(]

i
(9]

[y
>

Fluorescence intensity(a.u.)

9]

20 40 60 80
Time (minutes)

100

120

Fluorescence intensity(a.u.)
[ [ [ %] (o) (73]
[—] (9] (—) (9] (—)

9}

r —a—YT5C
—e—hYT5C
——hYTI10C

20 40 60 80
Time (minutes)

100 120

Figure 11. Fluorescence emission spectra of 2-hydroxyterephthalic acid resulted after interaction between

terephthalic acid and -OH radicals.
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3.2.2. Mechanism investigations

Generally, the main reactive species in photocatalytic degradation of organic pollutants are
hydroxyl (-OH), superoxide (-Oz) and holes (h*) radicals [38]. To evaluate the mechanism of
amoxicillin degradation using the synthesized materials, photocatalytic experiments were carried out
in the presence of scavengers able to selectively interact with the highly reactive oxygen species (ROS)
from the reaction system. The results obtained from these experiments are shown in Figure 12.

It was noticed a different contribution of reactive oxygen species to AMX degradation
depending on the metal species used to modify the zeolitic support. Thus, in the case of the samples
containing Ti and Ni oxides, the following order was observed h* >O>>-OH while for the samples
modified with Ti and Co oxides, the order was h* >OH> -Oz. The decrease in the degradation
efficiency after KI addition suggests that holes are mainly responsible for AMX degradation. In fact,
the holes have a dual role: they are directly involved in the degradation of amoxicillin molecules and
in the formation of reactive hydroxyl species (-OH) through the oxidation of water.
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Figure 12. The effect of scavengers on the photocatalytic degradation of amoxicillin under visible light
irradiation for (a) YI5N, (b) YT5C, (c) hYT5N, (d) hYT5C, (e) hYT10N, and (f) hYT10C samples.

Interesting is that by adding scavengers for -O2~ and -OH species, an increase of photocatytic
efficiencies was recorded. It means that the lack of an active species in the system is compensated by
the others with higher reactivity, depending on their oxidizing potential. For example, by capturing
superoxide species, it is practically possible for amoxicillin molecules to be oxidized by hydroxyl
radicals, known to be the most active of all reactive oxygen species [52], hence the increase in catalytic
performance in the case of adding p-benzoquinone (p-BQ) in the system, as was obtained for the
samples modified with titanium and cobalt oxides (Figure 12b,d,f).

4. Conclusions

New Co-Ti or Ni-Ti supported photocatalysts on zeolite Y with microporous and hierarchical
structures were obtained and their high activity under UV and visible light was evidenced in
amoxicillin photodegradation. A typical crystalline structure of zeolite Y and presence of mesopores
were evidenced for all the obtained samples. A significant effect of the support was observed on Ti
and Co/Ni species and their interaction. It was thus highlighted that the zeolite Y support stabilizes
Ti in the 4+ oxidation state and reduces the oxidation of Co or Ni species. In the case of the hierarchical
Y zeolite, reduced species of Ti (III) are formed on the surface, and the amount of the other oxidized
metal species increases significantly in the case of nickel. The presence of Co and Ni species in 3+ and
2+ oxidation states was also confirmed by Raman spectroscopy and Hz-TPR results. The mechanism
of amoxicillin degradation under UV and visible light irradiation, investigated in the presence of
scavengers, evidenced the effect of metal species interaction and zeolite support. The best results
were obtained for the immobilized Ni-Ti species and hierarchical zeolite Y support.
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