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According to the SDG 6, everyone on earth should have access to safe and affordable drinking
water. In sharing water-treatment technologies that leads to accomplishing this goal, it is impera-
tive to devise ways of removing microbial contaminants such as E. coli from drinking water espe-
cially in resource-limited settings that lack centralized water supply systems. One of the
approaches is bacterial disinfection of water at the point of use. In this study, the bactericidal
effects of the photocatalysis of titanium dioxide-based nanoparticles under UV and visible light
are explored.
Pristine and silver doped nanostructured mesoporous titanium dioxide (Ag-TiO2, TiO2) particles

with high specific surface area and average crystallite domain size of � 7.0–7.5 nm were prepared
using the simple and cost effective sol–gel technique followed by thermal treatment. The addition
of Ag+ ions during the hydrolysis/condensation of the Ti(IV) molecular precursor led to homoge-
neous dispersion of the Ag+ cations on the titania matrix. The As-prepared nanoparticles were
characterized using X-Ray Diffraction (XRD), Brunauer–Emmett–Teller (BET) surface area analysis,
Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM), thermogravimetry,
Fourier Transform Infra-Red (FTIR), and Raman Spectroscopy. X-ray diffraction, FTIR and Raman
spectroscopy confirmed that the crystalline structure of the TiO2 matrix corresponds to the anatase
polymorph; however, the presence of the dopant led to an increase in the system disorder due to
the rise in concentration of oxygen vacancies. The As-prepared nanoparticles were used for
Escherichia coli (E. coli) inactivation under dark and UV–Visible light conditions. Under dark condi-
tions, Ag doped titania and pristine titania resulted in � 95% and � 64% E. coli population inactivity
while under light conditions, �99% and � 97% degradation respectively were observed. Taken
together, these results demonstrate that, the synthesized TiO2 nanoparticles have promising appli-
cations in the light mediated point of use inactivation of bacterial contaminants in water.
� 2019 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Sympo-
sium on Nanostructured, Nanoengineered and Advanced Materials.
1. Introduction

Many developing countries are still struggling with improving
water security [1] According to the World Health Organization
(WHO), 3.4 million people die annually from being exposed to
waterborne diseases, which are preventable health issues [2].
Unsafe drinking water poses health risks through transmission of
diseases like cholera, diarrhoea, typhoid, ascariasis and dysentery
[3]. The presence of E. coli in water indicates human or animal
waste contamination [4]. E. coli is the cause of many bacterial
infections and it accompanies underlying ill-health symptoms such
as cramps, diarrhoea, nausea etc.

Many techniques have been put in place to provide safe drink-
ing water right from the point of use (POU) [5], especially in
underdeveloped areas where centralized water supply systems
terials.
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are non-existent [6]. These methods include chlorination, ceramic
filtration and solar water disinfection (SODIS) [5]. There are new
alternatives to the above water disinfection methods. The use of
advanced oxidation processes (AOPs) is currently being employed
for the removal of both organic and inorganic pollutants [7]. The
underlying principle here is that there is oxidation of highly
reactive oxygen species (ROS) such as hydroxyl (OH) radicals and
these are what degrade the contaminants. AOPs in some cases
are carried out with a combination of a catalyst and light. This pro-
cess is termed photocatalysis [7]. Recent studies show that TiO2

nanoparticles are very effective in bacteria inactivation due to their
high photocatalytic activity [8,9].

Nanocrystalline materials have been studied extensively
because of the unique properties that they possess at that nanos-
cale and they find use in various fields of research. Metal oxides
are probably the most common of these nanomaterials, owing to
their structural, physical and chemical properties, which may be
tuned by manipulation of their band gaps [10]. TiO2 is an advanced
nanoceramic material [11] and its discovery as an active photocat-
alyst in 1972 is credited to Fujishima and Honda [7,12]. This natu-
rally occurring oxide has a wide range of industrial and daily life
applications which include photocatalytic environmental remedia-
tion procedures, gas sensors, pigments in paint, bacterial decon-
tamination, cleaning agent components etc. Sustained interest in
TiO2 nanoparticles is due to their excellent photocatalytic proper-
ties such as low cost, high chemical stability, non-toxicity, insolu-
bility in water and resistance to most chemicals [12,13]. The wide
band gap of TiO2 which is � 3.2 eV, limits its photocatalytic activity
to the UV range which only constitutes � 4–5% of the solar spec-
trum [13–15]. To increase the light harvest capabilities, it is neces-
sary to extend absorption to the visible and near-infra-red spectral
region which accounts for � 40% of solar spectrum [9]. Visible light
active (VLA) photocatalysis is an area of interest for disinfection
applications and may be achieved through transition metal doping
of TiO2 material [14,15].

In addition, silver (Ag) is well known for its bactericidal proper-
ties [14,16]. Mechanisms of antibacterial effect of silver are still
under investigation; however multiple pathways such as binding
of Ag+ ion with the negatively charged peptidoglycan cell wall
and the ROS-mediated oxidative stresses, leading to bacterial cell
death have been implicated [17]. Prior studies report strong photo-
catalytic activity when Ag is incorporated into the structure of
TiO2. Enhanced photocatalytic activity may be attributed to
electron-hole separation via electron trapping, shifting of the
absorption spectrum to a longer wavelength in the visible region
and modification of photocatalyst surface [14]. Also, the high sur-
face area and small crystal size of TiO2 make it a suitable metal
oxide candidate for doping with silver nanoparticles [18]. Ag doped
TiO2 nanoparticles have found use in water purification applica-
tions. In this work, pristine TiO2 and Ag doped TiO2 were synthe-
sized using the sol–gel method. The photocatalysts were
characterized using X-ray Diffraction, Fourier Transform Infrared
spectroscopy, Thermogravimetric Analysis, Scanning Electron
Microscopy, Transmission Electron Microscopy and Brunauer
Emmett Teller (BET) analysis. The effect of TiO2 and Ag-doped
TiO2 on E. coli cells under UV, visible light and dark conditions
were also investigated.
2. Materials and methods

2.1. Materials

All reagents used in this study were of analytical grade and used
without further purification. Titanium (IV) isopropoxide (TTIP) was
provided by Arcos Organics. Silver nitrate (AgNO3) and isopropanol
1184
were purchased from Fisher Chemicals. Absolute ethanol was
obtained from Pharmco Products, Inc.

2.2. Preparation of photocatalysts

TiO2 nanoparticles were synthesized using the sol–gel method
adopted by Sakthivel et al. [19] while Ag-doped TiO2 were by a
method adopted by Ozimek et al. [20]. To synthesize TiO2

nanoparticles, 25 ml of TTIP was added to 25 ml of absolute
ethanol and stirred. This was then added to 100 ml of deionized
water and stirred at 600 rpm for 3 h. The resulting sol was oven
dried at 75 �C for 5 h, and then calcined at 450 �C in an electric
furnace for 2 h at a ramping rate of 10 �C/min. Ag-doped TiO2

nanoparticles were also prepared through sol–gel method.
54 ml of TTIP and 252 ml of isopropanol were mixed with
42 ml of deionized water to obtain a sol. The sol was stirred at
room temperature for 2 h. 2.7 ml of 0.05 M AgNO3 solution
was added to the mixture and stirred for another 2 h. Oven dry-
ing, and then calcination, were carried out at 100 �C for 12 h and
450 �C for 2 h respectively.

2.3. Characterization of the photocatalysts

XRD was carried out using a Bruker D8 focus X-ray Diffractome-
ter. Measurements were conducted in the 2h range of 20� – 80� at a
scan speed of 0.02�/s and step size of 0.05�, using Cu Ka
(k = 1.5406 Å) radiation. Surface functional groups were recorded
on a Bruker Vertex 70 Fourier Transform Infrared (FTIR) spectrom-
eter equipped with a Specac Golden Gate ATR accessory. Spectra
data were recorded within the 4000–600 cm�1 spectral range in
transmission mode and analyzed using Bruker’s OPUS software.
The structural properties were determined on a Technospex
micro-Raman-532TEC-Ci spectrometer equipped with a m-soft 2.0
analytical software in the spectral range of 100–3400 cm�1 and
spectral resolution of 7 cm�1. All the powder samples were anal-
ysed using a Cobolt excitation laser of 532 nm (with a laser power
of 50 mW) through an X50 objective piece and an acquisition time
of 120 s. Thermal analysis was conducted using a Netzsch TG 209
F1 Libra thermal analyzer. 10 mg of the specimen was placed in
an alumina (Al2O3) crucible (100 mg capacity), subjected to a linear
heating ramp between 15 �C and 800 �C at a rate of 10 �C/min and a
cooling rate of 50 �C/min in an oxygen environment. The test mea-
surements were made for the mass change (loss) of the sample as a
function of the temperature and the phase changes by the adsorp-
tion or the emission of energy. Specific surface area measurements
were conducted on a Quantachrome Autosorb IQ sorption analyzer
using the multipoint Brunauer-Emmett-Teller (BET) standard tech-
nique. Prior to the measurements, samples were degassed under
vacuum at 350 �C for 8 h in nitrogen atmosphere and an adsorbate
at 77 K. Full isotherms were run between relative pressures of 4E-6

to 1. Morphological data of the prepared samples were analyzed
using a JEOL-JSM 7000F scanning electron microscope equipped
with EDAX-EDS and a Philips CM 10 transmission electron
microscope.

2.4. Culturing of E.Coli

Escherichia coli (C-3000 strain, ATCC 15597) was grown in
nutrient broth at 37 �C for 24 h in a shaker incubator (Model
G25, New Brunswick Scientific, Edison, NJ) at 100 rpm to reach sta-
tionary growth phase. The stationary phase cultures were then
centrifuged at 3000 rpm for 5 min to harvest the E. coli cells. Sub-
sequently, the E. coli cells were re-suspended in 150 ml of 0.9%
sterile saline solution in sterile conical flasks to prepare working
E. coli suspensions containing approximately 106 to 107 colony
forming units per ml (cfu/ml).



Fig. 2. FTIR spectra of As-prepared TiO2 and Ag-doped TiO2.
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2.5. Bacteria photocatalytic degradation

0.2 g of the pristine and Ag-doped TiO2 nanoparticles were
added to separate flasks. The setup was kept in the dark and sub-
jected to constant stirring at 500 rpm for about 30 min to attain
equilibrium. Thereafter, the reactor flasks were either exposed to
UV-A light (6-watt UV lamp, 259 nm) or visible light (7-watt LED
table lamp) under constant stirring for 4 h, with 500 ml aliquots
withdrawn at time 0 and at 1 h intervals to determine the bacteria
concentration. Conical flasks containing only E. coli suspensions
(without the TiO2 nanoparticles) were also irradiated with UV-A
and visible light under the same conditions as above, as controls.
Another control experiment was set up to study the interaction
of the TiO2 nanoparticles with the E. coli cells. This was done by
adding 0.2 g of the TiO2 nanoparticles to the E. coli suspensions
and treating the reactor flasks under the same conditions above
but without the UV-A or visible light irradiation (i.e., under dark
conditions).

At the predetermined time intervals, the concentrations of
viable E. coli cells in the reactor flasks were determined by
serial dilution with the 0.9% saline solution followed by the
plating of 1 ml aliquots onto Petrifilm E. coli/coliform count
plates (3 M, St Paul, MN, USA). After incubating the Petriflm
plates at 37 �C for 24 h, the number of E. coli colonies on the
plates were counted and expressed as the E. coli concentration
in cfu/ml. The bacteria inactivation rate was calculated using
the formula:

R% ¼ Co � Ct

Co

� �
� 100 ð1Þ

where Co is the initial bacteria concentration, Ct is bacteria concen-
tration at time t and R % is the inactivation rate.

3. Results and discussion

3.1. XRD analysis

The X-ray diffraction profiles shown in Fig. 1 confirm the for-
mation of anatase TiO2 phase with tetragonal structure belonging
to I41amd space group. Doping with Ag did little to change the
crystallinity of pristine TiO2. All peaks indexed, agree with data-
base records for anatase phase of TiO2 [19]. There was a slight
increase in intensity in the Ag- doped TiO2. The low loading of
Fig. 1. XRD patterns of pristine TiO2 and Ag-doped TiO2.
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Ag precursor solution during synthesis led to a weak Ag charac-
teristic diffraction peak around 2h 31⁰, which also suggests a good
dispersion of the very small crystallite size Ag particles in the
TiO2 matrix [14]. The average crystallite sizes of the as-prepared
titania nanoparticles as estimated using the Scherrer equation
was found to be � 7.46 nm for Ag-doped TiO2 and � 7.04 nm for
pristine TiO2.

3.2. FTIR and Raman spectroscopy

In the FTIR spectra shown in Fig. 2, the vibrational bands at
3250 cm�1 and 3350 cm�1 are characteristic of hydroxyl groups.

The peak at 2973 cm�1 in the Ag-doped TiO2 could be associ-
ated with possible residual organic matter from alkoxide and sol-
vent. Bands at 1636 cm�1 and 1640 cm�1 in TiO2 and Ag-doped
TiO2 respectively, represent the stretching vibrations of titanium
carboxylates. The Ag-doped TiO2 revealed a peak at 1380 cm�1

which was absent in the TiO2 spectrum. This peak is attributed
to Ag and TiO2 interactions and could result from the decomposi-
tion of AgNO3 [21,14].
Fig. 3. Raman spectra of the TiO2 photocatalysts.
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The catalysts were also evaluated using Raman spectroscopy
(Fig. 3). All samples exhibit typical anatase vibration modes
(A1g + 2B1g + 3Eg), with the A1g mode being overlapped with
the B1g peak around 537 cm�1 [22–25]. A slight shift in the
signals and slightly broader peak was observed for the Ag-
doped sample than for the undoped TiO2 photocatalyst. This
slight shift and broadening of the Raman-active band can be
attributed to the concentration of oxygen vacancies on the
photocatalysts, as previously shown by Parker and Siegel.
[26–28] Thus, Raman analysis indicates that both undoped
and Ag-doped TiO2, exhibit an anatase crystalline structure;
but the introduction of the dopant induces the formation of
oxygen vacancies on the oxide surface, thereby increasing the
system disorder.
3.3. Microscopy and surface area analysis

SEM micrographs of the TiO2 nanoparticles obtained after
calcination at 450 �C are shown in Fig. 4. The nanoparticles
are seen to be highly agglomerated in both samples and there
is an obvious decrease in particle size due to the Ag doping.
The TiO2 micrograph in Fig. 4(a) captures the well-defined
spherical nature of the nanoparticles. The particles are generally
homogeneous. The SEM image for the Ag-doped nanoparticles
in Fig. 4(b) shows that doping did little to change the topogra-
phy of the TiO2 surface. The nanoparticles are irregularly
shaped, containing aggregates of smaller crystals. It could also
be said that silver particles were too tiny to be observed under
the scanning electron microscope resolution used due to the
high aggregation of nanoparticles. Fig. 5 (a) and (b) show
images from TEM analysis with agglomeration in both samples.
Particle size distribution is shown in Fig. 5 (c) and (d) with a
range of � 9–18 nm for TiO2 and a range of � 7–12 nm for
Ag-doped TiO2.

The nitrogen (N2) sorption isotherms in Fig. 6 shows that, both
isotherms for the Ag-TiO2 and TiO2 are of the type IV sorption iso-
therms. This is a confirmation of the formation of mesoporous
nano-adsorbents according to the IUPAC classification [29]. The
isotherms have the feature of type H-2 hysteresis loop but in both
cases very narrow. For porous materials with this kind of hysteresis
loop it tells of irregular pore size distribution and poorly defined
pore shapes.
Fig. 4. SEM results of (a)
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Surface areas for the two photocatalysts were found to be
129.7 m2/g (TiO2) and 109.8 m2/g (Ag-TiO2): a clear indication that
Ag doping decreases the surface area.

3.4. Thermal analysis of photocatalysts

The thermal properties of the developed photocatalysts are
shown in Fig. 7. For the pristine TiO2, a region of mass loss
of about 25% is recorded around 110 �C. This may be attributed
to the loss of adsorbed water on the titania surfaces. For the
Ag-doped TiO2, a mass loss of around 18% is recorded between
25 �C and 180 �C. This area accounts for the loss of adsorbed
water. A second region in the temperature range of 180 �C to
240 �C recorded a mass loss of � 6%. This may be attributed
to the loss of organic matter from the sample. In all plots, from
250 �C to 600 �C, there is no mass loss recorded in the samples.
This confirms thermal stability of the synthesized catalysts in
that temperature range.

3.5. Bacteria photodegradation

3.5.1. Bacteria inactivation studies under UV irradiation
Fig. 8 (a) shows the inactivation rate of the photocatalysts on

E. coli under UV-A condition. E. coli assay irradiated by UV was also
investigated as a control to establish the population response to
UV light. E. coli coliform in the control sample increased slightly,
with a negative inactivation rate after 2 h. However, after 4 h,
the rate increased to 7% indicating that UV light seemed to have
an effect on the bacteria cells. Both pristine TiO2 and Ag-TiO2

exerted high bacterial inactivation rates throughout the experi-
ment with the Ag-doped photocatalyst exhibiting � 99% inactiva-
tion after just 2 h and maintaining this rate after 4 h. TiO2

exhibited � 99% inactivation after 3 h slightly reducing to � 97%
inactivation after 4 h.

The mechanism behind the inactivation by the photocatalysts
and exposure to UV is attributed to the formation of ROS [8,30].
In the presence of UV, reactive species generated at the titania
surface-induced oxidative stresses on the bacteria, leading to
DNA damage in the cells [30]. UV light has been used in many
sterilization applications. DNA molecules are known to absorb
UV photons between wavelengths of 200 and 300 nm. Maxi-
mum absorption occurs around 260 nm. Short wavelength UV
TiO2 and (b) Ag-TiO2.
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light can also break O–H, P–O, and N–H, bonds and result in
the formation of energetic free radicals. Once again, damage
to the DNA cells leading to changes in DNA strand is the likely
factor for E. coli inactivation. Death follows if the DNA cannot
be repaired in time [4]. However, if there is loss of resonance
in the transfer of photon energy to the system, bacterial
regrowth can occur [4].

3.5.2. Bacteria inactivation studies under visible light irradiation
Visible light effect on E. coli assays are shown in Fig. 8 (b).

The E. coli assay only saw some inactivation under the low
1187
radiation visible light exposure with 12% cell inactivation after
4 h. This may be an indication that with higher dosage of visi-
ble light irradiation, passable structural damage will compro-
mise cell viability [4]. The effects of TiO2 photocatalyst on
E. coli was slow in the beginning with an inactivation rate of
just 6.3% at 1 h. This then shot up to � 75% inactivation after
2 h and then a slight reduction was seen after 3 h. Inactivation
rate was � 78% after 4 h. It may seem that not enough ROS is
produced to facilitate the photocatalytic activity. Coliform inac-
tivation with Ag- doped titania under visible light
recorded � 99% inactivation after 4 h of exposure time. Since
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Ag is known to have bactericidal properties [14], there was a
synergistic effect with the photocatalysis process. The Ag is able
to enhance the photocatalytic abilities of TiO2 because of the
surface plasmonic resonance effect which causes the shift of
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bands into the visible absorbance region [16]. The release of
Ag+ ions sets electron traps, reducing the photo-induced charge
carriers (electron-hole pair) recombination kinetics and thus
increases production of ROS, and subsequent photocatalytic effi-
ciency [14]. Work done by Wu et al. in studying the visible
light-induced bactericidal activity of TiO2 co-doped with nitro-
gen and silver established that Ag ions are not solely responsi-
ble for bacterial inactivation but rather the biocidal effect on
bacteria is a combined process of photocatalysis and bacterici-
dal properties of Ag [31]. Another work by Tong-Shong et al.
[32], demonstrated that Ag in Montmorillonite-supported titania
was not responsible for biocidal effect on bacteria under visible
light irradiation.
3.5.3. Bacteria inactivation studies under dark condition
The effect of photocatalyst on bacteria cells in dark condition

was investigated. The results can be seen in Fig. 8 (c). Both pho-
tocatalysts showed significant bacterial inactivation. Slightly
enhanced photoactivity showed by the pristine titania nanoparti-
cles is attributed to the adsorption of bacteria on TiO2 surfaces.
After 4 h, inactivation rate was recorded at � 63%. The adsorp-
tion onto bacteria cells facilitates the blocking of nutrient intake
and passage of waste, eventually leading to cell death [33]. Also,
size difference, with the E. coli cells being smaller than the
nanoparticles implies that surface to volume ratio is increased.
This would mean that nutrient and waste transfer between the
cells and their surrounding would occur at fast rates and cause
mortality [33]. Ag-doped titania, recorded inactivation rate of
50% after just 1 h. There was a sustained increase and � 99%
inactivation rate after 4 h. The mechanisms of antibacterial effect
of silver is still a scientific debate; however, the generally held
view is that, upon bacterial/Ag-NPs contact, Ag-NPs are oxidized
into Ag+ by respiratory enzymes [34]. The released Ag+ ions then
bind to the negatively charged peptidoglycan cell wall. Specifi-
cally, the Ag+ ion binds with the purine and pyrimidine base
pairs, rupturing the H-bonds in the base pairs, resulting in
DNA disruption, leading to cell death [34]. Additionally, the
ROS-mediated oxidative stresses also facilitate bacterial cell
death [17,29].
4. Conclusion

Doped and undoped nanostructured TiO2 (anatase) photocat-
alysts with improved photocatalytic bacterial inactivity were
successfully synthesized via a sol–gel route followed by calcina-
tion. The addition of Ag+ ions during the hydrolysis/condensation
of the Ti(IV) precursor ensured the doping of TiO2, leading to the
formation of oxygen vacancies as well as Agn+ ions, evenly dis-
persed in the titania surface matrix. The photocatalytic bacteria
inactivation investigations employing the ATCC 15,597 Escheri-
chia coli (E. Coli) strain showed that the Agn+/0 sites act as effec-
tive electron acceptors, improving the quantum yields of the
production of reactive oxygen species. The biocidal effect of Ag
in conjunction with the induced adsorptive stresses of the titania
greatly influenced the bacterial inactivation. As a result, the bac-
teria substrate was efficiently degraded under light conditions,
with percentage inactivation of � 99% and � 97% for Ag-TiO2

and TiO2 respectively. These synthesized TiO2 nanoparticles have
potential applications in the light aided decomposition of a wide
range of bacteria pollutants. This approach can also be easily
adapted to other metallic ion doping agents and different oxides
with improvements in the metal loading as efficient materials
for photocatalytic applications.
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