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Photo-catalytic inactivation of E. coli using stabilized Ag/S, N-TiO, nanoparticles
by fixed bed photo-reactor under visible light and sunlight
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ABSTRACT

Silver (Ag), sulfur (S), and nitrogen (N)-codoped titanium dioxide (TiO,) photo-catalysts were pre-
pared by sol-gel method. The main compounds were tetrabutyl orthotitanate, 250 mg of thiourea,
and 0.7, 1.4, and 2.8 mg of silver nitrate as the suppliers of sulfur, nitrogen, and silver, respectively.
These photo-catalysts were stabilized on glass microbeads. The structural properties of synthesized
photo-catalysts were investigated by X-ray diffraction, scanning electron microscopy, and energy dis-
persive X-ray. The optical activity of the photo-catalysts was evaluated by UV/Vis diffuse reflectance
spectroscopy. Finally, the feasibility of inactivation of Escherichia coli, an index of water contamination,
was investigated by the stabilized photo-catalyst in a fixed bed photo-reactor under visible light and
sunlight. We observed that Ag (0.14 mg)/S, N-TiO, caused 99.6% removal of E. coli at 1.5 x 10* CFU/mL
initial concentration under visible light, but this photo-catalyst caused approximately 97% removal
of E. coli under sunlight. These findings would help to better use the fixed bed reactor filled with
stabilized photo-catalysts such as Ag/S, N-TiO, as a multipurpose and efficient technique to disinfect
waters highly contaminated with E. coli.

Keywords: Photo-catalysis; Sunlight; Visible light; Fixed bed photo-reactor; Bacterial disinfection; Ag,

S, and N-codoped TiO,

1. Introduction

Because of rapid growth in industry, population, and
drought, drinking water shortage is considered a serious
problem in the world [1,2]. Nowadays, certain substances,
such as chlorine, ozone, and UV radiation are used to dis-
infect drinking water in the final step of water treatment.
However, the use of chlorine leads to production of carcino-
genic and mutagenic substances, and the use of UV radia-
tion or ozone is highly costly [3]. An important strategy to
overcome such problems is using of semiconductor-based
photo-catalysis that produces powerful OH and superoxide
radicals for non-selective destruction of organic pollutants to
water and carbon dioxide [4-6]. In this heterogeneous pho-
to-catalytic process, irradiation of a semiconductor by UV
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or visible light, excite the semiconductor and produces elec-
trons in its conduction band (C,) and holes in its valence band
(V). The photogenerated electrons and holes (e/h pairs) can
react with dissolved oxygen and water/hydroxyl to produce
OH and superoxide radicals, respectively [7-9]. A widely
used semiconductor is titanium dioxide (TiO,, with band gap
energy of 3.2 eV) photo-catalyst that can play an alternative
or supplementary role in water treatment processes. It is a
non-toxic and low-cost catalyst that can be used repeatedly
without a decline in its photo-catalytic activity or production
of dangerous by-products [10-13]. However, titanium diox-
ide has some drawbacks in photo-catalysis processes. First,
its anatase phase (acts as the photo-catalyst) is able to absorb
ultraviolet rays (4% of the sunlight), that is not cost-effective.
Second, fast recombination of e/h pairs decreases its activity
[14]. This can be happen for all mono-component semicon-
ductor photo-catalysts [15]. In general, to overcome these
problems different techniques including coupling of two or
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more semiconductors [16-19], supporting the semiconduc-
tors on suitable supports such as glass microbeads, glass
fibers, silica, zeolites, and nanotubes [20-29], doping of some
metals have been used [30-33]. Such modifying techniques
may shift the absorption edge of semiconductors to longer
wavelengths because of formation of mixed energy levels
between the semiconductors [34,35].

A well-known noble metal dopant is silver because of
its low cost and easy use that can increase the production
of reactive oxygen species (Egs. (1) and (2)) [36]. Therefore,
this metal is used as an antibacterial agent and has long
been used in healthcare. Ag ions are able to affect the bacte-
rial electron transport chains and DNA replication [37]. Cell
wall is the main constituent of a microorganism’s structure
and most intracellular compounds are organic. Contact with
these highly oxidizing compounds can lead to damage to the
microorganisms [38].

Ag+ +-Ozf —)Ag+O2 (1)
Ag+0, > Ag" +0F )

In recent years, increasing efforts are being made to fixed
photo-catalysts on certain above mentioned beds because
of some problems including the need for constantly stirring
solution during study, costly filtering, and centrifugation
of the solutions to recover the powder, distribution of the
nanoparticles in the solution, and light blocking [39-41]. For
this goal, different reactors have been studied for photo-cat-
alytic treatment of water, including parabolic trough reactor,
thin-film fixed bed reactors (as the most common reactor),
compound parabolic collecting reactor, and double-skin
sheet reactor [42-44].

In this study, we synthesized TiO, using sol-gel process,
an ideal approach to produce metal oxides because of pro-
ducing a homogeneous and highly pure product, and then
limited its absorption in the visible light spectrum, decel-
erated the electron-hole recombination, and intensified
the TiO, antibacterial activity using S, N, and Ag codoping.
Afterwards, Ag/S, N-TiO, nanoparticles were placed on the
bed of glass microbeads to be isolated rapidly and conve-
niently, and finally as a main aim of this work, the removal of
E. coli, an index of drinking water microbial contamination,
was investigated in the isolated fixed bed reactor under visi-
ble light and sunlight.

2. Materials and methods

2.1. Synthesizing of the photo-catalysts and supporting on the
glass microbeads

All the chemicals used in this study were purchased
from Merck Co. (Germany). A water distillation device (GFL,
Germany) was used to prepare deionized water. TiO, sol was
prepared by hydrolyzing tetrabutyl orthotitanate (TBOT) in
an acidic solution. According to this method, 2.50 mL TBOT,
10 mL ethanol, and 2.50 mL acetyl acetone were mixed and
after 30 min, a transparent, yellow solution was developed.
Then, 2 mL deionized water was added into the solution
and the solution was stirred for 10 min. To regulate sol pH

at approximately 1.8, concentrated hydrochloric acid and
sodium hydroxide were used. To supply S and N, 250 mg
thiourea was added to the solution and then three different
amounts (0.7, 1.4, and 2.8 mg) of silver nitrate were separately
introduced. After 2 h, a stable, yellow sol was developed. To
stabilize the sol, the glass microbeads, 450-550 um in diame-
ter, were used. First, the glass microbeads were washed with
a washing solution, then placed in diluted hydrochloric acid
for 8 h, washed with deionized water, and dried in a 105°C
oven. Then, the microbeads were plunged into the solution.
The microbeads, covered with photo-catalyst, were placed in
the oven at 60°C for 4 h and the ethanol evaporated. At the
end, the film stabilized on the microbeads was calcinated in
furnace at 500°C for 10 h to convert to anatase phase. Finally,
five photo-catalysts, TiO,, S, N-TiO,, Ag (0.7 mg)/S, N-TiO,,
Ag (1.4 mg)/S, N-TiO,, and Ag (2.8 mg)/S, N-TiO,, stabilized
on the glass microbeads, were prepared [45,46].

2.2. Investigating the photo-catalysts” properties

The energy band gaps of the samples were investigated
by UV/Vis diffuse reflectance spectroscopy (DRS) using a
spectrophotometer (UV-1800, Shimadzu, Japan). Polymorphs
types and the size of the nanocrystals of the five photo-
catalysts on the glass microbeads were studied by X-ray
diffraction (XRD) using Phillips X'pert Pro Multipurpose
diffractometer at 20 = 10°-80°. The surface morphology of
the TiO, films was observed on scanning electron microscopy
(SEM) (EVO”15, Zeiss, Germany) equipped with an energy
dispersive X-ray (EDX) for elemental analysis.

2.3. Photo-catalytic inactivation of E. coli

To investigate the photo-catalytic inactivation of E. coli,
the E. coli with genotype DH1 was studied. The bacteria
were cultured on MacConkey agar growth medium. The
growth medium was left at 37°C for 48 h to grow the bacte-
ria. To investigate the photo-catalytic removal efficiency of
the bacteria, the E. coli suspension was prepared at 10® col-
ony-forming unit (CFU)/mL concentration. To achieve the
desired number of bacteria, a 0.5 McFarland standard was
used. According to this method, the absorbance read by
spectrophotometer at 625 nm wavelength was expected to
range between 0.08 and 0.13. This absorbance rate is equal to
1.5 x 108 CFU/mL bacteria [47]. Therefore, the bacterial sus-
pension was partially introduced to 200 mL deionized water,
such that the bacterial absorbance at 625 nm wavelength was
equal to the absorbance of 0.5 McFarland standard. The reac-
tor used in this study had five glass tubes, 200 mm high and
8 mm in diameter, filled with 50 g photo-catalyst stabilized
on the glass microbeads and placed on a mirror which was
fixed on a wooden support. 200 mL of the prepared bacterial
suspension, with 200 mL/min flow rate, rotated in the reactor
using a peristaltic pump. Synthetic photo-catalyst was able to
undergo a series of experiments. The filled glass tubes were
irradiated with visible light (400 W lamp) and sunlight (clear
sky in autumn) in two series of the experiments while the
distance was 10 cm between the glass tubes and the lamp. All
the containers, photo-catalysts, and reactor connections were
completely sterilized and all the experiments and samplings
were conducted under sterile conditions. Fig. 1 illustrates



N. Masoudipour et al. / Desalination and Water Treatment 110 (2018) 109-116 111

Fig. 1. Fixed bed reactor used in this study under sunlight; 1: wooden support; 2: mirror 3: photo-catalyst-contained glass tubes; 4:
peristaltic pump; 5: isolated bacterial suspension-contained container; 6: silicon tubes; 7: sampling valve, 8: water bath, 9: the sun.

the fixed bed photo-reactor used to test the photo-catalytic
removal of E. coli under sunlight. Each 30 min, 1 mL of the J‘

bacterial suspension was taken from sampling valve and

introduced to a test tube containing 99 mL deionized water.

Then, 0.01 mL of the solution was taken out of the test tube by |

a micropipette and placed in nutrient agar growth medium

at 37°C for 24 h. For all the experiments, the pH was 7. {L
The variables of this study were time intervals (30, 60, 90,

and 120 min), different photo-catalysts, consisting of TiO,, = \‘

S, N-TiO,, and Ag/S, N-TiO,, different amounts of Ag in the ( L x § J l } H \

Ag/S, N-TiO, photo-catalyst, and the type of radiation (400 W | | | ! W
lam d2 i i Fr'l«f\'vfm‘teN
p and the sun). All the experiments were conducted in c M Mgy WJ H’w" Ly S /

duplicate and the mean rates were reported. To determine Attill ’ .

the rigor of the experiments, the standard deviations were
also calculated. To calculate the photo-catalysts’ efficiencies
of the E. coli removal, Eq. (3) was used:

(COC—"C) %100 3)

0

E.coliphotocatalyticremoval (%)=

C,=CFU/mL initial; C = CFU/mL final.

Intensity (a.u)

3. Results and discussion

3.1. Morphological, compositional, and structural
characterizations

Figs. 2(A)—(C) illustrate the XRD patterns of the films of
TiO,, S, N-TiO,, and Ag (1.4 mg)/S, N-TiO, photo-catalysts,
respectively. The peaks corresponding to hkl planes of 101,
004, 200, 105, 211, 204, 116, and 200, designated as A in all 20 £ 0 Py 50 7
patterns, indicated that the diffraction of TiO, anatase phase Position [*2Tetal
corresponded to the standards of the diffraction no. 04-0477
of the Common Committee of the Powders Diffraction [48].  Fig. 2. X-ray diffraction pattern of the films ((A) TiO, (B) S,
Anatase phase is the best crystallographic status of TiO, for ~ N-TiO,; and (C) Ag [1.4 mg]/S, N-TiO,) on the glass microbeads.
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optical activity. No peaks were seen for N and S in Fig. 2(B)
because of their low concentrations and adequate distribu-
tion in the anatase phase. But, in Fig. 2(C), only one peak (no.
200) was seen for Ag diffraction and no shift was seen for the
peaks of TiO,. Lack of Ag peaks in Fig. 2(C) can be explained
by overlapping with the TiO, peaks of anatase phase.

The mean crystal size of the three photo-catalysts was
approximately 10 nm on the glass microbeads by Scherrer
equation [49] and using the peak 101 in 20 = 25.5°. Therefore,
adding thiourea and Ag caused no effect on the changes in
the crystals” sizes.

Figs. 3(A)—(C) illustrate the SEM images of the films
of TiO,, S, N-TiO,, and Ag (1.4 mg)/S, N-TiO, on the glass
microbeads. The nanometric sizes of the particles could be
clearly seen on the glass microbeads in all the three films.
Overall, the photo-catalysts’ nanometric particles are likely
to accumulate because of Van der Waals attraction among the
particles’ surfaces [35]. Increased thiourea caused accumula-
tion of TiO, particles (Fig. 3(B)), which became clearer after
Ag addition (Fig. 3(C)).

The EDX analysis of Ag (1.4 mg)/S, N-TiO, film on glass
microbead is shown in Fig. 4. This pattern has confirmed the
presence of nitrogen, sulfur, and silver in Ag/S, N-TiO, film.

3.2. Optical properties of the photo-catalysts

Fig. 5(A) illustrates the DRS spectra of TiO,, S, N-TiO,, and
Ag (0.7, 1.4, and 2.8 mg)/S, N-TiO, photo-catalysts. Although
the common equation (Eq. (4)) has been used for the calcu-
lation of band gap energy of semiconductors (E, is the band
gap [eV] and A is the wavelength [nm] of the absorption
edges in the spectrum), the best method is Kubelka-Munk
equation and Tauc plot [50-53].

E - 1239.8 @)
# A

In the following Kubelka-Munk and Tauc equations
(Egs. (5) and (6), respectively), K is the reflectance transformed
according to Kubelka-Munk and R is the reflectance (%), Eg
is the semiconductors” band gap (eV), & is Planck’s constant
(J s), v is the frequency of light (Hz), 3 is the absorption con-
stant. The absorption coefficient ot is equal to (2.303 x Abs./d)
according to the Beer-Lambert’s law, where d and Abs are the
sample thickness and sample absorbance, respectively [54].

_(1-R)
K_—ZR (5)
(ochu) =B(hv— Eg)" (6)

In this equation, n index has different values of 1/2, 2,
3/2, and 3 for allowed direct, allowed indirect, forbidden
direct and forbidden indirect electronic transitions, respec-
tively [55]. Typical plots for direct and indirect transitions are
shown in Figs. 5(B) and (C). The band gaps were estimated
by extrapolation of rising segments of plot to cross x-axis and
the estimated values are shown in the figures.

As seen in Figs. 5(B) and (C), the band gap energies of
TiO, are larger than the value of 3.2 eV. This can be explained

1 pm EHT = 17.50 kW
WD =11.0mm

Signal A = SE1
Mag = 1000 K X

Signal A = SE1
Mag= 1000 K X

1pm EHT =17.50 kv

WD =12.0mm

1 pm* EHT = 16.50 KV
WD = 14.5mm

Signal A = SE1
Mag= 1000 KX

Fig. 3. Scanning electron microscopic images of the films ((A)
TiO,, (B) S, N-TiO,, and (C) Ag[1.4 mg]/S, N-TiO,) on the glass
microbeads.

because the band gap of semiconductors has been found to
be particle size dependent and the band gap increases with
decreasing particle size [56]. With increasing thiourea, the
TiO, energy band gap was narrowed down because of mix-
ing the non-metal p and TiO, oxygen 2p orbitals [57,58], and
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the optical response of the S, N-TiO, photo-catalyst entered
into the visible spectrum. In addition, the Ag clusters in Ag/S,
N-TiO, heightened the energy levels of the TiO, energy band
gap, and the electrons of TiO, valence layer were excited
at higher than 400 nm wavelengths. Indeed, S, N, and Ag
codoping led to intensification of TiO, optical response in the
visible spectrum.

3.3. Photo-catalytic inactivation of E. coli

Figs. 6(A)—(C) illustrate E. coli photo-catalytic removal
rate in the vicinity of the five photo-catalysts films in the
fixed bed reactor under dark, visible (lamp) light and sun-
light, respectively. The maximum inactivation rate of E. coli
in all photo-catalysts was obtained during a time interval of
120 min.

In Fig. 6(A), TiO, has shown low photo-catalytic activ-
ity in dark condition. After adding thiourea to TiO,, the

cpsieV

SCNO Ag

|

Fig. 4. EDX analysis of film of Ag (1.4 mg)/S, N-TiO, on glass
microbeads.

removal rate of bacteria has not substantially changed in
dark condition but by adding Ag, the bacterial removal rate
has increased approximately to 30%. By Ag/S, N-TiO,, as
the amount of silver increased from 0.7 to 2.8 mg, bacterial
removal rate had an increasing trend from 20% to 40%.

In Fig. 6(B), under visible light, the bacterial removal rate
with TiO, was gained approximately 20% more than dark
condition. By adding thiourea, the bacterial removal rate was
reached approximately to 50%. After adding Ag to TiO,, the
removal rate had a 30% increase compared with the TiO,. In
the presence of Ag/S, N-TiO,, in the 1.4 mg silver, the bacte-
rial removal rate reached to more than 99%.

By comparing Figs. 6(A) and (B) it can be seen that, unlike
the darkness, in the presence of visible light, the greatest
amount of silver has not shown the highest bacterial removal
rate, so that, when the silver increased from 0.7 to 1.4 mg, the
E. coli removal rate has enhanced but then it has decreased by
raising the silver to 2.8 mg.

According to a study by Yuan et al. [36] under light, a
large number of silver ions aggregate on the photo-catalyst
and make large size granules, therefore these granules block
transmitted light across photo-catalyst films and decrease the
photo-catalytic activity of TiO,. But in dark conditions, and
by increasing silver, the antibacterial effect of silver plays the
main role in E. coli removal.

According to Fig. 5(C), under sunlight the results were
almost identical to visible light. The only difference is that, in
all five photo-catalysts, the removal rate of E. coli was lower
in general. Almost the same results were obtained in simi-
lar studies. Because first, silver ions on the surface of TiO,
improve the separation of the photo-generated electrons
and holes, and second silver ions prevent electron-hole
recombination. On the other hand, silver ions increase OH

TiO, B
S, N-TiO,

Ag (0.7mg)/S, N-TiOy .
Ag (1.4mg)/S, N-TiO, E
Ag (2.8mg)/S,N-TiOy | |

Band Gap (eV)

Absorbance (a.u.)

340 342 344 346 348 350
Wavelength (nm)

C
,..f"\Ll'.
Band Gap (eV) Y
RS
31 i
——-33 A%
——m 325 g
——— 3.17 .fJ_’ / \
. 301 i '! {
i
e L
24 2.6 28 3.0 32 34 36
352 354 35 e

Fig. 5. (A) UV/Vis reflectance spectra of different photo-catalysts on the glass microbeads; typical Tauc plots for (B) indirect, and (C)

direct transitions of the catalyst.
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Fig. 6. Escherichia coli inactivation under ((A) dark, (B) visible light, and (C) sunlight) using different photo-catalysts.

and O, radicals on the surface of TiO, and they enhance the
TiO, activity as an oxidizer. Also silver ion is known to have
strong anti-bacterial effect [10,37,59].

As it was mentioned, Ag/S, N-TiO, has considerably
increased photo-catalytic activity of TiO, for E. coli removing.
Gao et al. [24] also has found the same results in color remov-
ing. In fact, silver nanoparticles doped on S, N-TiO, delay S
and N escape during the processes, and on the other hand
according to the results presented in section 3.2, presence of
Ag, S, and N all together has strengthened optical response
of photo-catalyst.

When we compare visible light with sunlight in bacterial
removal, the average removal rate of E. coli in sunlight was
6%—-8% less than visible light. Sunlight is composed of two
factors: heat (infrared photons) and UV-Vis photons; how-
ever, due to doing tests in partially cloudy and cloudy sky in
winter, the intensity and also the heat of emitted light on the
reactor was low, therefore the E. coli removal rate decreased
in the sunlight.

4. Conclusion

Regarding the findings of this study, we can conclude
that the use of fixed bed reactors, filled with stabilized

photo-catalysts such as Ag/S, N-TiO,, may be a multipur-
pose and efficient technique to disinfect waters highly
contaminated with E. coli, as the most important index of
water contamination. This conclusion may be explained by
non-toxicity of the photo-catalyst and light source, relatively
low cost, repeatability of the use of photo-catalyst, minimum
risk of leakage of the photo-catalyst in water, and most impor-
tantly, high efficiency to remove the bacteria. Production of
these photo-reactors in industrial scale for drinking water
disinfection in disaster-afflicted or lowly populous areas is
an implication of this study’s findings.
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