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Abstract

This work aimed to synthesis a novel material that would be able to efficiently
remove both organic and microbiological pollutants from wastewater.
Through the hydrothermal process, we first doped titanium dioxide, a semi-
conductor possessing excellent photocatalytic properties with silver nanopar-
ticles having good antibacterial properties. The obtained material was then
associated with clay known for its good adsorbent properties to form [Ag-
TiO,]:[clay] type nanocomposites. The different mass composition of [Ag-
TiO,]:[clay] considered in this work were 1:1; 1:0.5; 1:0.1; 1:0.05 and 1:0.01.
The prepared nanocomposites were characterized by means of XRD, FTIR
and SEM techniques. Results revealed the presence of TiO, anatase and Ag on
the surface of the clay mainly composed of kaolinite and quartz. The photo-
catalytic activities of the nanocomposites were tested in the presence of syn-
thetic Orange II (25 mg/L) wastewater under visible light irradiation. The ex-
periments demonstrated that organic pollutants were effectively photode-
graded when the proportion of clay in the mixture (AgTiO,)-(Clay) was infe-
rior or equaled to 50%. The use of commercial TiO,, for comparison purpose,
showed a lower degradation efficiency of the Orange II solution (7 < 30%).
The antibacterial properties of the nanocomposites [AgTiO,]:[clay] were also
assessed in the presence of two types of bacteria E. co/i (Gram negative) and
S. aureus (Gram positive). The antibacterial activities of the nanocomposites
were characterized with and without UV irradiation. In dark conditions, the
antibacterial activities of nanocomposites (AgTiO,)-(Clay) against S. aureus
gradually increased with increasing the clay amount. Under visible light ir-
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radiation, the nanocomposites showed a significant antimicrobial activity
against £. coliand S. aureus.
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1. Introduction

According to the World Health Organization, contaminated water contributes to
the transmission of infectious diseases. Among those we should cite diarrhea,
cholera, dysentery, typhoid, and polio. Besides, contaminated water has severe
impacts on prevalence and risk of malnutrition [1]. The major pathogens agents
responsible for these diseases are Staphylococcus aureus, Enterococcus, Kleb-
siella pneumoniae and Escherichia coli [2] [3] [4]. In Africa, about 115 people
die every hour due to the utilization of contaminated waters by microorganisms
or organic pollutants [5]. The conventional biological treatment processes are
limited for removal persistent organic pollutants. Adsorption and coagula-
tion-flocculation methods are not efficient for removal all types of organic pol-
lutants and reducing pathogens agents [6]. Heterogenous photocatalysis as an
effective technique has received great attention for the purification of polluted
water [7] [8] [9]. This technique is considered to be environmentally friendly.
Photocatalysis is based upon the use of UV irradiated semiconductor catalysts.
Thus, the efficient treatment of contaminated waters can be achieved by mod-
ifying the surface of photocatalysts with the introduction of metal nanoparticles
having antibacterial properties [10].

Metallic nanoparticles (NPs) such as gold, copper, zinc, titanium, silver (Ag)
have received great attention due to their unique physical and chemical proper-
ties [11] [12]. Ag NPs possess good bactericidal properties against wide selection
of microorganisms including bacteria, fungi and virus [13]. However, Ag NPs
applications for wastewater treatment are limited by its strong tendency to form
aggregates [14]. Using supports is one of the attractive techniques to stabilize Ag
nanoparticles [15] [16].

The clays are widely used as support due to their high specific surface area,
chemical and mechanical stability, structural properties and low cost. Also,
doping TiO, with Ag NPs is one of the common methods applied to increase the
photocatalytic activity of TiO, under visible light and sun lights [17] [18]. The
enhancement is attributed to its ability to trap electrons at Schottky barriers at
each Ag-TiO, contact region, which reduces the recombination of light generat-
ed electrons and holes (e— and h*) at the TiO, surface. Therefore, charge separa-
tion is promoted, and more electron transfer occurs, inducing longer elec-
tron-hole pair lifetimes [19].

The main objective of this work consisted in developing AgTiO,/clay nano-

composites that would be able to efficiently remove both organic and microbio-
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logical pollutants from wastewater. Owing its high specific surface area, using
clay in the system was expected to improve the absorption and adsorption prop-
erties of the prepared nanocomposite. Different proportions of clay from Cote
d’Ivoire, in association with Ag-doped TiO, NPs were considered. And the pho-
tocatalytic and antimicrobial properties of the obtained AgTiO,/clay nanocom-

posite were characterized.

2. Experimental Procedure

2.1. Materials

The clay material used in this work was collected from the Hambol region (Kati-
ola, North of Cote d’Ivoire). All major reagents utilized for synthesis were AR
grade and were used as-received. Titanium sulfate provided by Bodi Chemical
co. and silver nitrate supplied by Sigma-Aldrich were used as titanium and silver
sources respectively. Orange II purchased from Eyer was used to assess the de-
gradation performance of the samples. Double distilled water was used
throughout the experiment. S. aureus (ATCC 6538) and E. coli (ATCC) were

obtained from local suppliers.

2.2. Synthesis of the Nanocomposites

The nanocomposites were prepared through a simple hydrothermal method us-
ing titanium sulfate and silver nitrate as precursor materials for Ti and Ag re-
spectively, and clay. Before using, the clay was crushed, washed and activated in
line with the procedure described by Guillaume et al. [20]. 5 g of titanium sulfate
and 0.11 g of silver nitrate were dissolved in 150 mL of ultra-pure water. The
mixture was kept in a dark room at ambient temperature under constant stirring
to enable the complete dissolution of reactants. Various amounts of clay (ie.
0.05, 0.25, 0.5, 2.5, and 5 g) were then added to the reaction mixture still under
strong stirring for 2 hours. Afterwards, the ensemble was placed in an oven at
150°C for 24 hours to undergo the hydrothermal treatment. The obtained prod-

ucts were ground and calcined in a furnace at 450°C for 2 hours.

2.3. Characterization Techniques

The structural properties of the specimens were determined by means of X-ray
diffractometer (XRD, Rigaku D/MAX 2550, Cu Ka radiation, 1 = 1.5406 A) set
at 40 kV and 100 - 200 mA in the range of 20° - 80° (26). The sample morpholo-
gies were characterized using Scanning electron microscope (SEM, Tescan
VEGAS3). FTIR spectra were recorded in the 400 - 4000 cm™ range with
NICOLET 380 FTIR spectrometer. Experiments were performed on prepared
KBr/sample pellets.

2.4. Photocatalysis Experiments

The photocatalytic activity efficiencies of the prepared samples were evaluated

by degradation of 25 mg/L solution of Orange II. The photocatalytic activity
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tests were carried out under ambient temperature in a homemade photocatalytic
reactor consisting of 500 W tungsten halogen lamp, put in a double wall jacketed
quartz cylinder. Cold water was circulated through the walls for lowering the
lamp temperature. A glass filter was inserted between the lamp and the sample
to filter out UV light (k£ < 420 nm). Also, two fans were attached to the reactor;
one was directly linked to the lamp while the other was used to cool the catalyst
pollutant suspensions. The distance maintained between the lamp and the center
of the quartz tube was 10 cm. Degradation studies were performed with 25 mg/L
Orange II dye for a period time of 3 hours. 0.1 g of the catalyst was added to 50
mL of dye solution. Before irradiation of light, the samples were kept in dark
under stirring to help the adsorption of samples on the surface of dye molecules.
Sampling was performed hourly and centrifuged. Then degradation was eva-
luated by means of UV visible spectrometer (Shimadzu UV-2450). The adsorp-
tion/photodegradation efficiency of dyes was calculated using the following rela-
tion (1):
C,-C,

1= x100 (1)

where G represents the initial concentration of the pollutants and C; the con-

centration of the pollutants at time ¢

2.5. Antibacterial activity

For antibacterial experiment, E. coli (gram negative) and S. aureus (gram posi-
tive) bacteria were used as the target organisms. Luria Bertani (LB) broth and
Muller Hinton (MH) agar were used for the growth of selected bacterium. Prior
to the experimentation, each material and equipment was submitted to an au-
toclave sterilization. In the liquid culture the bacterial density was measured by
its Optical density by means of UV-Vis Spectrophotometer at the wavelength of
600 nm and OD values were taken equal to 0.2. A 200 - 300 pL aliquot of the lig-
uid culture was used for bacterial growth on agar plates, containing 105 colo-
ny-forming units (CFU). The antibacterial activity of the samples was observed
using disk diffusion assay.

The aliquot containing bacteria were streaked evenly on the MH agar plates us-
ing sterilized cotton swabs. After drying the plates for 5 - 10 minutes, 10 mm di-
ameter of sterilized samples were placed on the plate along with the positive con-
trol ie. Amikacin disks for S. aureus and sulphamethaxazole for E. coli. After 24

hours of incubation at 37°C in the incubator, the inhibition zones were measured.

3. Results and Discussion
3.1. Characterization of Prepared Nanocomposites
SEM images of the clay, titanium oxide, silver doped TiO, and silver doped TiO,

with clay composites are shown in Figure 1. SEM image of TiO, shows surface

compactness and some clustered nanoparticles and no cracks was found during
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Figure 1. Microstructural observations of specimens: (a) Clay, (b) TiO,, (c) Ag-TiO2 and
(d) Clay: Ag-TiO..

annealing process at 450°C. The incorporation of Ag in TiO, nanoparticles in-
duces a change in the structure with respect to the one of the non-doped TiO..
Ag nanoparticles form micron-sized aggregates on the surface of TiO, with a
non-uniform distribution. The particles present in the silver doped TiO, appear
smaller than those of the non-doped TiO,. A more compact material with a ce-
mentation like phenomenon is observed suggesting an increase in the reactivity
of the material. Also, one can observe the presence of cracks on the surface of
Ag-doped TiO, specimen. Besides, adding clay in the Ag-doped TiO, system
further improves the microstructure of the material with high roughness. How-
ever, cracks are still present on the surface of the material. The small size of par-
ticles and the fissures along with clay sheets could improve effectively the pollu-
tant absorption and photocatalytic applications [19].

Figure 2 shows the FTIR spectra of the prepared Ag doped TiO, mixed with
various amount of clay. Peaks around 3500 cm™ and 2400 cm™ are related to the
stretching vibration of OH groups (Ti-OH) in the TiO, samples [20] [21]. In-
creasing the clay content in the system enables an increase in OH groups. This is
quite beneficial for the photocatalysis, as it attracts more pollutants on the sur-

face of the samples. A set of bands located from 900 cm™ to 1100 cm™ seems to
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Figure 2. FTIR of prepared silver doped TiO. nanoparticles and their composites with
different ratios.

be linked to the presence of the clay. As, these bands which clearly appear in the
case of high amount of clay (Ag-TiO,: clay corresponding to 1:1 and 1:0.5), are
quasi-absent when the clay content is very low. The band that appears at 914
cm™ is associated with the vibration of hydroxyls groups of aluminum surface
(Al-OH). The band located around 1019 cm™ is related to the stretching vibra-
tion of Si-O-Si bonds. Whereas the one 1112 cm™ is corresponded to the stret-
ching vibration of Si-O bonds [22]. The FTIR band at 1500 cm™ could be as-
signed to the interaction between Ag and TiO, particles [23].

The X-ray diffraction patterns of clay and the prepared [AgTiO,]:[clay] sam-
ples are shown in Figure 3. The [AgTiO,]:[clay] pattern shows the presence of
phases related to the initial constituent elements (ie. Ag, TiO, and clay). The
TiO, detected is anatase phase with the mains peaks at 25.65° and 54.41° cor-
responding to the [1 0 1] and [1 0 5] crystal planes respectively [20] [24] [25].
Therefore, there were no rutile and brookite phases [26] [27]. Silver (Ag) peaks
corresponding to [1 1 1], [2 0 0], and [2 2 0] reflections appear at 38.08°, 48.43°
and 63.07°. Also, the peaks of kaolinite (Al,Si,Os(OH)s) and quartz (SiO,) are
observed at 35.23° and 36.68°, respectively due to the presence of clay.

3.2. Photocatalytic Studies of Prepared Nanocomposites

The photocatalytic efficiencies of the prepared nanocomposites were evaluated
by degradation of 25 mg/L solution of Orange II under visible irradiation. The
experimental results for the degradation of Orange II are given in Figure 4(a)
and Figure 4(b) for commercial TiO,, Ag doped TiO; and [AgTiO;]:[clay] with
different ratios of clay. The commercial TiO, which is a standard photocatalyst
was used as the reference to compare its photodegradation activity for dye with

the one of AgTiO, and [AgTiO;]:[clay] samples. In fact, this comparison is
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Figure 3. XRD patterns of clay and the prepared Ag-TiO2:Clay nanocomposite.
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Figure 4. Efficiency for photocatalytic degradation. (a) Degradation of Orange II versus
time (min) over clay/TiO.-Ag, (b) Degradation versus photocatalysts used, after 180 min.
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necessary to evaluate the synergic effect of the prepared nanocomposites. Figure
4(a) shows that composites of clay and silver doped TiO, nanoparticles exhibit
better photocatalytic activity than that of the commercial TiO, nanoparticles.
The good performance of the prepared nanocomposite is due to the combined
effect of the silver and the clay. Clay provides better adsorption characteristics to
the nanoparticles whereas silver helps to increase the electrical properties of the
samples. Furthermore, findings showed that the increase in the clay content in
the system induces a decline in the sample activity. This could be due to the
coating of TiO, nanoparticles by clay. This coating of TiO, NPs could be block-
ing them from exposure to the dye molecules and hence stopping them from
doing their action. Degradation pattern of nanoparticles could be better eva-
luated from Figure 4(b) as well where we showed the percentage degradation of
each composite as compared to the TiO, nanoparticles. For commercial TiO,,
22% of Orange II were removed after 180 min of irradiation. When we have
doped TiO, with Ag, the removal efficiency increase is from 22% to 27%. When
Ag doped TiO; is associated to clay, the removal efficiency increase from 27% to
32%, 54%, 57%, 58%, and 62% for 5, 0.5, 2.5, 0.25 and 0.05 g amounts of clay
added, respectively.

3.3. Kinetic Study

Kinetics study of the photocatalytic degradation of 25 mg/L solution of Orange
C

IT is described using the pseudo-first-order model (Figure 5): In [C_sz kt ;
t

where C; and C, are the concentrations of dye in the solution at time 0 and ¢

(min), respectively, & is the rate constant (min™). The results of rate constant

and R? are displayed in Table 1. These results reveal that the rate constant for

TiO, commercial increase to 19% with incorporation of Ag in the photocatalyst.

1.2, +(AgTiO,)(clay)[1:1]  a(AgTiO,)(clay)[1:0.1]
(AgTiO,)(clay)[1:0.5] o(AgTiO,)(clay)[1:0.05]
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Figure 5. Kinetic of degradation of Orange II with different nanocomposites.
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Table 1. Photodegradation kinetics parameters of Orange II with different nanocompo-

sites.

Materials k (min™) R?
TiO, 0.0017 0.5756
AgTiO, 0.0021 0.6079
(AgTiOz)(clay)[1:1] 0.0026 0.3685
(AgTiO2)(clay)[1:0.5] 0.0053 0.7571
(AgTiO2)(clay)[1:0.1] 0.0049 0.8065
(AgTiO2)(clay)[1:0.05] 0.0056 0.6782
(AgTiO2)(clay)[1:0.01] 0.0061 0.8304

This observation could be attributed to the reduction of recombination of elec-
tron and holes. Table 1 shows that the AgTiO,/clay have rate constant which is
higher than the Ag doped titanium oxide. This is due to the synergic effect be-
tween adsorption and photoactivity. The presence of clay increases the surface
area of the nanocomposite that offers more sites for the dye to adsorb and hence
degrade. However, the rate constant decrease when the amount of clay is impor-
tant. The (AgTiO;)(clay)[1:1] sample displayed rate constant 2.34 times lower
than (AgTiO,)(clay)[1:0.01]. The slow rate constant might be due to the reduc-
tion of hydroxide radical production resultant to the react of TiO, and the pho-
tons. Thus, the large amount of clay prevents TiO, to products hydroxyl radicals

necessary for the dye degradation.

3.4. Antimicrobial Activity of Prepared Nanocomposites

For antimicrobial activity, we named the nanocomposites 18, 19, 20, 21, 22 and
23. 18 is silver doped TiO, and clay nanocomposite with ratio 1:1, 19 is silver
doped TiO; and clay nanocomposite with ratio 1:0.5, 20 is silver doped TiO, and
clay nanocomposite with ratio 1:0.1, 21 is silver doped TiO, and clay nanocom-
posite with ratio 1:0.05, 22 is silver doped TiO, and clay nanocomposite with ra-
tio 1:0.01, 23 is silver doped TiO, nanoparticles.

3.4.1. Activity in Dark

In the dark the intrinsic activity of the nanocomposites was evaluated. Figure 6
and Figure 7 shows the disk diffusion bactericidal photographs for gram-positive
bacteria (8. aureus) and gram-negative (E. coli), respectively. Against gram-positive
bacteria S. aureus (Figure 6, SA 2 in the petri dish is control antibiotic), inhibi-
tion zones were observed with prepared nanocomposites. These observations
suggest that clay and Ag NPs contribute very well to antimicrobial activity in
AgTiO,/Clay structures. Thus, in dark S. aureus could have a good adsorption
on clay and react with Ag NPs deposited to TiO,. In fact, the Ag atoms were in
direct contact with the TiO, nanoparticles. The radius of the Ag* and Ag atom is
much larger than the Ti*, so very unlikely for Ag" and Ag atom to enter the
TiO, lattice [28].
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Figure 6. Antimicrobial activity of nanocomposites with S. aureus bacterial strains, in
dark.

Figure 7. Antimicrobial activity of nanocomposites with E. coli bacterial strains, in dark.

Against gram-negative bacteria E. coli (Figure 7), inhibition zones are smaller
than S. aureus. These observations could be result to the cell wall structure of
bacteria. Indeed, the gram-positive bacteria have a relatively cell wall composed
of many layers of peptidoglycan polymer and only one membrane (plasma
membrane). The gram-negative bacteria have only a thin layer of peptidoglycan
and more complex cell wall with two cell membranes, an outer membrane, and a
plasma membrane. The addition of the outer membrane of the gram-negative
bacteria cells influences the permeability of many molecules. The gram-negative
bacteria cell wall makes difficult permeability of Ag NPs [29] [30].

The diameter of zone of inhibition of different prepared nanocomposites is
reported in Table 2. For gram-positive bacteria (S. aureus), the diameter of inhi-
bition zone increase from 2 to 8 mm with growing clay loaded in the nanocom-
posite. For gram-negative (E. coll), a small increasing of 2 mm of diameter of in-
hibition zone was observed. These results show the synergic effect of adsorption

and antimicrobial activity of Ag NPs.

3.4.2. Activity under Visible Light Irradiation
Under visible light irradiation, Figure 8 and Figure 9 show the disk diffusion
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Table 2. Diameter of zone of inhibition of different prepared nanocomposites, in dark.

Samples Staphylococcus aureus Escherichia coli

Initial diameter ~ Final inhibition  Initial diameter ~ Final inhibition

(mm) zone diameter (mm) (mm) zone diameter (mm)
AgTiO,/Clay[1:1] 8 16+ 1 8 10+1
AgTiO»/Clay[1:0.5] 8 16+1 8 10£1
AgTiO,/Clay[1:0.1] 8 16+1 8 10+1
AgTiO,/Clay[1:0.05] 8 141 8 10+1
AgTiO»/Clay[1:0.01] 8 12+1 8 10+1
AgTiO, 8 10+1 8 10+1

Figure 8. Antimicrobial activity of nanocomposites with S. aureus bacterial strains, under
visible light irradiation.

Figure 9. Antimicrobial activity of nanocomposites with E. coli bacterial strains, under
visible light irradiation.

bactericidal photographs of S. aureus and E. coli, respectively, according of na-
nocomposite used. After 60 min visible light exposure, the significate inhibitions
zones were observed. These observations show the antimicrobial activity of dif-

ferent prepared nanocomposites for E. coli and S. aureus. Indeed, under visible
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Table 3. Diameter of zone of inhibition of different prepared nanocomposites, under vis-
ible light.

Samples Staphylococcus aureus Escherichia coli

Initial diameter ~ Final inhibition  Initial diameter  Final inhibition

(mm) zone diameter (mm) (mm) zone diameter (mm)
AgTiO,/Clay[1:1] 8 18+1 8 16+1
AgTiO,/Clay[1:0.5] 8 20+ 1 8 16+1
AgTiO,/Clay[1:0.1] 8 18+1 8 16+1
AgTiO,/Clay[1:0.05] 8 20+ 1 8 16+1
AgTiO,/Clay[1:0.01] 8 18+1 8 1441
AgTiO, 8 161 8 14+1

light irradiation, TiO, exhibits strong bactericidal activity [31]. The pho-
to-generated holes and electrons react with water and oxygen respectively to
form various reactive species such as superoxide radicals and hydroxyl radicals
[32]. Silver nanoparticles are also photoactive in presence of visible light. These
nanoparticles can absorb visible light due to localized surface plasmon resonance
[33], that’s extending their wavelength response toward the visible region, and
increasing their antibacterial activity.

In Table 3, the diameters of zone of inhibition of different prepared nano-
composites for S. aureus and E. colj, after 1-hour visible light exposure, have
been reported. The diameter of inhibition zone increases from 8 to 12 mm, for S.
aureus. For E. coli, an increasing of 6 to 8 mm of diameter of inhibition zone was
observed. Thus, during visible light exposure, there are three synergic effects
observed on our prepared nanocomposites: the adsorption of bacteria on clay,
the photochemical reaction between silver nanoparticles and bacteria adsorbed

and the photocatalytic reaction of hydroxyl radicals.

4. Conclusion

AgTiO, nanocomposite containing different amounts of clay was synthesized by
hydrothermal process and characterized by several techniques successfully. XRD
analysis confirmed all the prepared samples consisting of pure anatase phase. The
SEM analyses show the presence of TiO, and silver and the surface of nanocompo-
sites. The photocatalysis test results showing efficiency of this nanocomposites are
important when the ratio (AgTiO,)(Clay) is 1:0.5. AgTiO,/Clay displays good an-
tibacterial activity for S. aureus, without and under visible light exposure. The
diameter of inhibition zone, characteristic of antibacterial activity, increases
from 2 to 8 mm in the dark, and from 8 to 12 mm under irradiation. For E. colj,
we observed significant antibacterial activity only under visible light due to the
cell wall layers of this bacterium. The AgTiO,/Clay prepared by this route can be
a promising candidate to be an excellent photocatalyst and an antimicrobial with
much lower cost. The synergetic photocatalytic and antibacterial activity of sam-

ples makes them potentially applicable for wastewater treatment.
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