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ARTICLE INFO ABSTRACT
Keywords: This paper investigates the synthesis, antibacterial, and photocatalytic properties of silver ion-exchanged natural
Catalyst zeolite/TiO2 photocatalyst nanocomposite. Zeolite is known to have a porous surface structure, making it an

Natural zeolite ideal substrate and framework in different nanocomposites. Moreover, natural zeolite has a superior thermal and

?;Otlzbacterlal chemical stability, with hardly any reactivity with chemicals. Finding an effective and low-cost method to
Antibiotic remove both antibiotics and bacteria from water resources has become a vital global issue due to the worldwide
Amoxicillin excessive use of chemicals and antibiotics. This research aims to propose a facile method to synthesize Ag-ion-
exchanged zeolite/TiO, catalyst for anti-bacterial purposes and photocatalytic removal of atibiotics from
wastewaters. TiOy particles were deposited on the surface of natural zeolite. Ag ion exchanging was performed
via a liquid ion-exchange method using 0.1 M AgNOj solution. X-ray diffractometry (XRD), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and Fourier-transform infrared spectroscopy
(FTIR) were used to evaluate the structure of synthesized powders. Antibacterial activities of samples were
assessed, using Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 25922 by disc diffusion method. It
was shown that Ag-containing nanocomposite samples have an improved antibacterial performance in both

cases. Results showed that the synthesized catalyst has promising potentials in wastewater treatment.
1. Introduction very complicated and dangerous disposal. Antibiotics produce toxicity
and resistant against bacteria in natural waters (Li et al., 2019; Kar-
Recently, hospital wastewater treatment has become a critical issue imi-Maleh et al., 2021a, 2021b; Bergamonti et al., 2019; Doan et al.,
due to its harmful and devastating effects on the ecosystem and the 2021). Therefore, it is important to employ highly efficient, low-cost,
environment. Presence of different bacteria and the emergence and and multi-functional strategies to eliminate biological and medical
excessive use of a variety of antibiotics such as penicillin, diphenhy- pollutants from the wastewater (Wen et al., 2004; Jalbani et al., 2021;
dramine and amoxicillin in hospitals have made hospital wastewater a Beier et al., 2011; Hajipour et al., 2021; Verlicchi et al., 2010;
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Karimi-Maleh et al., 2020a). Zeolite, a hydrated aluminosilicates min-
eral of alkali/alkaline-earth metals, has recently gained lots of attention
as a cheap and widely available natural mineral (Alswat et al., 2017).
The crystal structure of zeolite consists of interconnected [A104]° and
[SiO4]*" units, which are linked via sharing an oxygen atom. Zeolite also
normally contains Ca2+, K*, and Na' cations, which are placed inside
cavities in the crystal structure. An important upside with zeolite is the
uniform existence of channels and pores in this mineral. That is why
zeolite is known to have an excellent absorption ability, clearly due to its
high surface-to-volume ratio. This not only significantly enhances the
surface absorption of zeolite, but also improves the bonding/anchoring
of nano-sized particles over its surface. Moreover, this mineral has a
superior thermal and chemical stability, with hardly any reactivity with
chemicals, making it an ideal option for a support framework in
anti-bacterial nanocomposites (Zhang et al., 2018). It is reported that
TiO2 nanoparticles, grown on zeolite, show an enhanced photocatalytic
activity and higher stability, which has to do with the formation of
Ti—-O-Al and Ti—O-Si bonds over the surface (Ren et al., 2010; Man-
soorianfar et al., 2021). Further improvement in this direction is using a
treated zeolite with extra functionality in addition to its role as the
holding support for nanoparticles. That gives an extra added-value to
zeolite. The addition of nanoparticles, like copper, gold, and silver to
zeolite crystal structure can give anti-bacterial properties to zeolite. The
latter element is long known as an element with perfect anti-bacterial
characteristics (Ren et al., 2010; Hajipour et al., 2012; Wu and Tseng,
2006; Bai et al., 2011; Orooji et al., 2021).

Amoxicillin (AMX), one of the most common f-lactam antibiotics, is
known to have chemical stability, low rate of degradation and high level
of toxicity. Concerns have raised in last few years on the grounds that
AMX has been traced back in environmental samples and detected in
rivers and surface waters. That and the fact that AMX is one of the most
widely used antibiotics have put a lot of pressure on hospitals to remove
it from their wastewaters (Bergamonti et al., 2019; Verlicchi et al., 2010;
Dimitrakopoulou et al., 2012; Sadrnia et al., 2021). Owing to the
mentioned emerging demand, AMX was chosen as a model drug
contaminant.

This research aims to synthesize an Ag-ion-exchanged zeolite/TiOy
catalyst for anti-bacterial and photocatalytic purposes. The idea is to
propose a method to fix nano-sized TiO5 particles on a zeolite frame-
work, which is also activated by entering Ag ions into its structure. So,
this is more a hybrid system, in which each component has anti-bacterial
and photocatalytic characteristic. The environmental contaminants,
industrial wastes, hospital wastewater and organic pollutants are getting
increasingly complicated. This necessitates using highly functional
hybrid disinfection methods, based on nanocomposite materials. The
novelty of this research is the modification of natural zeolite using Ag-
ion-exchange, and TiO, deposition for the development of a low-cost
catalyst powder for simultaneous degradation of antibiotics and bacte-
ria in a simulated hospital wastewater.

2. Materials and methods
2.1. Synthesis of Ag-ion-exchanged zeolite/TiO5 catalyst

To deposit nano-sized TiO particles on natural zeolite powders
(Natural zeolite, Semnan Zeolite Mine, 1-20 pm), hydrolysis of Titanium
(IV) isopropoxide (TTIP, 97%, Sigma-Aldrich) was used. First, zeolite
particles were sonicated in an ultrasonic bath in ethanol for 15 min to
eliminate surface impurities and contaminants. Then, 3 g of rinsed/dried
natural zeolite was added to 200 ml aqua solution of ethanol 50% (V/V).
Four different amounts (0.1, 0.3, 0.5, and 1 ml) of Titanium (IV) iso-
propoxide were added to the prepared solution. Table 1 shows the
coding used for these samples. Colloidal solutions were then stirred at
room temperature for 24 h. A magnetic stirrer with 400 rpm was used for
this purpose. The stirring was carried out to make sure that a complete
hydrolysis/condensation of TTIP was attained. Powdered samples were
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Table 1
Sample coding in this study.

Code TTIP amount (ml) Solution amount (ml)
ZT1 0.1 200
ZT2 0.3 200
ZT3 0.5 200
ZT4 1 200

dried in an oven at 75 °C for 3 h, followed by calcination at 500 °C for 3
h. Silver-ion-exchanging was performed via a liquid ion-exchange
method. In this method, the prepared zeolite-TiO5 composite powders
were added to 100 ml solutions of 0.1 M silver nitrate (AgNO3, >99.0%,
Sigma Aldrich), dissolved in deionized water with a 1:20 wt ratio. The
obtained solution was then stirred at room temperature for 48 h. Ion-
exchanged powders were then dried at 75 °C for 3 h.

2.2. Characterization

X-ray diffractometry (XRD) (Philips diffractometer, 40 kV, Cu(Ka) =
0.15406 nm, step size: 0.05°/1 s, Eindhoven, the Netherland) was used
to evaluate the phase composition of synthesized samples. XRD patterns
were assessed and interpreted by PANalytical X'Pert High Score soft-
ware. Scanning electron microscope (SEM, Philips XI30, Eindhoven, The
Netherlands), energy-dispersive X-ray spectroscopy (EDS, Seron AIS
2300, Seoul, South Korea), and Fourier-transform infrared spectroscopy
(FTIR, Bruker Tensor 27) were utilized to characterize the synthesized
catalyst samples. The specific surface area and pore size distribution of
bare zeolite and the synthesized catalyst samples were evaluated by N»
adsorption-desorption isotherms (Beishide 3H-2000PS2, Beijing,
China).

2.3. Antibacterial activity

Antibacterial activities of prepared samples were assessed using
Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 25922 by
disc diffusion method. For the growth inhibition measurements, 100 uL
of a fresh culture was spread on nutrient agar plates. The saturated paper
disks, containing 10 mg/ml natural zeolite-TiO, and silver ion-
exchanged natural zeolite-TiO, catalysts, were irradiated for 30 min
using a UV chamber, then placed in the medium. The UV irradiation of
samples would activate the antibacterial mechanisms of TiO5 structures
and also eliminates the risk of bacterial contamination of the disc
diffusion test. A blank disk was used as a reference sample. The inhibi-
tion zone was measured after 24 h of incubation at 37 °C. Each reported
inhibition zone, corresponding to each catalyst sample, was the result of
three measurements.

2.4. Photocatalytic degradation experiments

One g/L Amoxicillin (AMX)/de-ionized water solution was used to
assess the photocatalytic behavior of natural Zeolite, ZT1, and ZT3
samples. For this aim, 0.01 g of powder was added to 15 ml of AMX
solution (pH = 6.7 at room temperature). Solutions were then slowly
stirred for 30 min in a dark chamber to ensure that photocatalysts
powders and AMX were very well mixed and in equilibrium. After that,
solutions were exposed to light under UV light located 20 cm above the
stirring solutions (400 W high-pressure Hg lamp with an intensity of
120 mW cm?). While exposed to light, samples were constantly stirred.

3. Results and discussion
3.1. SEM/EDS analyses of synthesized zeolite/TiO, samples

Fig. 1 depicts SEM micrographs of ZT1 and ZT4 samples. Natural
zeolite particles have irregular morphologies with a relatively wide size
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Fig. 1. SEM micrographs of a) ZT1 and b) ZT4 samples.

distribution. The plate-like morphology is indeed very useful, as it
provides rather large nucleation sites for the precipitation of TiOy par-
ticles. The major difference between ZT1 and ZT4 samples is the amount
of TTIP, used in the synthesis. The latter sample is synthesized with a
higher content of TTIP, resulting in a higher content of TiO5 in the final
composite mixture. As it can be seen in Fig. 1, TiOy particles have
nucleated on zeolite platelets. In some areas, large clusters of TiO2
particles, with their size being a few micrometers, are noticeable. It
appears that TiO particles have a rather narrow size distribution. EDS
analyses were performed on three different areas: i) platelets of natural
zeolite, ii) isolated particles on zeolite platelets, and iii) particle clusters,
as shown in Fig. 2. According to EDS analyses, the main structural ele-
ments of natural zeolite are oxygen and calcium, as expected. EDS an-
alyses of isolated and clustered particles on zeolite platelets confirm that
particles in both cases are TiO,. The EDS elemental mapping available
elements in the ZT4 synthesized sample is shown in Fig. 3, showing that
elements are homogeneously distributed.

3.2. XRD analyses of synthesized samples

Fig. 4 depicts XRD patterns for synthesized samples. Peaks at 26:
23.3, 30, and 32° indicate that samples were mainly clinoptilolite with
monoclinic crystallographic structure (Zhang et al., 2018; Treacy and
Higgins, 2007; Gawande et al., 2012). As is the case for most natural
zeolites, some percentages of calcium carbonate are also present in the
samples. Peaks indicating the trigonal structure of CaCO3 are shown in
Fig. 4. The average crystallite size, calculated using Scherer formula
(Patterson, 1939; HojjatiNajafabadi et al., 2016a), was 42 nm for cli-
noptilolite natural zeolite samples and 55 nm for the deposited TiO,.
Increasing the amount of TiO2 on the natural zeolite surface does not
affect peak positions in the XRD pattern. This result is in good agreement
with previous research (Liu et al., 2014). Indexed peaks referring to
CaCOs3 coincide with the standard JCPDS (card no: 96-450-2444),
indicating the existence of CaCOs with hexagonal crystallographic
structure as impurities in the natural zeolite samples. Enlarged graphs of
XRD patterns depict the characteristic peak at 20: 25.3° in all samples,
which correspond to the (1 0 1) plane in anatase TiO,, indicating that
TiO has been deposited on the natural zeolite samples. Peaks ascribed
to TiO,, are in good agreement with the standard JCPDS (card no:
96-101-0943), which indicates the formation of anatase TiO, with a
tetragonal crystallographic structure.

3.3. FTIR analyses of synthesized samples

Fig. 5 depicts the FTIR spectra for natural clinoptilolite zeolite and
the ZT3 sample. The absorption band at 875 cm ™! corresponds to Ti—=0O
stretching vibrations. The increase in the peak intensity in TiOz-con-
taining sample again approves that TiO, structure was successfully
incorporated into the zeolite. It is also indicated that Ti species are
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Fig. 2. EDS analyses of a) natural zeolite, b) isolated particles, and c) colonies
of particles.

directly attached to Si framework due to the slight variation of the
Ti—-O-Ti (Ti-O-Si and/or Ti-O-Al) tensile vibrations from the frame-
work (1013 em ! to 1036 cm’l). As a result of the pores in the zeolite
structure, the amount of TiO5 on the zeolite increased. Also, the change
in the spectrum shape in the range of 600-790 cm™! shows that TiOy
interacts with the pore network of zeolite (Song et al., 2017; Rahman
et al., 2018). Hardly any significant change was observed in the range
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Fig. 4. XRD patterns of zeolite-TiO, synthesized by hydrolysis of TTIP.

between 2800 and 3500 cm’l, which is mainly attributed to the HoO
and CO, molecules adsorbed on the zeolite surface. In addition, the
peaks at 1443 cm! and 2515 em™! are attributed to the existence of

antisymmetric stretching bonds of CaCOs (HojjatiNajafabadi et al.,
2016b; Huang et al., 2020; Lavat and Grasselli, 2015; Cheraghi et al.,
2021; Brundha et al., 2017). Furthermore, the widespread peaks
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Fig. 5. FTIR analysis for a) natural zeolite b) zeolite-TiO, (ZT3) composite
synthesized by hydrolysis of TTIP.

between 3100 and 3800 cm ™! are related to O-H tensile vibration,
which can be ascribed to a small amount of HyO (Hajipour et al., 2020;
Najafabadi et al., 2013; Mahmoodi et al., 2020).

3.4. SEM/EDS analyses of Ag-ion-exchanged zeolite/TiO2 samples

Figs. 6 and 7 depict Ag-ion-exchanged zeolite/TiO catalyst. White
phases, distributed within zeolite particles, are rich in silver, as shown in
Fig. 6. It appears that silver particles are perfectly homogeneously
distributed within zeolite particles. Moreover, Ag-containing particles
have a rather narrow size distribution. As seen in Fig. 7b, Ag ions are also
well dispersed inside the zeolite structure, indicating that a perfect Ag
ion replacement has been achieved.

3.5. BET surface area analyses

The nitrogen adsorption-desorption isotherms of natural zeolite and
silver ion-exchanged natural zeolite/TiO, catalysts are depicted in
Fig. 8. According to BDDT (Brunauer, Deming, Deming, and Teller), the
isotherms are typical type IV irotherms (Sing, 1985). A hysteresis loop
(type H3) can be seen in all samples, indicating that structures are
mesoporous (Liao et al., 2018). As shown in Fig. 8, the isotherms of the
natural zeolite were different from those of TiO5 containing samples,
meaning that after TiO, was deposited on the surface of the natural
zeolite, it changes the specific surface area. As presented in Table 2, the
results showed that the TiO, formation on the surface of natural zeolite
samples resulted in the reduction of BET specific surface area and total
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Fig. 6. EDS analysis of Ag-ion-exchanged zeolite-TiO, catalyst.
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pore volume, contrasted to that of the bare natural zeolite (Foura et al.,
2017). The pore volume and average pore size of zeolite samples showed
a slight reduction due to the TiO, loading process. This confirmed that
TiO particles were immobilized on the surface of the zeolite resulting in
a partial blockage of surface pores of bare natural zeolite samples.

3.6. Anti-bacterial characteristics of synthesized specimens

The obtained results for the anti-bacterial activity of silver ion-
exchanged natural zeolite/TiO2 catalysts are depicted in Fig. 9. The
diameter of the zone of inhibition indicates the sensitivity of the bacteria
against tested samples. According to the disc diffusion test results,
shown in Fig. 9, all samples have antibacterial behavior against gram-
positive Staphylococcus aureus and gram-negative Escherichia coli. This
is due to the combined photocatalytic antibacterial properties of syn-
thesized anatase TiO;, which has been regarded as an antimicrobial
material, and silver ions placed in the natural zeolite. Anti-bacterial
properties of TiO, nanostructures as photocatalytic nanomaterials
have widely been studied and reported (Kim et al., 2013; Bai et al., 2013;
Pelaez et al., 2012; Yue et al., 2014) under visible and UV light irradi-
ation, TiO, nanoparticles are known to result in the formation of
Reactive Oxygen Species (ROS) which are reactive species with strong
positive redox potential, and free radicals on the membrane surface or in
the intracellular cytoplasm of the bacteria, resulting in the disruption of
the membrane protein activity, which in turn leads to the demise of the
microorganism (Kim et al., 2013; Nadtochenko et al., 2005). Reactions
resulting in the formation of ROS in TiO, nanoparticles are given as
follows:

TiOy +hv > h T yvg + e cp 1)
e cg+ 0y — 0O (2
0%~ +H' - HOO" 3)
Oy +e cp+2H" - Hy0, 4
HO,* +2¢ ¢cp +H' — OH* + OH™ 5)

The bactericidal effects of Ag nanoparticles and Ag ions have also
been widely studied (Ghasemi et al., 2018; Karimi-Maleh et al., 2021c;
Hosseini-Abari et al., 2014; Hojjati-najafabadi et al., 2021; Kar-
imi-Maleh et al., 2020b). Previous studies showed that Ag ions have high
bactericidal effects on pathogenic bacteria such as E.coli, Klebsielapneu-
moniae, Pseudomonas aeruginosa, Streptococcus mutans, Streptococcus
sobrinus, and S. aureus (Hosseini-Abari et al., 2014; Morones et al., 2005;
Shahin and Bouzari, 2018). The antibacterial mechanism of silver in
bacteria varies with changes in physiology or chemical composition of
the membrane and intercellular components. In E.coli, Ag ions report-
edly disturb the permeability of the cell wall, respiration, and cell di-
vision. Silver ions also interact with the cell membrane and phosphorus-
and sulfur-containing compounds resulting in disruption of cell activity
and eventually its death (Morones et al., 2005). And, in S. aureus, ROS
generation together with electrostatic interactions and physical damage
of bacteria have been reported as major antibacterial mechanisms of
silver ions (Hajipour et al., 2012). As clearly seen in Fig. 9, the increase
in the TiO5 content of catalyst samples is associated with an increased
antibacterial performance of catalysts in both gram-positive Staphylo-
coccus aureus ATCC 25923 and gram-negative Escherichia coli ATCC
25922. This infers a synergic effect between photocatalytic antibacterial
behavior of deposited TiO9 and silver ions in the natural zeolite. In the
modified silver ion-exchanged natural zeolite/TiO5 catalysts, zeolite has
a high adsorption ability owing to its large surface area (as already seen
in the BET analysis results in Table 2). Due to this high adsorption ability
of zeolite, free radicals, and the produced ROS on the surface of TiO5
nanostructures can easily transfer onto the surface of the natural zeolite.
This infers that the surface of zeolite-based catalyst structure in this case
has become highly antibacterial against different pathogens. It can also
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Fig. 7. a) SEM micrograph and elemental mapping of ZT4 ion-exchanged sample, showing the distribution of b) Ag, c¢) Na, d) Mg, e) Al, f) Si, g) Ca, and h) Ti

elements in Ag-ion-exchanged zeolite-TiO, catalyst.
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Fig. 8. Nitrogen adsorption-desorption isotherms of natural zeolite and silver
ion-exchanged natural zeolite/TiO; catalysts.

be concluded that the existence of Ti-O-Si and Ti-O-Al, confirmed by
FTIR spectra, could generate positive ion defects, which are electron
trappers at the interface of the natural zeolite and deposited TiO,,
because of the combination of Ti'V that is a high positive ion, with the
surface oxygen of the natural zeolite framework (Li et al., 2005). This
could delay the electron-hole recombination in TiO2 nanostructures,
resulting in an increase in the photoactivity of TiOy/natural zeolite in

Table 2

Data extracted from BET experiments.
Sample S (m%gH* V (em®g ) ® D (nm) ©
Natural Zeolite 243 0.28 34.15
ZT1 228 0.23 31.36
ZT2 211 0.22 29.55
ZT3 193 0.20 27.87
ZT4 155 0.17 25.54

# Calculated with the BET method.
b Obtained from BJH desorption.
¢ Obtained from BJH desorption.

comparison to TiOy nanoparticles which in turn results in higher anti-
bacterial performance of the catalyst.

3.7. Photodegradation of amoxicillin under UV light

The photocatalytic behavior of bare natural zeolite, ZT1, and ZT3
samples were studied under UV light irradiation. Fig. 10a illustrates the
changes in relative concentration (C/Cy) of AMX after 5, 15, 30, 50, and
75 min of exposure. As expected, natural zeolite did not show any sig-
nificant photocatalytic activity. After 75 min of exposure under UV light,
approximately 5% of AMX was removed, which is consistent with pre-
vious reports (Kanakaraju et al., 2015). In addition, it was found that
ZT3 sample showed the highest rate of AMX degradation, inferring that
more concentration of TiOz can result in more degradation of AMX
(Kanakaraju et al., 2015). As AMX is known to have high chemical
stability, ZT3 sample showed the degradation of AMX with a rate con-
stant of 4.89 x 10~ min !, which is seven times faster than the pho-
tocatalytic activity of bare natural zeolite. Fig. 10b shows the kinetics of
AMX degradation. The reaction rate constant was calculated using the
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Fig. 9. Antibacterial activity of silver ion-exchanged zeolite-TiO, synthesized by hydrolysis of TTIP against a) gram-negative E. coli and b) gram-positive S. aureus.
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Fig. 10. a) photodegradation of AMX and b) First-order kinetic curves of AMX degradation, through natural zeolite, ZT1, and ZT3 under UV light.

below equation:

Ln (C/C,) = —kxt

where C is the instant AMX concentration, Cg is the initial AMX con-
centration, k is the pseudo-first-order rate constant and, t is the reaction
time in minutes. The values for the degradation rate constant were
concluded to be 7.09 x 10 *min~?, 4.04 x 107> min~* and 4.89 x 1073
min~! for natural zeolite, ZT1 and ZT3, respectively. The better photo-
catalytic performance of ZT samples, compared with the bare natural
zeolite, for the removal of AMX from hospital wastewater can be cor-
responded to two mechanisms. First of all, zeolites are known as electron
trappers at the interface of zeolite TiO, catalyst, which can reduce
charge recombination to some extent. Therefore, the conduction band

electrons can be transferred to the surface of zeolite or react with dis-
solved oxygen so as to produce the superoxide radical O, while the
holes at the TiO; are maintained, reacting with the adsorbed AMX. This
illustrates that zeolite enhances the photocatalytic activity of TiO,
(PiedraLopez et al., 2021). Secondly, the higher adsorption rate of TiO5
nanoparticles supported on the zeolite surface is due to the higher
adsorption capacity of natural zeolite. This finding confirms the disposal
of zeolite particles in integrated photocatalytic adsorbents. The photo-
catalytic degradation of AMX follows 1 to 6 reactions. The degradation
of AMX has different intermediate products molecules, including CO,
NH4*, and H»0, and can be due to the hydrolysis of AMX. After that, it
acts as a nucleophile to the b-lactam ring, followed by ring-opening.
Then, it degrades to HoO and CO; (Bergamonti et al., 2019; Klauson
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et al., 2010; Song et al., 2016). (see the following equation).

AMX + OH* —intermediate products -H,0 + CO, 6)

4. Conclusions

This paper investigates the synthesis and antibacterial and photo-
catalytic properties of silver-ion-exchanged natural zeolite/TiOy cata-
lysts. It aimed to synthesize a low-cost catalyst capable of
simultaneously degrading antibiotics and bacteria in wastewater envi-
ronments, as treating biological and organic contaminants has been one
of the biggest challenges in wastewater treatment industry, especially
hospital wastewaters. Silver ion-exchanging was performed via the
liquid ion-exchange method using 0.1 M AgNOs solution. Results
showed that fine TiO, particles have been precipitated on the surface of
natural zeolite. Moreover, EDS mapping analysis showed a perfect dis-
tribution of Ag in synthesized catalyst samples. The increase in the TiOy
content of catalyst samples is associated with an increased antibacterial
performance of catalysts in both gram-positive Staphylococcus aureus
ATCC 25923 and gram-negative Escherichia coli ATCC 25922. Besides,
Ag-containing samples have an improved antibacterial performance in
both bacterial conditions.
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