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Abstract: Immobilization of photocatalysts in porous materials is an approach to significantly
minimize the hazards of manipulation and recovery of nanoparticles. Inorganic materials, such as
zeolites, are proposed as promising materials for photocatalyst immobilization mainly due to their
photochemical stability. In this work, a green synthesis method is proposed to combine TiO2-based
photocatalysts with commercial ZY zeolite. Moreover, a preliminary analysis of their performance
as photocatalysts for the abatement of organic pollutants in waters was performed. Our results
show that the physical mixture of TiO2 and zeolite maintains photocatalytic activity. Meanwhile,
composites fabricated by doping TiO2–zeolite Y materials with silver and palladium nanoparticles
do not contribute to improving the photocatalytic activity beyond that of TiO2.

Keywords: composite photocatalyst; green synthesis; organic pollutants; titanium oxide; zeolite Y

1. Introduction

The global water demand is expected to grow about 20–30% by 2050 compared to the
demand in 2010 [1,2]. However, access to clean freshwater is limited and many places are
facing water scarcity [3]. Water is sometimes described as “the oil of the 21st century”,
which implies the increasing shortage of clean and safe water. Water reuse is essential
as well as reducing its consumption [4,5]. Water reclamation requires more advanced
technologies than conventional treatment plants. The development of economic and
environmentally friendly water treatment technology is a key to “ensure availability and
management of water and sanitation for all” as declared in the global goals for sustainable
development [6].

Advanced oxidation processes (AOPs) remove organic pollutants from water by oxi-
dation. Some types of AOPs are commercially available to produce drinking water or treat
wastewater [7,8]. AOPs are based on the in situ generation of oxidants, such as hydroxyl
radicals that decompose organic pollutants. Ozone, hydrogen peroxide and ultraviolet
(UV) irradiation, either individually or combined, are typically used in commercialized
systems. Several other materials, such as Fe2+, Mn3+, and semiconductors, are also studied
to promote the degradation of organics in water [9,10].

While ozone and hydrogen peroxide require a continuous supply of the oxidant
agent as it is consumed during the water treatment, semiconductor-based AOPs need no
additional chemicals. Moreover, some semiconductors absorb visible light, so the AOPs
can be driven by solar energy. One of the drawbacks of the semiconductor-based AOPs is
the mass transfer limitation between solid and liquid phases.
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Among various types of semiconductors, TiO2 is still being widely used due to its
cost-effectiveness [11–13]. Combining TiO2 and zeolites was reported to enhance the degra-
dation of organics in water [14,15]. The enhancement is explained by the adsorption of
organics or partially decomposed organics on the zeolite surface that increases the concen-
tration of the organic compounds in the proximity of the TiO2 semiconductor and improves
the photocatalytic decomposition rate [16]. The results reported by Jansson et al. [16]
showed that the nature of the pollutant and physicochemical features of zeolites strongly
influence the photocatalytic performance of the composites. FAU zeolite (including Y
(ZY) and X) are often used for this purpose [17] due to its large pore size and tunable
Si/Al ratio that affects the adsorption characteristics. In addition, zeolites can extend
the photogenerated charge separation, which also facilitates photocatalytic activity [18].
Furthermore, the immobilization of TiO2 on silica materials was previously proposed to
ameliorate the recovery of the catalysts in aqueous media [19]. Even further, immobilization
of photocatalysts into membranes was introduced in the quest of process intensification
and avoiding hazards associated with the manipulation of nanomaterials [20,21]. While
polymer dense membranes are still the only type of membranes accomplishing sufficient
rejection of small molecular weight compounds, polymers are highly sensitive to radical
oxidation. Therefore, their protection by a photocatalytic inorganic (i.e., ceramic) layer was
already proposed in the literature [22]. Zeolites, with molecular-sized pores, can be also
considered as efficient and long-term stable materials to produce photocatalytic materials.
However, the attempts of immobilizing photocatalysts on inorganic supports have usually
led to the reduction of the photoactivity due to several factors: i) the possible presence of
zeolite mesopores clogging by the TiO2 which might difficult the accessibility to the active
phase, and ii) the introduction of additional diffusive resistances to the global kinetics
of the process [19,23]. A rather large controversy still remains regarding the benefits in
photoactivity of TiO2–zeolite materials, which moved us to explore novel approaches to
combine TiO2 and zeolites that could overcome such handicaps. Further incorporation of
plasmonic metal nanoparticles on TiO2–SiO2 composites were also studied into the quest
of optimizing TiO2–SiO2 potential in the visible light region [24].

In this study, a green synthesis, combining mixtures of nanometal-TiO2 composites
with zeolite powder under mild conditions was followed. Further, the new photocatalytic
materials were evaluated with several organic molecules of different nature.

2. Results and Discussion
2.1. Materials Characterization

Table 1 presents the values of specific surface area and total pore volume for raw TiO2
and a selection of some materials namely TiO2-metal and TiO2–metal–zeolite Y. The nitro-
gen adsorption–desorption isotherms are shown in Figure S1 (Supplementary Material).

Table 1. Specific surface area (SBET), pore volume (Vtot) (determined by nitrogen adsorption) and experimental band gap
energy (Eg) values obtained from the analysis of Tauc plot [25].

Sample Composition
Specific Surface Area,

SBET
(m2g−1)

Total Pore Volume
Vtot

(cm3g−1)
Eg (eV)

T TiO2 59 0.31 3.27
T–ZY TiO2–5% zeolite Y 84 0.26 3.20
T–Pd TiO2-1% Pd 60 0.25 3.20

T–ZY–Pd TiO2–5% zeolite Y-1% Pd 84 0.27 3.28
T–Ag TiO2–0.05% Ag 59 0.26 3.22

T–ZY–Ag TiO2–5% zeolite Y-0.05% Ag 84 0.24 3.17

The composite 95 wt.%. TiO2 and 5 wt.%. zeolite Y shows a higher specific surface
area (84 m2g−1) than TiO2 (59 m2g−1) because zeolite Y has a relatively high specific surface
area (ca. 700 m2g−1), quite in agreement with theoretical calculations using a proportional
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rule (0.95 × 59 + 0.05 × 700 = 91 m2g−1). Deposition of metal nanoparticles (Pd or Ag) on
TiO2 or on a mixture of TiO2 and zeolite Y does not affect the textural properties of the
samples as illustrated by Figure S1. The pore size distribution, shown in Figure S2, clearly
demonstrates the maximum centered at 130 Å (13 nm) for each studied photocatalyst,
which indicates that the width of the pores existing in TiO2 is not affected by the deposition
of metal nanoparticles and/or mixing with zeolite Y.

Figure 1a displays the XRD patterns of the zeolite Y and a set of T–ZY materials
with different zeolite Y loadings. Diffraction reflections characteristic of TiO2 can be
clearly observed in all patterns when TiO2 is present (Figure 1b). Additionally, diffraction
reflection at 2 θ = 6◦ characteristic of zeolite Y is also found in T–ZY and T–ZY-metal
materials. Further, in Figure 1a it is shown that the intensity of the zeolite Y diffraction
reflection increases with the increasing concentration of zeolite Y from 5 wt.%. to 15 wt.%.
Figure 1b,c depicts that spreading metal nanoparticles (Pd or Ag) on TiO2 or on T–ZY
mixtures does not result in the presence of additional diffraction reflections besides those
characteristics of TiO2. The reasons for such observation may be (a) low concentration of
metal nanoparticles, and (b) formation of small crystals of metal (Ag and Pd) phase.
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Figure 1. The XRD patterns of (a) the powders: zeolite Y and the mixtures of TiO2 and zeolite Y containing 5, 10 and 15 wt.%
of zeolite; (b) TiO2 before and after deposition of metal nanoparticles (Pd or Ag); and (c) a mixture of TiO2 and 5 wt.%
zeolite Y before and after deposition of metal nanoparticles (Pd or Ag).

Figure 2a–c illustrate the morphology of zeolite Y and photocatalyst TiO2 and TiO2-
metal composites particles being physically mixed. It can be seen that micron-sized particles
of zeolite Y are mostly covered with nanometer-sized particles of TiO2. According to the
specifications provided by the manufacturers, the average primary particle sizes are approx-
imately 6 µm and 21 nm for zeolite Y and TiO2, respectively. It seems that TiO2 particles
eagerly stick to the surface of zeolite Y particles, which suggests that zeolite Y can, to some
extent, act as a support for TiO2 particles enhancing their exposure in photodegradation
reaction. Perhaps spreading of TiO2 nanoparticles on the surface of zeolite Y may also pre-
vent/inhibit their aggregation to a certain extent. The uncovered surface of zeolite Y may
influence the adsorption of organic pollutants diluted in water and act as an adsorbent to
enrich the pollutants. TEM micrographs in Figure 2d,e demonstrate that Pd nanoparticles
exist in the form of small or large clusters preferentially deposited on TiO2 particles. The
concentrations of Pd attached at the surface determined were estimated by XPS as 0.4 and
1.2 wt.% for T–Pd and T–ZY–Pd, respectively. STEM images (Figure S3a,b) combined with
EDS analysis of Pd-containing catalysts confirm the presence of Pd species on the surface
of TiO2 particles. It indicates that Pd nanoparticles are not distributed uniformly at the
TiO2 surface. Although XPS detects Ag species in Ag-containing catalysts, their presence is
not revealed by transmission microscope imaging as Ag surface concentrations are very
low (0.08 and 0.15 wt.% for T–Ag and T–ZY–Ag, respectively).
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Arrows indicate the presence of Pd-containing nanoparticles/clusters.

The band gap of the semiconductor materials can be determined by analyzing their
optical absorption spectra using Tauc plots representing (αhυ)2 versus hυ and then doing
the linear extrapolation of (αhυ)2 to zero value of hυ (where α is absorption coefficient,
hυ is photon energy, h is Planck’s constant and υ is the frequency of photon) (Figure S4,
Supplementary Material) [26]. The estimated band gap (Eg) values were tabulated (Table 1).

There are no significant changes observed in the estimated band gap values for the
samples T–ZY, T–Ag and T–Pd with the band gap for bare TiO2 (3.27 eV) The deposition of
metal nanoparticles (Pd or Ag) onto TiO2 and/or the addition of zeolite Y into TiO2 do not
influence the band gap of semiconductor-TiO2, similarly to previously reported data [27].

2.2. Photocatalytic Activity

First, the effect of the concentration between 5 to 15 wt.%. of zeolite Y incorporated
into the T–ZY composites on the photocatalytic activity was evaluated. Figure 2 shows the
degradation of methyl orange dye after 2 h of UV irradiation in the presence of bare TiO2
and physical mixtures T–ZY containing 5 and 15 wt.%. of zeolite Y, respectively.

Figure 3 illustrates that the degradation of methyl orange decreases gradually with the
presence of zeolite Y in a physical mixture of TiO2 and zeolite Y. After 2 h of UV irradiation,
the degradation of methyl orange with pure TiO2 is ca. 50%, while the incorporation of
zeolite Y progressively drops down methyl orange degradation to ca. 46% and further
ca. 31% for 5 and 15 wt.%. of zeolite Y in T–ZY mixtures, respectively. Zhang et al. [15]
also reported a higher (81%) photodegradation of methyl orange for TiO2 than those (55
and 77%) for the composites of TiO2 and zeolites (natural zeolite (SiO2/Al2O3~8), and
acid leaching zeolite (SiO2/Al2O3~71), respectively). This study also reported reductions
in photoactivity of TiO2-natural zeolite composites for rhodamine B and phenol in water
solutions. Meanwhile, the combination of TiO2 with dealuminated zeolites enhanced the
photoactivity towards both organic compounds. These results were previously explained
by the low adsorption ability of hydrophilic zeolites towards organic compounds [28].
Thereafter, a 5 wt.%. of zeolite Y was selected for further study.
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Figure 3. Degradation of methyl orange dye aqueous solutions after being UV irradiated for 2 h in
the presence of TiO2 and the physical mixtures of TiO2–ZY containing 5 and 15 wt.%. of zeolite.

Figure 4 depicts the change with time in the dimensionless concentration of dichloroacetic
acid (DCA) during photocatalysis with TiO2–zeolite metal composites. The effect of pho-
tolysis of DCA under the light irradiation conditions is below 10% and similar to the
contribution of DCA adsorption of TiO2 and T–ZY mixtures that could be considered
stable after 30 min of contact with the nanoparticles. Despite zeolite presence increasing
the specific BET surface area (Table 1), the adsorption capacity in dark conditions with or
without zeolite is not significantly affected. Adsorption of 50 mg L−1 of DCA by 0.3 g L−1

of pure ZY was 40% (data not shown), therefore, the addition of as low as a 5 wt.% of ZY in
the T–ZY mixtures is not expected to significantly affect the overall T–ZY adsorption. This
is again in agreement with the low adsorption capacity of organic molecules attributed to
hydrophilic zeolites with SiO2/Al2O3 ratios of about 5.
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Figure 4. Change with time in dimensionless DCA concentration in aqueous solutions in the presence of (a) TiO2 and
TiO2-metal composites and (b) T–ZY and T–ZY metal composites irradiated with UV–A source at 365 nm. Additionally,
control experiments evaluating DCA adsorption in pure TiO2 (a) and TiO2–5%ZY mixtures (b) in absence of light and
photolysis of DCA (a) are included.

It is observed that T, T–Ag and T–ZY samples present the fastest DCA degradation ki-
netics. After 90 min of photocatalysis, these three materials present a complete degradation
of DCA without significant changes among samples. T–ZY–Ag samples present an appar-
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ent slight reduction on DCA degradation kinetics, although complete DCA degradation is
achieved after 90 min. On the other hand, Pd doping of TiO2 semiconductors, particularly
in T–ZY–Pd composites, significantly reduces photocatalytic activity.

Figure 5 presents the change with time in the dimensionless concentration of sodium
dodecylbenzenesulfonate (SDBS) during photocatalysis with TiO2–zeolite metal composites.
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metal composites (a) and T–ZY and T–ZY metal photocatalysts (b) irradiated with UV–A source at 365 nm. Additionally,
control experiments evaluating (i) SDBS adsorption in pure TiO2 (a) and TiO2–ZY 5% mixtures (b) in absence of light and
(ii) photolysis of SDBS are included.

Similar to DCA, photolysis and adsorption of SDBS on TiO2 and T–ZY materials were
always below 10% and therefore negligible. After 30 min of stirring in dark conditions,
adsorption was considered to be stable and photocatalysis tests were performed. On the one
hand, SDBS molecular weight might slow down the degradation kinetics in contrast to DCA,
as expected. On the other hand, the neutral zero surface potential (pHzsp~7.6, Figure S5,
Supplementary Material) of TiO2 could be also behind this decay on photocatalytic activity
of TiO2 between DCA and SDBS. DCA solutions presented a natural pH of ~3.6 and
thus TiO2 surface was charged positively, therefore attracting negatively charged DCA in
solution. Meanwhile, the SDBS solution’s natural pH is ~6.5. At this working pH, TiO2
might present less positively charged sites, and consequently lower electrostatic attraction
of negatively charged SDBS on the TiO2 surface might occur, therefore hampering the
attack of the pollutants by the OH radicals. However, it is clear that the production of
oxidative species via the photocatalytic mechanism of TiO2 and the T–ZY metal composites
is still effective for SDBS degradation into intermediate and less harmful molecules. T
and T–ZY presented the highest SDBS degradation, being 80 and 72% respectively after
180 min. When compared to reported results, the photocatalysis of organic metoprolol in
water with TiO2–P25 and with a composite with natural zeolites reached about 30–40%
degradation after 180 min at similar natural pH~6 and irradiation wavelength (λ~365 nm)
as the values used in the present work while they further used 0.1 v/v% concentration of
H2O2 to increase the production of OH radicals [29].

The worsening of the photocatalytic activity of TiO2 via the metal incorporation that
was already observed for DCA (Figure 4a), is more evident in the SDBS degradation tests
(Figure 5a), being again Pd the metal giving the lowest SDBS degradations of ca. 40%
after 180 min. TiO2–Pd composites were reported to have an acidic pHzpc of about 5.4 [30].
Thus, the T–Pd material would present a lower positively charged surface area than TiO2
at the working pH of the DCA and, particularly in SDBS solutions, T–Pd surface would be
negatively charged instead. This effect was reported to reduce the available photocatalyst
surface for photogeneration of hydroxyl radicals due to the consequently lower attraction
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of water molecules. The incorporation of noble metals (Ag and Pt) on TiO2–P25 commercial
semi-conductors was reported to usually improve DCA degradation activity over pure
TiO2 [31]. However, this was observed at high Ag doping such as 10 wt.% on TiO2 and
under combined UV and visible light irradiation. Additionally, Wodka et al. [27] observed
the improved photocatalytic activity of TiO2–Ag composites in contrast to TiO2–P25 in
the degradation of various organic compounds (oxalic acid, formic acid and humic acid)
in waters with Ag contents of at least 1 wt.%. Wodka et al. [27] also found that TiO2–P25
and TiO2–Ag composites presented, respectively, 1.5 and 2.4 times higher photoactivity
for oxalic acid (solutions natural pH~3.3) than for humic acid (solutions natural pH~6.5),
similarly as the results reported in the present study for DCA and SDBS solutions. In this
regard, it is important to note that, according to Wodka et al. [27], it is not expected an
important change in the pHzpc in T–Ag materials in contrast to plain TiO2, therefore the
pH of the solution might not affect importantly the surface electrophilicity of T and T–Ag
materials. Overall, the benefits of the plasmonic effect accounted by metal nanoparticles
doping are usually more evident when using visible light irradiation [24,27], and not under
UV light as herein employed.

Analogous to what occurred between TiO2 and T–ZY mixtures, the rate of photocat-
alytic reaction of TiO2 metal composites deposited on zeolites (T–ZY metal) was slightly
slower than T metal composites without the presence of zeolites for both DCA and SDBS
solutions. As was previously mentioned, ZY presents a low adsorption capacity for or-
ganic molecules that was responsible for the lower photocatalytic efficiency of TiO2–zeolite
composites [15,28]. Further, this reduction in photoactivity observed in the T–ZY mixtures
might also respond to the lower content of photocatalyst and the consequent reduction in
the generation of hydroxyl radical species in the media.

The general mechanism for the removal of organic compounds in heterogeneous
photocatalysis is mainly based on the generation of reactive oxygen species (ROS), such as
the superoxide radical (O2

•−), hydroxyl radical (•OH), and positive valence band holes
(h+

VB). Moreover, hydroxyl ions can be either on the catalyst surface or in solution, lead-
ing to hydroxyl radicals on the catalyst surface or free radicals in solution. When the
organic compound is adsorbed onto the catalyst direct oxidation thanks to positive holes
and adsorbed hydroxyl radicals can be the main mechanisms. Nevertheless, when the
contaminants are poorly adsorbed most of their removal could be attributed to superoxide
radicals and hydroxyl radicals in solution. Therefore, diffusion and mass transfer lim-
itations could play an important role in limiting the removal kinetics. That is why the
development of enhanced photocatalysts should focus on this issue. Previous works have
addressed that the mechanism for the removal of DCA with TiO2 modified with metals
such as platinum and silver cannot proceed by photogenerated holes and hydroxyl radicals
in solution play the leading role [31]. A similar influence of hydroxyl radicals in solution
on DBS photocatalytic removal with TiO2 was also reported [32]. Nevertheless, in this
work, the synthesis method has not succeeded in an adequate metal distribution on the
catalyst. So, the beneficial aspects of their interactions have not been achieved, neither did
the adsorption of the contaminants with the contribution of the zeolite.

3. Materials and Methods
3.1. Preparation of Physical Mixture of TiO2 and Zeolite Y

The physical mixture of TiO2 and zeolite Y was prepared by grinding in an agate
mortar two powders, i.e., TiO2 (Sigma Aldrich, consisting of 21 wt.% of rutile and 79 wt.%
of anatase according to the analysis of the powder XRD diffraction patterns by means of
the Rietveld method using TOPAS software) and zeolite Y (sodium Y, HS-320, FUJIFILM
Wako Chemical Corporation, Tokyo, Japan), SiO2/Al2O3 (mol/mol): 5.5), for 30 min.

3.2. Synthesis of Pd Nanoparticles and Preparation of Pd-Containing Photocatalysts

Palladium (Pd) nanoparticles were prepared via chemical reduction of palladium ions
(Pd2+) by the reverse “water-in-oil” microemulsion method described elsewhere [33]. The
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microemulsion was prepared in a glass flask by dissolving non-ionic surfactant (1,1,3,3
tetramethylbutyl) phenyl-polyethylene glycol, i.e., TritonTM X-114 in non-polar cyclohex-
ane. To this mixture, an aqueous solution of 0.2 M PdCl2 and 0.4 M NaCl was added. The
mixture was stirred for 30 min and then sodium borohydride (NaBH4) was introduced.
The reduction of Pd2+ ions was fast, and the color of the microemulsion quickly changed
from brown to almost black due to Pd metal particles’ formation. The suspension was
stirred for 60 min to ensure complete reduction and finish metal nanoparticles growth.
Then, the powder of TiO2 (Sigma-Aldrich) or the physical mixture of TiO2 and zeolite
Y (5 wt.% of zeolite sodium Y) was introduced into the suspension and the mixture was
stirred for 60 min. Next, acetone was slowly (10–100 mL/h) added using syringe pump.
Then, the suspension was separated by using filter with 0.45 µm pore size hydrophilic
PTFE membrane. The obtained powder was washed with acetone and distilled water to
remove the surfactant. Finally, the catalyst was dried in air at 50 ◦C overnight. As a result,
two Pd-containing photocatalysts were obtained: T–Pd, 1 wt.%. of Pd deposited on TiO2
and T-ZY-Pd, 1 wt.%. of Pd deposited on the physical mixture of TiO2 and zeolite Y (5
wt.%. of zeolite Y).

3.3. Synthesis of Ag Nanoparticles and Preparation of Ag-Containing Photocatalysts

Silver (Ag) nanoparticles were prepared via chemical reduction of silver ions (Ag+),
delivered in the form of silver nitrate, by sodium borohydride (reducing agent) in the
presence of trisodium citrate (stabilizing agent) [34]. Briefly, sodium borohydride (NaBH4)
and trisodium citrate dihydrate were dissolved in ultrapure water. Silver nitrate solution
was prepared by dissolving silver nitrate in ultrapure water (Millipore-Q Elix and Simplicity
185 purification system, Millipore S.A., Molsheim, France). The mixture of reducing and
stabilizing agents was placed in a glass reactor and stirred at speed of 170 rpm using
a mechanical stirrer equipped with a glass paddler stirrer. Continuing the stirring, the
silver nitrate solution was added dropwise to the solution of sodium borohydride and
trisodium citrate. The flow rate of silver nitrate solution (3.3 mL min−1) was controlled by
a peristaltic pump.

The suspension of Ag nanoparticles was purified from unreacted silver ions and
other low molar mass compounds using ultrafiltration method. For this purpose, the
suspension was washed with ultrapure water with the use of a filtration cell Amicon
(model 8400, Millipore) equipped with a regenerated cellulose membrane (PLHK7610).
The purification procedure was carried out until the conductivity of obtained effluent
stabilized at 15 µS cm−1 (determined by CPC-505 pH-meter/conductometer, Elmetron,
Zabrze, Poland, equipped with a conductometric sensor EC-60).

The mass concentration of Ag nanoparticles dispersed in the purified suspension was
determined based on the measurements of density of the suspension and its dispersive
medium (the effluent obtained in the purification procedure).

Ag-containing photocatalysts (T–Ag and T–ZY–Ag) were prepared in aqueous medium.
At the beginning, TiO2 was dispersed in the ultrapure water by mixing a proper amount
of TiO2 or TiO2–ZY powder (~4 g) with given volume of ultrapure water (150 mL). Ob-
tained suspensions were mixed using magnetic stirrer (170 rpm) for 30 min under ambient
conditions. Then, the suspensions were sonicated in an ultrasonic bath (40 kHz) over 10
min. It was established that the suspensions containing TiO2 of average hydrodynamic
diameters in the range 120–190 nm by dynamic light scattering, were suitable for further
studies. In order to ensure electrostatically-driven deposition of negatively charged silver
nanoparticles on positively charged TiO2, the suspensions were mixed at pH value where
the nanoparticles exhibited opposite surface charge (usually 4.1–4.4). After mixing 21.5 mL
of Ag NPs suspension (93 mg L−1) and 150 mL of TiO2 or T–ZY suspension (26 g L−1), the
suspensions were vigorously mixed over 30 min. Then, the precipitates were obtained via
ultrafiltration. Then, the wet precipitates were introduced to glass crystallizers and dried
in a laboratory drier at 50 ◦C overnight. As a result, two Ag-containing photocatalysts
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were obtained: T–Ag, 0.05 wt.%. of Ag deposited on TiO2 and T–ZY–Ag, 0.05 wt.%. of Ag
deposited on the physical mixture of TiO2 and zeolite Y (5 wt.%. of zeolite Y).

3.4. Characterization Methods
3.4.1. Nitrogen Sorption

Nitrogen adsorption/desorption analysis was carried out at −196 ◦C using an Autosorb-1
(Quantachrome, Anton Paar GmbH, Graz, Austria) surface area and pore size analyzer.
Prior to volumetric adsorption/desorption measurement, the samples were preheated and
degassed under vacuum at 100 ◦C for 18 h. Specific surface area (SBET) was calculated using
BET (Brunauer–Emmett–Teller) method based on adsorption data in the partial pressure
of 0.1 < p/p0 < 0.35. Total pore volume (Vtot) was determined by the amount of nitrogen
adsorbed at p/p0 = 0.99. Pore size distribution (PSD) in the region of mesopores (2–50 nm)
was calculated by using the data from the desorption branch of nitrogen isotherm and
the BJH (Barret–Joyner–Halenda) method. The pore diameter was estimated using BJH
method desorption pore diameter mode.

3.4.2. X-ray Diffraction

Powder X-ray diffraction (XRD) analysis was performed using a PANalytical X’Pert
PRO powder diffractometer (Malvern Panalytical, Almelo, The Netherlands) with Cu Kα

radiation (40 kV, 30 mA). The XRD patterns were recorded in the range of 2–90◦ (2 θ) with
a step size of 0.05◦.

3.4.3. TEM/STEM

Transmission electron microscopy (TEM) images were recorded using an FEI Tecnai
G2 F20 (200 kV) apparatus (with an operating voltage of 200 kV). Energy dispersive spec-
troscopy (EDS) analysis of STEM (scanning transmission electron microscopy) micrographs
was performed.

3.4.4. XPS

X-ray photoelectron spectroscopic (XPS) measurements were conducted using a spec-
trometer equipped with Al Kα X-ray source (1486 eV, 12 kV, 20 mA) and a hemispherical
analyzer (R4000, Gammadata Scienta, Uppsala, Sweden).

3.4.5. UV-Vis Measurements

Ultraviolet–visible (UV–Vis) diffuse reflectance spectra were recorded in the wave-
length range of 200–700 nm using a Shimadzu UV-2600 spectrometer (Shimadzu Eu-
ropa GmbH, Duisburg, Germany) equipped with a reflectance chamber with a 5 mm slit.
The samples for analysis were pressed in a powder sample holder. BaSO4 was used as
a reference.

3.4.6. Photocatalytic Experiments

Photocatalytic experiments of methyl orange dye were conducted in a glass beaker
placed on a magnetic stirring plate (1000 rpm). A UV lamp (50 W, 230 V AC, HQ45mil
LED chip) with an emission spectrum between 365 and 367.5 nm was used as irradiation
source. A total of 50 mL of methyl orange aqueous solution (1 × 10−5 mol L−1) was used
as feed in all experiments at natural solution pH 7. The catalyst dose was 15 mg (0.3 g L−1).
Photocatalysis experiments were conducted after the suspension of the catalyst and the
solution of methyl orange was magnetically stirred in the dark for 2 h to achieve adsorption–
desorption equilibrium. The samples were withdrawn from the suspension at different
time intervals (after 2 h of adsorption and after 2 h of UV irradiation) and centrifugated to
remove the catalyst particles before analysis by means of UV/VIS spectrometer (SPECORD®

40, Analytik Jena AG, Jena, Germany). The absorbance of the liquid sample with the
addition of 1 drop of HCl aqueous solution (1 mol L−1) to quartz cuvette was recorded in
the wavelength range of 350–650 nm.
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Dichloroacetic acid (DCA) and sodium dodecylbenzenesulfonate (SDBS) were pur-
chased from Acros Organics (ThermoFisher Scientific, Waltham, MA, USA) and Sigma
Aldrich (St. Louis, MO, USA) respectively. Photocatalytic experiments were carried out in
a reactor consisting of four PL-S 9 W UV-A lamps (Philips, Amsterdam, The Netherlands)
with a maximum wavelength emission of 365 nm. The irradiance of the system was mea-
sured as 7.5 W m−2 by Corredor et al. [21]. The working volume was 150 mL. Pollutants
concentration was 50 mg L−1 with a catalyst concentration of 0.3 g L−1. DCA and SDBS
solutions were mixed with the catalysts and kept in the dark while mixing for 30 min until
adsorption equilibrium was reached. Experiments were treated at natural pH (3.5–3.6 for
DCA solutions and 6.4–6.6 for SDBS solutions) and no remarkable variation was observed.
All experiments were performed in duplicate. Once the photocatalytic degradation started,
samples were collected at different time intervals and filtered through a 0.45 µm PTFE
syringe filter (VWR). SDBS was measured by UV spectrophotometry (UV-1800, Shimadzu,
Shimadzu Europe, Duisburg, Germany) at a wavelength of 223 nm. DCA concentration
was measured in an ICS-1100 (Dionex, ThermoFisher Scientific, Waltham, MA, USA) ion
chromatograph with an AS9-HC column, using a 9 mM Na2CO3 solution as eluent, with a
flow rate of 1 mL min−1 and a pressure of approximately 2000 psi.

4. Conclusions

The present work reports a green synthesis methodology to combine electrostatically
commercial TiO2 or modified TiO2 metal-loaded materials with ZY commercial zeolites.
The objective aimed at evaluating if using simple, mild and cheap synthesis conditions
could circumvent the zeolites pore-clogging and diffusive drawbacks caused by immobiliz-
ing TiO2-based photocatalyst on porous materials, such as zeolites, frequently reported.
The mixtures of TiO2 and ZY zeolites prepared in the present work do not present evidence
of pore-clogging or adsorptive limitations and have demonstrated similar photocatalytic
behavior for organic pollutants in waters, as in previously reported literature. Nevertheless,
the hydrophobic character of the ZY herein used might be behind the worse photoactivity
presented by T–ZY mixtures in contrast to the TiO2 photocatalyst.

Overall, the methodology of synthesis seems to be promising due to its simplic-
ity and adequate performance. In future studies, the dealumination of zeolites will be
further explored.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11111367/s1, FigureS1. Nitrogen adsorption/desorption isotherms of (a) TiO2 and TiO2
metal composites (after deposition of metal nanoparticles Pd–1 wt.%., or Ag–0.05 wt.%.) without
zeolite Y and (b) after their deposition onto a physical mixture of TiO2 and 5 wt.%. zeolite Y. Figure S2.
Pore size distribution (PSD) in the region of mesopores (20–500 Å) of (a) TiO2 and T metal composites
(Pd–1 wt.%., or Ag–0.05 wt.%.) without zeolite Y and (b) after their deposition onto a physical mixture
of TiO2 and 5 wt.%. zeolite Y was calculated by using nitrogen sorption data from the desorption
branch of nitrogen isotherm and the BJH (Barret–Joyner–Halenda) method. Figure S3. STEM image
(a) and EDX spectrum (inset) of T–Pd and STEM image (b) of T–ZY–Pd and EDX spectra (insets for
area 1 and area 2). Figure S4. Tauc plots of (a) TiO2 and a mixture of TiO2 and zeolite Y (5 wt.%.)
with deposited metal nanoparticles (Pd–1 wt.%., Ag–0.05 wt.%.); and (b) TiO2 and a mixture of
TiO2 and zeolite Y (5 wt.%) with deposited metal (Pd–1 wt.%. and Ag–0.05 wt.%.) nanoparticles.
Figure S5. Dependence of zeta potential on pH of an aqueous suspension of TiO2 (Sigma Aldrich)
at a concentration of 0.3 g L−1. The natural pH of the suspension is 4–5. pH adjusted by means
of aqueous solutions of DCA (0.01 mol L−1, 0.1 mol L−1) or NaOH (0.01 mol L−1, 0.1 mol L−1).
Figure S3. STEM image (a) and EDS spectrum (inset) of T-Pd and STEM image (b) and EDS spectra
(insets area 1 and area 2) of T-ZY-Pd. Figure S4. Tauc plots of (a) TiO2 and a mixture of TiO2 and
zeolite Y (5 wt.%.) with deposited metal nanoparticles (Pd – 1 wt.%., Ag – 0.05 wt.%.); and (b) TiO2
and mixture of TiO2 and zeolite Y (5 wt.%) with deposited metal (Pd-1 wt.%. and Ag-0.05 wt.%.)
nanoparticles. Figure S5. Dependence of zeta potential on pH of aqueous suspension of TiO2 (Sigma
Aldrich) at a concentration of 0.3 g L-1. Natural pH of the suspension is 4-5. pH adjusted by means
of aqueous solutions of DCA (0.01 mol L-1, 0.1 mol L-1) or NaOH (0.01 mol L-1, 0.1 mol L-1).
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