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Abstract: New photocatalysts were obtained by immobilization of titanium and gold species on
zeolite Y, hierarchical zeolite Y, MCM-48 and KIT-6 supports with microporous, hierarchical and
mesoporous cubic structure. The obtained samples were characterized by X-ray diffraction (XRD),
No-physisorption, scanning and transmission electron microscopy (SEM/TEM), diffuse reflectance
UV-Vis spectroscopy (DRUV-Vis), X-ray photoelectron spectroscopy (XPS), Raman and photolumi-
nescence spectroscopy. The photocatalytic properties were evaluated in degradation of amoxicillin
(AMX) from water, under UV (254 nm) and visible light (532 nm) irradiation. The higher degradation
efficiency and best apparent rate constant were obtained under UV irradiation for Au-TiO,-KIT-6,
while in the visible condition for the Au-TiO,-MCM-48 sample containing anatase, rutile and the
greatest percent of Au metallic clusters were found (evidenced by XPS). Although significant values
of amoxicillin degradation were obtained, total mineralization was not achieved. These results
were explained by different reaction mechanisms, in which Au species act as e™ trap in UV and e~
generator in visible light.

Keywords: zeolite Y; hierarchical zeolite Y; 3D mesoporous silica; Au/Ti-supported catalysts; surface
plasmon resonance effect; photocatalytic degradation of amoxicillin

1. Introduction

Active photocatalysts were obtained by supporting gold species, either on active
(TiO») [1,2] or inert (SiOy) [3] oxides. Activity of the Au-TiO; photocatalysts is a function
of different parameters, such as electronic factors, gold and titania dispersion and inter-
action [4]. An important strategy to ensure highly dispersed gold species is selection of
a suitable support with high surface area, enabling control of the supported particle size
and agglomeration rate. Furthermore, it was reported [5] that TiO, presence on different
supports is beneficial not only for photocatalytic activity but also in catalyst manufacturing
by improving dispersion of the gold species. It was noticed that TiO, particles play a dual
role in gold immobilization on silica support. Thus, TiO, particles, evenly dispersed into
silica mesopores, act as a scaffold [6], preventing silica framework to collapse and there are
an anchor able to interact with Au species. High dispersion of TiO; is a key factor because
gold nanoparticles (AuNDPs) interact preferentially with Ti sites. Thus, Au/Ti synergistically
modified supports based on SiO,, with different pore geometries and architectures, can
enhance the photocatalytic performances under visible light conditions and represent a
promising solution in environmental remediation area. The support porosity affects the
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size of immobilized TiO, particles due to the confinement effect inside the pores and acces-
sibility of gold species to TiO; sites, leading to different interaction between titanium and
gold as a function of the support nature. Great attention was paid to mesoporous silica due
to its specific properties as high surface area and porosity, ordered porous structure and
controllable pore size [7,8]. The previous studies [9-11] show that TiO, loading within SiO,
support ensures modification of the charge carrier dynamics by reductions in recombination
intensity and increases in charge carrier lifetime due to the impact with the support electric
field. Thus, mesoporous silica is considered an ideal support for a high dispersion of metal
on its surface, leading to achievement of catalytic materials with high performances [12].
Among the various ordered mesoporous silica, MCM-48 and KIT-6 materials are more suit-
able for photocatalytic applications due to their cubic arrangement and highly connected
open porous networks, which provide a better access of light irradiation and reactants to
the active sites [9,13]. In addition to that, the mesoporous silica with cubic structure favors
the formation of a high amount of titania species with tetrahedral coordination, considered
to be more photocatalytically active than octahedral coordinated TiO; [14]. In comparison
with mesoporous silica support, a more homogeneous dispersion of TiO, was achieved
using zeolites with microporous structure and high crystallinity degree [15]. However,
in catalytic applications, zeolites have the disadvantage of limiting the pore access for
reactants with larger molecules. In order to overcome this drawback, hierarchical zeolites
were developed [16,17]. These materials preserve the advantages of zeolites as well as
mesoporous silica materials, favoring the mass transfer of reactants. Further, mesoporous
systems allow for an efficient adsorption/desorption process of the reactants/products [17].
The adsorption of reactants on a photocatalyst is a key step because photogenerated charge
carriers have a short lifetime, so only those molecules adsorbed on the surface of the
photocatalyst near the active sites can take part in the photocatalytic process.

The Au-TiO; system was intensively studied and used in wide applications as photo-
catalytic degradation of different pollutants (azo dyes, chloroaromatic compounds, phenol)
from wastewater under visible or UV irradiation [18-20], hydrogen production [18] or
photocatalytic reduction of CO; [12]. Associated with titanium, gold was supported on
mesoporous silica materials as SBA-15 [21,22], MCM-41 [23] and microporous TS-1 zeo-
lite [24]. However, from our knowledge, any comparative study has not been reported yet
on the effects of support properties on Au-TiO; photocatalytic activity. No catalytic systems
were obtained by immobilizing Au-TiO; on supports, such as zeolite Y, hierarchical zeolite
Y and ordered cubic mesoporous silica (KIT-6 and MCM-48) supports. Therefore, in this
work, new photocatalysts were obtained by immobilization of titanium and gold on the
supports with various porous structure (micropores—zeolite Y, micro and mesopores—
hierarchical zeolite Y, smaller mesopores—MCM-48 and larger mesopores—KIT-6). Zeolite
Y exhibits a faujasite (FAU) framework with three-dimensional porous structure [25]. For
comparison, two types of mesoporous silica support (MCM-48 and KIT-6), with 3D struc-
ture and smaller, respectively, larger mesopores, were selected. In addition to the porous
structure, the surface properties were also varied by a change of the surfactant and by
incorporation of aluminum in the silica network during the zeolite synthesis. The effects
of porous structure and surface properties on TiO, dispersion, crystal structure, nature
of interaction between support-titanium species and Au-TiO,, respectively, were studied.
Further, we investigated the influence of support properties, the presence of TiO; and Au
species and their interaction on amoxicillin (AMX) photodegradation under UV and visible
light irradiation as a model reaction for applications of these materials in degradation of
organic compounds from contaminated water. Amoxicillin is a 3-lactam antibiotic from the
penicillin class with a broad spectrum and applications in veterinary and human medicine,
hardly degradable and its removal from wastewater represents a real interest [26]. The
effect of porous structures and adsorption on performances in photocatalytic degradation
of amoxicillin (AMX) was also evidenced in previous studies [16,26] and formed the basis
of the applications herein studied.
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2. Results and Discussion
2.1. Properties of Supported Au/Ti Photocatalysts

X-ray patterns at wide angle of all samples, except that supported on KIT-6, present
three distinct diffraction lines at 20 ~ 25.2, 37.8, 48.1°, indexed to (101), (004) and (200)
crystal planes of anatase TiO, phase (Figure 1A). No reflections ascribed to TiO, were
detected in the XRD pattern of the KTA sample. This may be the result of the high dispersion
of titanium on KIT-6 mesoporous support surface with higher concentration of the silanol
group. It has been shown that the ability of silica surface for chemical modification is
determined by the content of silanol groups Si-OH [27]. The comparative study of two
silicas (MCM-41, SBA-15) with hexagonal ordered mesoporous structure explained the
decreasing of silanol density for MCM-41 by zeolitization of this silicate obtained in basic
conditions. Moreover, the concentration of surface hydroxyl groups increased for MCM-48
compared to MCM-41 due to the disorder in its porous structure [28]. Therefore, we can
consider that, among the mesoporous supports used, KIT-6 has a higher concentration of
silanol on the surface, as it was demonstrated further by Raman spectroscopy (Figure Sé6a).
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Figure 1. XRD patterns at wide angle (A) and low angle (B) of synthesized materials.

One can notice that gold-based compounds were not identified in the XRD patterns.
The absence of gold reflections can be a consequence of the high dispersion of gold nanopar-
ticles and their low content (<1%), below the limit of detection for XRD analysis [29]. The
presence of Ti and Au in all the samples was confirmed by TEM-EDX data (Figure S1).

The XRD patterns of the synthesized photocatalysts showed that structure of the
porous supports was insensitive to incorporation of the Ti and Au species. Wide-angle
XRD patterns (Figure 1A) of photocatalysts supported on zeolite Y (YTA) and hierarchical
zeolite Y (hYTA) have similar diffraction patterns with the corresponding supports [15].
Further, low-angle XRD patterns (Figure 1B) highlight the preservation of MCM-48 and
KIT-6 ordered cubic mesoporous structure [7,13] for MTA and KTA samples.

TEM images of the porous host structure after immobilization of Ti and Au species are
illustrated in Figure 2. Figure 2A shows the mesoporous cubic-ordered structure of KIT-6
and Figure 2B shows the crystalline structure of zeolite Y. The mesoporous structure of
MCM-48 and hierarchical zeolite Y supports, respectively, the crystals from the last one, are
illustrated in Figure S2.
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Figure 2. TEM images of KTA (A) and YTA (B) samples.

According to IUPAC classification, N, adsorption—desorption isotherms of Ti-Au pho-
tocatalysts (Figure 3) exhibit type IV isotherm with H1 hysteresis loop for materials based
on KIT-6 and H3 for the ones based on MCM-48. Analogous N, adsorption—desorption
isotherms with hysteresis loops of both supported catalysts and their corresponding meso-
porous supports imply that shape and pore dimension were not altered by titanium and
gold immobilization.
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Figure 3. N, adsorption—-desorption isotherms of the photocatalysts with zeolite Y supports (A) and
mesoporous silica supports (B) MCM-48 (M) and KIT-6 (K).

Conversely, a hysteresis loop came out after TiO, immobilization on zeolite Y (Figure 3A),
very likely due to mesopores formed among TiO, nanoparticles. After gold immobilization
on MT, the N, adsorption-desorption isotherm does not maintain the steep inflection at the
relative pressure near P/P( 0.25-0.3 as a support isotherm (inseted isotherms in Figure 3B),
indicating that metalic species are not immobilized in the pores as an ideally homogeneous
layer [30], but rather form deposits at their entrance and out of them. However, titania
and gold immobilization caused a more significant decrease in pore volume (Figure 3B)
of the MCM-48 support (MT and MTA samples), as opposed to the other mesoporous
supports used, e.g., KIT-6. This is due to smaller pore size of MCM-48 compared to
KIT-6, as depictable in Table S1, for 10% titania loading. Our previous study on MCM-48-
supported catalysts [13] pointed out a smaller decrease in pore volume in conditions of
a lower TiO; loading (5%). The zeolite-supported catalysts show a combination of type
I and IV isotherms with H3 and H4 hysteresis loop [14]. The absence of the adsorption
hysteresis for MCM-48 and Ti-MCM-48 samples is a result of their uniform pore distribution.
Values of surface areas and pore size after each impregnation step are summarized in
Table S1. Further immobilization of gold caused a BET surface increase for the zeolite-
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supported samples in contrast with the mesoporous ones. The latter finding confirms gold
immobilization on titania.

Morphology of the synthesized samples after titanium and gold immobilization is
presented in Figure 4. No change in morphology was observed after the impregnations of
supports. 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. Further, SEM images of KTA and MTA samples revealed typical morphology of
MCM-48 and KIT-6 mesoporous silica, respectively [13,31].

Figure 4. SEM images of the synthesized photocatalysts.

TEM images show a high dispersion of gold nanoparticles with diameters ranging
from 5 to 24 nm for samples supported on KIT-6 and zeolite Y (Figure 2). Larger Au
particles and association of Au-NPs (clusters) on hYT and MT supports are more obvious
(Figure S2). These facts are in agreement with the XPS results from Table 1.

Table 1. XPS data: binding energies (BEs) and the quantitative assessment.

Binding Energy (eV) Au Chemical Species rel.conc.
Sample -
G A A A G e
YTA 83.3 84.3 85.3 86.7 44.7 18.8 18 18.6
hYTA 83.3 84.3 85.3 86.7 - 60.2 - 39.8
MTA 83.3 84.3 85.3 86.7 - 63.9 - 36.1
KTA 83.3 84.3 85.3 86.7 64.8 - - 35.2

A higher content of Au clusters on the surface of the hYTA and MTA samples was
depicted. XPS spectroscopy provides evidence for the low relative concentrations (<1%) of
gold on the sample surface (<10 nm) as the photoelectron spectra are very noisy despite the
large number of runs recorded during data acquisition. Moreover, the “band-like” shape of
the Au4f spectra suggests the presence of different chemical species accommodated under
the experimental spectra envelope.

XPS spectra for the synthesized samples presented in Figure S3 show four types of
chemical species, as follows: Au metallic nanoparticles (4 nm), very small Au®* clusters as
well as Aul* and Au>* oxidation states [32,33].

One can notice that a higher Au content favors the formation of additional species,
such as: cluster type Au, Au'* and Au* oxidation states. As XPS data showed (Table 1),
different gold species were obtained as a result of their interaction with TiO, supported
on different porous materials. In heterogeneous catalytic processes, a key factor that
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deserves great attention is the interaction between metallic species and oxide supports, the
phenomenon known as strong metal-support interaction (SMSI), which implies an electron
transfer between support and metal species immobilized. The SMSI phenomenon has an
important role in photocatalyst stability and activity [34].

A close examination of the Au 4f spectral deconvolution suggests the influence of
the synthesis procedure on the Au surface chemical species. In addition to the synthesis
conditions, the nature of the surfactant leads to specific properties of the support (pore size
and shape, volume and specific area, morphology, stability and surface properties) that
influence the dispersion and nature of the titanium species and finally the gold ones. The
dispersed titanium species represent a support for gold, their interaction being a strong one
(SMSI). Thus, the samples hYTA and MTA whose supports were obtained using a cationic
surfactant (ITAB and CTAB, respectively) display similar chemical species. Unlike these,
the KTA sample (with support KIT-6 obtained using P123 nonionic surfactant) possesses
the highest amount of metallic gold on the surface.

The surface chemistry of titanium, oxygen and silicon is assessed in Figure S4a—c. The
two Ti2p peaks indicated that 4+ is the only oxidation state of titanium (Figure S4a). Ti**
from Ti-O-Ti oligomers is represented in octahedral coordination (lower binding energy),
while Ti** from the isolated Ti-O-Si sites is in tetrahedral (higher binding energy) coordi-
nation [35,36]. The ratio of these peak intensities indicates a small variation with titania
loading. The lower concentration of TiO, on the surface of the KTA sample, accessible to
XPS measurements, represents another argument regarding its homogeneous distribution
on the silica surface as Ti-O-Si species. Although the Ti content is similar to that of the
zeolite samples (YTA, hYTA), the highest percentage of TiO; on the surface was evidenced
for the MTA sample (Figure S4b). This confirms a different interaction of titanium with the
surface of the support. In the case of the latter support, the agglomerated oxide species
predominate on the surface. Figure S5a—d show the deconvoluted O1s spectrum for all the
samples under investigation. For KTA and MTA samples, a peak at ~533 eV is attributed to
the O-5i bond from siliceous mesoporous supports (MCM-48, KIT-6), while the peak at a
lower BE (~532.5 eV) is assigned to O-Si from zeolite supports. The oxygen peak located at
~530 eV indicates the presence of oxygen bonded to Ti in TiO; species with octahedral coor-
dination. The OH groups adsorbed on the TiO, /SiO, surface were detected at ~531.2 eV
and in a range 533-534 eV, respectively. We emphasize that in the range 533-534 eV, traces
of water adsorbed from the environment might be present on the porous silica surfaces.
In order to distinguish between OH bonded as silanol in the sample lattice and the OH
from adsorbed water, Raman spectroscopy was used (Figure Séc). For the KTA sample,
the presence of both OH group types was evidenced; however, the narrow peak located
at 3741 cm~! suggests a higher content of OH from mesoporous silica lattice compared
to zeolite Y, for which more adsorbed water is observed, or the YTA sample, which does
not present silanol groups. Two distinct binding energies (BEs) were evidenced for Si2p
XPS spectra (Figure S4b). The peak from higher BEs (103.2 eV) was assigned to Si-O from
MCM-48 and KIT-6 mesoporous silica supports and the one from lower BEs (102.3 eV) to
5i-O from zeolite supports. In the case of zeolite samples, the shift in peaks recorded by
Ols and Si2p high-resolution XPS spectra is the result of AI3* effect, which reduces the
energy in the O-Si bond. Figure S4c shows the presence of aluminum (in a smaller amount
than silicon) on the surface of the samples obtained using Y-type zeolite as a support.

Visible Raman spectra of the (Y/hY/K/M)TA powders are illustrated in Figure 5.
The ultralow frequency peaks within 12-16 cm~! (inset of the Figure 5) are due to surface
vibrations in the particle pore structures [37-39]. Further, a densification process and, hence,
enhancement in the nanoparticle sizes give rise to a lower-wavenumber shift in this peak.
Consequently, the cubic KTA is expected to have smaller nanoparticle sizes of TiO, and/or
bigger pore size than the other cubic sample, MTA. This is analogous to the low-angle XRD
findings in Figure 1B where the lowest shifted peak (bellow 1°) due to dy1; plane signifies
bigger pore size in the KTA sample in contrast with MTA (peak located above 2°).
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Figure 5. Raman spectra of the (K/M/Y/hY)TA catalysts (laser line of 514 nm).

The non-framework anatase modes (Eg located at 144, 197 and 640 cm?, Big at
400 and 519 cm~! and Aqg at 507 cm ! [40]) were identified in the Raman spectra of the
(K/M/Y/hY)TA samples. Since the 197 cm~ 1 peak is not visible for the KTA sample, there is
a phonon confinement effect typically present in the case of TiO, [41], for a grain size of only
a few nanometers. Despite the strong Raman scattering of anatase, small spectral features of
silica support are noticeable in the Raman spectrum of KTA_514 (Figures 5 and S6a) above
750 cm~ 1. This is a consequence of the most pronounced plasmon resonant effect induced
by gold [42] into the KTA catalyst, i.e., the 514 nm laser line used to excite sample is close
to the ~550 nm absorption in Figure 6, as well as modification of the internal porosity of
silica support by titania. The 144, 400 and 640 cm~! modes of anatase are very sensitive
to the crystallite size [43]. A wider peak at about 150 cm ™! in the case of the MTA might
point out anatase nanoparticles smaller than 10 nm. Further, the presence of rutile in the
MTA catalyst is confirmed by its shifted 633 cm ! band [43] in Figure 5 and 616 cm~! band
in the UV-Raman spectrum in Figure S6. An enhanced 513 cm ™! band for hYTA shows
the presence of oxygen motion in a plane bisecting T-O-T bonds (T represents Si and/or
Al) [44] in zeolites. A tiny peak at 324 cm~! could be attributable to ring breathing via
5i—0-6i linkages [44] in zeolites.

Absorbance, a.u.

Wavelength, nm

Figure 6. UV-Vis spectra of Ti-Au photocatalysts.



Catalysts 2022, 12, 1129

8 of 19

UV-Raman bands of the KA sample, obtained by immobilization of gold on KIT-6
support, are located at 385, 447, 492 and 603 cm~! in Figure Sé6a, being assignable to
six-, five-, four- and three-membered siloxane rings [45,46]. The latter bands are also
named defect bands, D; and D, [46]. The next bands at 791 and 823 cm ™! belong to Si-
O-Si linkages, while the 973 cm ™! band originates from stretching modes on the surface
silanols, O35i-OH [45,47]. Thus, in comparison with the MTA sample, a higher silanol
group content on KTA can be observed. The presence of the silanols is also supported by
the high wavenumber band at 3741 cm ! (Figure Séc), assignable to stretching of SiO-H
linkages. Typically, UV-Raman investigations are used to remove a fluorescent background
and identify possible highly dispersed titanium oxide and/or titanium ions in the micro-
and mesoporous frameworks of supports [48]. Thus, loading of TiO, into mesoporous
silica support should cause a diminishing of the 980 cm ™! band and/or shifting towards
lower wavenumbers [47] due to gradual interaction with a Ti cation (Si-O°~ ... Ti®*) [49].
Since the intensity of the 971 cm~! seems less affected in the case of the KTA spectrum, Ti
atoms are very likely incorporated in the KIT-6 framework rather than interacting with
surface silanol. No band at about 980 cm™~! but a wide band peaking up at 921 cm™!
is depicted for MTA in Figure S6a. Bands at 490, 542 and 1124 cm~! are considered to
belong to Si-O-Ti linkages [48,49]. It is obvious that UV-Raman is sensitive to the KIT-6 and
MCM-48 supports of the KTA and MTA catalysts. Conversely, TiO; loading of the zeolite
supports caused surface silanol interaction (see Figure S6b) meaning that the 970 cm ™!
band vanishes. Non-framework anatase is noticeable in both visible and ultraviolet Raman
spectra of the (M/K/Y/hY)TA catalysts.

UV-Vis diffuse reflectance spectra of the photocatalysts obtained by immobilization of
Au-TiO; active species on micro/meso/micro and mesoporous supports are presented in
Figure 6.

For all photocatalysts, a high absorption capacity was recorded in the UV domain,
revealing a broad absorption band, resulting from overlapping of more absorbtion bands
related to several titanium species. Three main absorbtion peaks can be observed for the
synthesized samples around 220, 260 and 310 nm. The UV signal at arround 220 nm was
associated to tetrahedral Ti species, while the absorption peak at around 260 nm was related
to octahedral Ti-oxide species. The shoulder of absorption presented after 300 nm indicates
the presence of a TiO; anatase phase on the support surface [14,21]. Furthermore, for the
MTA sample, a red shift in the absorption bands was shown, corresponding to an increase
in TiO, particle size, as evidenced using the Scherrer equation (Table S1). This behavior
was explained by the quantum size effect that emerges for TiO, species with particle sizes
<10 nm [15]. After Au immobilization, a specific band absorption in the visible domain, at
around 550 nm, was observed. This weak signal recorded in the visible region is due to the
surface plasmon resonance effect of gold nanoparticles [12]. This effect is determined by
gold particles composition and size and their interaction with titania from the support [21].
These results are in agreement with those obtained by XPS spectroscopy (Table 1).

A better interaction between gold nanoparticles and material used as support leads to a
higher stabilization with an increase in corresponding signal intensity [12]. The highest peak
assigned to the plasmonic effect of gold nanoparticles was obtained for the photocatalyst
supported on KIT-6. XPS results (Table 1) show the highest Au-NPs concentration on
the surface for this sample. Gold nanoparticles have a better interaction with titanium
species, being highly dispersed, as XRD results revealed. The intensity of the Au plasmonic
effect decreased as follows: KTA > YTA > MTA > hYTA. This variation can be very well
correlated with the nature of the titanium (Figure S4a) and gold (Table 1) species on the
surface. The highest intensity of the plasmonic effect for the KTA sample is due to a high
dispersion of titania and, consequently, to the presence of the highest percent of Au metallic
nanoparticles.

The band gap energy of photocatalysts was obtained using the Kubelka—-Munk func-
tion by plotting [F(R)-hv]'/2 versus photon energy (eV). As shown in Table 2, a narrowing
of the band gap was obtained after titanium immobilization on porous supports in com-



Catalysts 2022, 12, 1129

90f19

8

PL intensity
8

[
>

parison with bulk TiO, (3.2 eV) due to the high dispersion of titania as tetrahedral Ti-O-5i
species [36,50]. The values of band gap energy depend on the physico-chemical proper-
ties of porous supports. Further, after gold immobilization, a widening of the band gap
values for the all photocatalysis was evidenced. This behavior can be explained by the
Burstein-Moss (BM) effect [51], as a result of plasmonic properties of gold nanoparticles.

Table 2. Band gap energy of photocatalysts.

Sample YT hYT KT MT
Eg (eV) 3.17 3.22 3.14 3.13
Sample YTA hYTA KTA MTA
Eg (eV) 3.20 3.26 3.19 3.17

Practically, under light irradiation, the conduction band of TiO; is filled by free
electrons of Au nanoparticles. Therefore, since the conduction band of TiO; is blocked,
the transitions of electrons from the valence band are allowed only at energy levels higher
than the Fermi level. Therefore, the energy required for electron transitions must be large
enough to allow the electron transfer to occur not just up to the conduction band, but up to
a higher free energy level.

Photoluminescence (PL) spectra were measured to show the effect of active species
and support on light-generated electrons and holes, since PL emission is a result of the
recombination of the free carriers. The key factors for conjunction of the photoluminescence
effect are considered the oxygen vacancies concentration [52,53]. These defects are trapping
centers, which inhibit the recombination and simultaneously enable efficient joining elec-
trons with the oxygen, which is why they are considered as active centers for the adsorption
on the surface of water and OH— groups necessary for carrying out the photocatalytic
reaction.

The photoluminescence results recorded after TiO, immobilization on different sup-
ports (Figure 7A) show the lowest emission for the MT sample with TiO; as a mixture of
anatase and rutile crystalline species. This indicates that by supporting TiO, on MCM-48
mesoporous silica, the recombination of photogenerated charges was suppressed.
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Figure 7. The PL spectra of Ti-modified materials (A) and Au-Ti photocatalysts (B).

For all gold-modified photocatalysts, the enhancement in PL emission was observed
(Figure 7B), which can be explained by changes in the level of surface defects, due to
the interaction between Au nanoparticles—TiO, with higher particle size and different
numbers and types of surface defects. The reduction in surface defects enhances the
electron number, available to recombine with the holes, leading to an enhancement in the
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near-band-edge emission [54]. A different number of oxygen vacancies could be created by
TiO, immobilization, as a result of different interaction between TiO, and silica supports.
The electron pair remained in the vacancy after oxygen defect formation at the interface of
TiO, /SiO, moves toward the neighboring Ti atoms, creating reduced Ti** and Ti** species.

2.2. Adsorption and Photocatalytic Activity

The AMX adsorption on the obtained materials was evaluated in dark conditions. The
obtained results on the adsorption increasing in time are presented in Figure 8.
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Figure 8. Adsorption capacity of photocalysts in amoxicillin degradation.

There is a significant increase in adsorption during the first hour, after which the
variation is insignificant, tending to a level reached after three hours for all samples. The
absorption capacity increased in the following order: KTA < hYTA < YTA < MTA.

The higher degradation rate of antibiotics obtained for supported TiO; on zeolites and
mesoporous silica was attributed to the higher adsorption capacity of the supports [55,56].
The dominant adsorption mechanism was attributed to the electrostatic interaction and
H-bonding between ionized and unionized molecules of AMX and active groups from the
support surface in acidic (=Si-OH?*) or basic conditions (=Si-O~) [57]. Additionally, the
Bronsted acid sites due to the =Si-OH-Al= group in the zeolite framework can be easily
deprotonated to form =Si-O~ [58]. In AMX solution (pH = 7.2), the surface of supports is
negatively charged and adsorption is the result of interaction between this deprotonated
oxygen and hydrogen atoms from AMX antibiotic, weakly bound to O or N, as a result of
intramolecular electronic effects (Figure S7). Therefore, when the photocatalyst is added to
the AMX solution, the pH is increased to 9.4. Over time, there is a slight decrease in pH in
both cases of adsorption and photocatalytic reaction. It was observed that after 5 h, the pH
value was around 8.

Therefore, TiO, supporting on different materials determines both the number of
centers and their strength. A different number of oxygen vacancies could be created by
immobilization of TiO, on zeolite Y, as a result of interaction between TiO; and support.
The electron pair remained in the vacancy after oxygen defect formation at the interface of
TiO, and SiO, moves toward the neighboring Ti atoms [59].

In degradation of organic compounds from wastewater, adsorption and photocatalytic
processes act simultaneously and the results showed a synergistic effect of these [60]. The
processes that take place in degradation of amoxicillin (AMX) from water are presented
in Figure S8 for the YTA sample. It can be seen that in the first 3 h, the variation in AMX
concentration is strongly determined by adsorption. After 3 h, the significant decrease
in concentration can be considered only as a result of the photocatalytic process. In
photocatalytic degradation of AMX, adsorption can be considered as a rate-determining
step. It has been shown that, depending on the photocatalytic process, its relationship with
adsorption can be proportional or contradictory [61]. Because amoxicillin adsorption could
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be the rate-determining step for the photocatalytic reaction, we irradiated the samples
after a 30 min stirring step in dark conditions. Degradation of AMX using the obtained
photocatalysts showed the effect of a porous support type on the process efficiency. The
synthesized photocatalysts were used in degradation of AMX under UV and visible light
irradiation. The obtained results are shown in Figure 9A,B.

1.0+

Time, h Time, h

Figure 9. Photocatalytic degradation of amoxicillin under UV irradiation (A) and visible light
(B) irradiation.

Under UV light irradiation, the best results in AMX degradation were obtained for the
KTA sample (Figure 9A), with the highest titania dispersion (wide angle XRD- Figure 1A
and Raman results—Figure 5) and highest percent of Au metalic nanoparticles on the
surface (XPS results—Table 1). A better photoactivity obtained for the sample with smaller
size of active species is in accordance with the other reported results [10]. This sample
also presents larger ordered mesopores (Figure 1B, Table S1). The lowest photocatalytic
degradation of AMX was obtained using the YTA sample, with small pore size. These
results suggest an important effect of support textural properties, such as pore size, on
obtaining active photocatalysts.

Under visible light irradiation, the best results were obtained for the MTA photocata-
lyst (Figure 9B). It is the only sample that contains anatase and rutile as titania crystalline
species, according to the XRD and Raman results. Further, on the lower surface area of
the MTA sample, the highest percent of metallic gold clusters (XPS results—Table 1) was
evidenced. The rate of the photocatalytic reaction for this sample is significantly higher (3 h)
and, unlike the others, less influenced by the adsorption process. Under these conditions,
gold species absorbed the visible light and the photons induced an efficient separation of
electron holes. The plasmon-induced electrons in Au NP clusters were transported to CB
of TiO, and reacted with adsorbed oxygen, forming -O%~ active species.

After 5 h of visible light irradiation (Figure 9B), the lowest AMX degradation efficiency
was obtained for KTA samples with the lowest titania content and highest percent of Au
metallic nanoparticles on the surface. In this case, the activity is determined by the nature
of the titanium species. In these samples, the majority are Ti-O-Si species, more active in
photocatalytic reactions performed under UV light (KTA sample—Figure 9A).

The photocatalytic performances of the synthesized materials were also evaluated
through the AMX degradation kinetics studies. The kinetics results obtained under UV
and visible light irradiation are presented in Figure 10A,B. The AMX degradation in the
presence of Ti-Au photocatalysts follows a pseudo first-order mechanism, expressed as
—In(C/Cp) = kappt. The high values of linear regression coefficients (R?) of the kinetic plots
confirm that photocatalytic degradation process of AMX using all the synthesized materials
follows the pseudo first-order reaction, as reported by previous studies for photocatalytic
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degradation of AMX [62]. The values of apparent rate constant (kapp) of the studied systems
are presented in Figure 10A,B.
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Figure 10. Kinetic and apparent rate constant kapp values (x10~* min~!) of AMX photocatalytic
degradation under UV (A) and visible light (B) irradiation.

Comparing the apparent rate constants obtained under UV light irradiation, it can
be seen (Figure 10A) that KTA is 1.5-, 3- and 6-times higher more photoactive than hYTA,
MTA and YTA, respectively. In the case of visible light irradiation, the photocatalytic
process is promoted via plasmon activation of the Au NPs [63], followed by injection of
photogenerated electrons in the conduction band of TiO;. In these conditions, the best
photocatalytic activity was obtained for the MTA sample with the highest value of kapp
(88.3 x 10™* min~1), due to the presence of TiO, as a mixture of anatase and rutile phase,
as Raman spectra showed (Figure 5). This behavior indicates that the presence of a mixed
anatase/rutile TiO; near Au NP is a crucial factor, leading to a synergistic electron transfer,
which enhances the photocatalytic performance. There is a consecutive electron transfer
from photoactivated Au NPs to rutile and then to adjacent anatase TiO, phase [63]. It
was noticed that the mixed anatase/rutile TiO, phases have a high photocatalytic activity
comparatively with anatase or rutile single phases [64]. The explanation proposed and
widely accepted in the literature is based on a favorable contact between anatase and rutile
phases, which ensures the electron transfer, leading to a better separation of photogenerated
charge [64].

The kinetics results evidenced that hierarchical structure of zeolite Y leads to an
increase in the apparent rate constant kapp, probably due to the improvement in accessibility
degree of AMX molecules to the active sites.

Gold immobilization on supported TiO, nanoparticles extends the sensitivity of the
photocatalysts into the visible domain and increases their photoactivity through electron
injection from activated Au species into the conduction band of the semiconductor. The cou-
pling of electromagnetic field of the incident visible light with oscillations in the electrons
in Au NPs leads to an enhancement in electromagnetic fields near the Au NP surface [65].
In the case of UV irradiation, Au NPs act as an electron trap for photogenerated electrons
from TiO,, avoiding electron-hole recombination. Generally, noble metals are used in
photocatalyst synthesis to facilitate electron capture by forming a Schottky barrier on the
metal-semiconductor junction [66]. Au produces the highest Schottky barrier among noble
metals [65].

Although high values of amoxicillin degradation were obtained for catalysts as KTA,
MTA and hYTA, total mineralization was not achieved. Therefore, the lowest value of total
organic carbon elimination (TOC/TOC() was 0.6 for the hYTA sample after 5 h under UV
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light irradiation. The low degree of mineralization was also indicated in other studies [55]
and has been assigned to certain products more resistant to further oxidation. However,
these products may be more biodegradable and bacteria or fungi can mineralize them [67].
The employed HPLC analytical method allowed for the detection of 6 products after AMX
degradation under UV irradiation and 11 after its degradation under visible light. Most
of them had smaller peak areas. We compared these results with those reported in the
literature about amoxicillin degradation products [68-70], which indicate great diversity in
intermediates resulting from AMX degradation. The proposed possible reaction pathway
showed hydroxylation as the first step of degradation. The HO- radical plays a major
role in the attack of benzoic ring or nitrogen moiety of AMX, which possess electrophilic
characteristics [69]. Opening of the 3-lactam ring of AMX by destruction of lactamic bond
can be another pathway for AMX degradation. In the slightly basic conditions of the
photocatalytic reactions (pH~8), the hydrolysis of AMX is activated. Furthermore, basic
properties of the photocatalyst surface can favor the adsorption of C=0 from (3-lactam
ring of AMX with more electrophilic properties. Nevertheless, the study of [55] showed
that hydrolysis may contribute significantly to overall degradation of AMX under chosen
irradiation conditions.

2.3. Proposed Mechanism for the Photocatalytic Degradation of AMX

It was previously reported by our group [16] that the photodegradation process of
organic molecules as AMX was carried out through highly oxidative species as -O,~ and
HO- radicals, obtained due to the presence of photogenerated charge carriers. Other studies
highlighted that AMX photodegradation is mainly due to the reactive species produced
during irradiation (e.g., hydroxyl radical, hole and superoxide ion) [68]. Figure 11 shows
a schematic representation of the proposed mechanism for photocatalytic degradation of
AMX using materials synthesized in this study.
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Figure 11. Schematic representation of the proposed mechanism for photocatalytic degradation of
AMX under UV (A) and visible light irradiation (B).

Depending on light irradiation domain, the photocatalytic process could be explained
by different roles of Au NPs, which act as electron traps in the case of UV irradiation or as
an electron generator under visible light irradiation. When a photocatalytic experiment is
carried out under UV irradiation (Figure 11A), TiO, nanoparticles are activated and there is
an electron transfer from the valence band to the conduction band, leading to the formation
of photogenerated charge carriers. Au NPs act as an electron trap, improving the separation
of e~ /h* pairs. Therefore, unpaired electrons are used to obtain superoxide species (-O; ™)
through reduction of O, molecules adsorbed on the photocatalyst surface, while unpaired
holes ensure the oxidation process of hydroxil ions from aqueous medium to HO- radicals,
responsible for AMX degradation. On the other hand, in the case of visible irradiation
(Figure 11B), the activated species are Au NPs through the SPR effect. The photogenerated
hot electrons from gold nanoparticles are injected into the conduction band of TiO; and
used to obtain highly reactive oxygen species as -O,~ and HO- after reduction of adsorbed
oxygen molecules. Further, h* species remained in Au NPs after electron transfer is used to
oxidize hydroxyl ions to HO- radicals.
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Degradation efficiency is influenced among other important physico-chemical param-
eters of photocatalysts by the reactive oxygen species production under light irradiation,
their number and the photocatalytic process time. Amoxicillin degradation occurs in sev-
eral steps, the possible reaction products being AMX diketopiperazine, AMX penicilloic
acid, phenol hydroxypyrazine, AMX S-oxide and AMX penilloic acid [69,70]. The varia-
tion in inhibition percentage with the irradiation conditions (UV and visible light) may
be explained by different contributions of -O,~ and HO- reactive species. The previous
studies on the photocatalytic activity of supported titanium oxide [13] evidenced the main
contribution of HO- reactive species to degradation of organic pollutants. In conditions of
UV light and slightly alkaline pH, these radicals favor the hydrolysis reactions for the ad-
sorbed amoxicillin molecules. In this way, AMX penicilloic acid, phenol hydroxypyrazine,
AMX penilloic acid and AMX diketopiperazine can be obtained. These products, without
-lactamic ring, do not have an inhibitory effect against bacteria. Under visble light irra-
diation, the presence of gold, which induces the plasmonic effect, favors the formation of
‘O, species that can lead to oxidation compounds containing the (3-lactam ring as AMX
S-oxide with an inhibitory effect.

3. Materials and Methods
3.1. Materials

The chemicals used in the photocatalyst synthesis are: sodium silicate solution
(NapO(5i07)x-xH; O, reagent grade), sodium aluminate (NaAlO,), tetraethyl orthosilicate—
TEOS (Si(OCyHs),, reagent grade, 98%), sodium hydroxide (NaOH, >98%), ethanol
(CH3CH,0H, >99.8%), 1-butanol (CH3(CH;)30H, anhydrous, 99.8%), tetradecyltri- methy-
lammonium bromide—TTAB (CH;3(CH;)13N(Br)(CH3)s, for synthesis), cetyltri- methyla-
monium bromide—CTAB (CH3(CHjy)15N(Br)(CHj3)s, >98%) and triblock copolymer P123
(PEG-PPG-PEG, average M, ~ 5800); all were purchased from Sigma Aldrich (Burlington,
MA, USA). Titanium (IV) n-butoxide (Ti(OCH,CH,CH,CH3),4, reagent grade, 97%) from
ACROS Organics (Geel, Belgium) and chloroauric acid (HAuCly - 3H,0O, >99.9% trace met-
als basis) from Fluka (NC, USA). The amoxicillin (C1H19N305S, 95.0-102.0% anhydrous
basis) for photocatalytic reactions was a Sigma Aldrich product.

3.2. Synthesis of Materials

All porous supports used in this study were synthesized as previously reported by
our group [7,13,16]. All the supports were obtained by hydrothermal treatment. For
synthesis of MCM-48 mesoporous silica, a cationic surfactant (CTAB), dispersed in a basic
medium, was used as template while KIT-6 was obtained in acidic condition, using a
non-ionic surfactant (P123). In both cases, alcohol was used with a double role: solvent and
co-surfactant (ethanol—EtOH for MCM-48 and butanol—BuOH for KIT-6). Hierarchical
zeolite Y was obtained by a seed assisted method, in the presence of a cationic surfactant
(TTAB). Zeolite Y was obtained similarly, but in the absence of the surfactant. Cubic
mesoporous silica MCM-48 and KIT-6 was suggestively noted M and K, while zeolite
Y materials with microporous and hierarchical structure were denominated Y and hY,
respectively.

Titanium and gold active sites were incorporated in the obtained supports by post-
synthesis method (impregnation). The cubic silica and zeolite Y supports were impregnated
with titanium species from alcoholic solution of titanium (IV) n-butoxide obtaining samples
with 10% TiO, loading. After impregnation, materials were kept for 24 h at room tempera-
ture, dried at 80 °C and calcinated in air at 600°. The obtained samples were named YT, hYT,
MT and KT and were used as supports for gold immobilization. Au was immobilized by a
double-impregnation method using HAuCly solution. The amount of gold precursor was
equivalent to 1 wt.% of Au in each sample. In the second step the chlorine was removed
using a Nap;COj solution [35]. The obtained samples were washed with sodium carbonate
solution and deionized water, centrifuged, dried overnight at room temperature and then
at 120 °C for 6 h. This method was chosen due to the advantage of preparation of highly
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active materials by using a simple method and a suitable precursor for gold as chloroauric
acid [26,35]. The obtained materials were named YTA, hYTA, MTA and KTA.

3.3. Characterization of Materials

The crystalline and ordered mesoporous structures of materials were examined at wide
and low angles using powder X-ray diffraction (Rigaku Ultima IV diffractometer-Rigaku
Corp., Tokyo, Japan-with Cu Ko, A = 0.15406 nm). Crystallite size of supported TiO, was
calculated using Scherrer’s formula along (101) direction: D = k-A/(FWHM)-cos(0), where A
is the wavelength of the Cu K« radiation (1.54056 A), FWHM is full width at half maximum
of the intensity vs. 26 profile, 0 is Bragg’s diffraction angle and k is the shape factor (0.9).
Elemental analysis of the obtained samples was determined using Rigaku ZSX Primus II
spectrometer and the textural properties were characterized by Micromeritics ASAP 2020.
Morphology, sample composition, ordered porous structure, zeolite crystals and dispersion
of gold nanoparticles were evidenced by scanning electron microscopy (ZEISS EVO LS10
SEM, Germany) and transmission electron microscopy (TECNAI 10 G2-F30 and F20 G2
TWIN Cryo-TEM -FEI with EDX, OR, USA).

Surface analysis was performed by X-ray photoelectron spectroscopy (XPS—PHI
Quantera equipment, ON, Canada). The X-ray source was monochromatized Al Ko
radiation (1486.6 eV) and overall energy resolution was estimated at 0.6 eV by the full
width at half-maximum (FWHM) of the Au4f7/2 photoelectron line (84 eV).

The interaction with light of photocatalysts was examined using Raman, UV-Vis dif-
fuse reflectance (JASCO V570 spectrophotometer, Tokyo, Japan) and photoluminescence
spectroscopy. Micro-Raman spectra were recorded by means of a RM-1000 Renishaw Ra-
man (Renishaw, New Mills, Wotton-Under-Edge, UK) and a LabRam HR800 spectrometer
(HORIBA FRANCE SAS, Palaiseau, France) equipped with CCD detectors and gratings
of 2400 gr/mm. Two lasers, Ar*-ion and He-Cd operating at 514.5 nm and 325 nm, re-
spectively, were used as exciting radiations through the 50x and 40x NUV microscope
objectives manufactured by Leica (Leica, Wetzlar, Germany) and Olympus (Olympus
Corporation, Tokyo, Japan). Owing to two BragGrate filters, visible Raman spectra were
recorded from 5 cm~! in order to access pore and nanoparticle size information. The
UV-Vis diffuse reflectance spectra were recorded on a JASCO V570 spectrophotometer.
The fluorescence spectra were recorded with an FLSP 920 spectrofluorimeter (Edinburgh
Instruments, Livingston, UK). The excitation source was an Xe lamp, excitation wavelength
550 nm and spectra were recorded between 570 and 800 nm. The excitation and emission
slits were of 10 nm for all measurements.

3.4. Adsorption and Photocatalytic Experiments

The adsorption and photocatalytic degradation of amoxicillin reactions were carried
out in a dark room thermostated at 30 °C. Next, 20 mg of the photocatalyst was added
in quartz microreactors with 10 mL aqueous solution of amoxicillin—AMX (30 mg/L)—
under stirring. Before reaction, mixture was first stirred in darkness for 30 min in order
to ensure adsorption of the AMX on photocatalyst surface. Then, the reaction mixture
was irradiated under UV light (A = 254 nm), using 2 x 60 W halogen lamps, and laser-
visible light (532 nm). At given irradiated time intervals (1, 3 and 5 h, respectively), 3 mL
of suspension was taken out and the catalyst was separated from the suspension using
Millipore syringe filter of 0.45 pum. The absorbance (A) of solution was measured by JASCO
V570 UV-Vis spectrophotometer and degradation process evaluated by the variation in the
maximum absorbance of AMX (A = 230 nm). To evaluate AMX degradation, the solution
phase concentration C (mg/L) at moment t and initial concentration Cy (mg/L) att=10
were used.

Considering the AMX degradation as a first-order reaction, the apparent rate constant
(kapp) was calculated using the relation: —In(C/Cy) = kappt, where kapp is the apparent
rate constant of the photodegradation process, Cy and C represent AMX concentrations
(mg/L) at the initial time and a given time t (min), respectively.
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For AMX degradation monitoring RigolL.300 HPLC equipped with an UV-Vis diode-
array detector (A: 210; 240 and 274 nm) and a Zorbax SB-C18 column (Agilent, Santa Clara,
CA, USA) was employed. The mobile phase was a mixture of phosphate-buffer solution (20
mM)/acetonitrile, with a ratio of 80/20, flowing with 1 mL/min. The mineralization degree
was monitored by total organic carbon (TOC) analysis. The TOC value was calculated
by subtracting the value of the total inorganic carbon (TIC) from the value of the total
carbon (TC). TC and TIC measurements were performed using an HiPer TOC Thermo
Electron analyzer based on carbon dioxide infrared absorption. For TC, the UV-Persulfate
oxidation method was employed, while TIC method involves the sample acidification and
quantification of the released CO;. Prior to analysis, all the samples collected during the
runs were filtered through 0.20 um regenerate cellulose filters. All chromatographic, TOC
analyses and antibacterial activity were performed in duplicate.

4. Conclusions

High-performance photocatalysts were obtained by immobilization of Ti and Au NPs
on different supports with specific structural, textural and morphological properties. For
dispersion of Ti species and, implicitly, of Au NPs on the support, interaction between
them and interaction of each one with the support are considered the key factors that have
a synergistic effect on photocatalytic performances of synthesized materials. The pore size,
surface and adsorption properties influence the photocatalytic process, both by providing
active species available for AMX degradation, as well as by ensuring the reagent mass
transfer. The best results (100% degradation efficiency) were obtained under visible light
for samples with Au metallic clusters on the surface (XPS results). Between these samples,
the highest apparent rate constant was obtained for that obtained by dispersion of Ti and
Au on MCM-48 support, the only one containing both anatase and rutile as titania species.
A high adsorption capacity was also evidenced for this sample. The reaction mechanism, in
which Au is e- trap in UV and e- generator in visible light, explained the synergistic action
of support, as Au and TiO, species in photocatalytic reactions.

Although high values of amoxicillin degradation were obtained, total mineralization
was not achieved. The low degree of mineralization was assigned to certain products more
resistant to further oxidation. A different number of AMX by-products was obtained under
UV and visible light irradiation. These results were explained by the difference between
reaction mechanisms under UV and visible light.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12101129/s1, Figure S1: EDX results for KTA (A), hYTA (B),
YTA (C) and MTA (D) samples and the TEM image of the evaluated area (Cu and C are components
of TEM grid support for the powder of sample); Figure S2: TEM images of samples MTA (A,B) and
hYTA (C,D), Figure S3: (a—d) Au 4f (7/2, 5/2) high resolution, deconvoluted XPS spectra for the
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