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ABSTRACT

Biofouling reduces the membrane performance and has become a problem in many applications. One of the strategies to reduce biofouling is
to apply antibacterial materials to the membrane surface, which prevents the attachment and growth of microorganisms. In this study, the
surface of flat ceramic supports was covered with TiO, powder, and silver was applied by photoreduction using a CH;COOAg solution at room
temperature. After the photoreduction, AgOx and metallic silver were found on the TiO, as analyzed by XPS. While a negligible amount of
silver was released from the prepared AgTiO, membranes into water, the dissolution of silver was enhanced in a 0.09 M NaCl solution.
The AgTiO, membranes inhibited the growth of Escherichia coli in dark conditions. The inhibition cannot be explained only by the concen-
tration of silver ions released from the membranes. Microscopic observation showed that direct contact with AgTiO kills E. coli. The results
showed the possibility of improving the antibacterial activity of membranes by applying an AgTiO, coating.
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HIGHLIGHTS

AgTiO, membranes were prepared by photoreduction using the CH;COOAg solution.

Silver oxide was formed by photoreduction with a light intensity of 3.3 mw/cm?.

Silver leaching from the AgTiO, membranes was negligible in water but enhanced in 0.09 M NaCl solution.
AgTiO, membranes inhibited the growth of E. coli under dark conditions.

The results showed potential antibacterial activity of silver oxide.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT
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INTRODUCTION

Clean water and renewable energy are essential but ensuring access to these resources is one of the major challenges of today.
Membrane separation processes are regarded as a promising option for a sustainable water production, which has a simple
configuration and enables treating wastewater with low or no chemical additives (Obotey Ezugbe & Rathilal 2020). Mem-
brane technology can also be used in generating electricity by a forward osmosis process, where semi-permeable
membranes separate seawater and brackish water (Bogler ef al. 2017). While various types of membranes have been inten-
sively studied and developed, one of the challenges is the biofouling caused by the growth of microorganisms under
practical conditions that reduces the membrane performance (Nguyen et al. 2012; Bogler et al. 2017).

One way to prevent the growth of microorganisms is to apply disinfectants such as chlorine and bromine gas. However,
they react with substances present in water and simultaneously produces harmful, carcinogenic disinfection byproducts
(Pandian et al. 2022). Chemical cleaning can be applied to recover the membrane performance. The major drawbacks of
chemical cleaning are the creation of wastewater formed by the treatment and the increase in the operational cost (Bogler
et al. 2017).

Applying coatings with antibacterial activity to the membrane surfaces is another approach to prevent the biofouling. Incor-
porating silver nanoparticles having antibacterial property into membranes is one example that reduces membrane biofouling
by inhibiting bacterial growth. The most common method to immobilize silver on membranes is mixing silver nanoparticles
into a polymeric matrix (Zodrow et al. 2009). For example, Jeon and Lee incorporated silver nanoparticles into polymeric
membranes via interfacial polymerization and reported an enhanced anti-biofouling performance (Jeon & Lee 2020). One
of the challenges of this method is the poor compatibility between silver particle and polymer matrix that reduces the stability
of the membrane. To overcome this problem, Tan ef al. anchored silver in metal organic framework (Ag-MOF) and mixed the
Ag-MOF nanoparticles in a polyamide layer (Tan et al. 2022). They reported outstanding antibacterial properties against
Escherichia coli and Staphylococcus aureus.

Silver and silver composite materials are also immobilized on inorganic membranes by various methods. For example, Li
et al. prepared Ag nanosheets and mixed them into titania sol to fabricate membranes by a sol-gel method. They reported
increased antibacterial activity (Li ef al. 2020). Fan et al. prepared carbon nanotubes modified with silver nanoparticles
and immobilized them on ceramic membranes by vacuum filtration followed by annealing. They also reported enhanced anti-
fouling and antimicrobial properties (Fan et al. 2019).
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Silver nanoparticles can be deposited on membranes by reducing silver salts, such as silver nitrate (AgNOs3) (Guin ef al.
2007) and silver acetate (CH5;COOAg) (Wodka ef al. 2010). Among various reducing methods, photoreduction is attractive
because it does not require additional reducing chemicals (Iravani et al. 2014). In photoreduction, electron-hole pairs are
generated on the TiO, membrane surface by UV irradiation. The formed electrons reduce silver ion and deposit silver on
the surface as nanoparticles (Naoi ef al. 2004). The photochemically deposited silver can be in a metallic state (Wodka
et al. 2010) or in a silver oxide state (Li ef al. 2015). The state can affect its antibacterial activity and stability in different
media. For example, Ag,O is known to dissolve into media containing chloride ion faster than metallic silver (Levard
et al. 2013).

In this study, AgTiO, membranes were synthesized by a photochemical deposition of silver on TiO, membranes using a
silver acetate solution (Kumakiri ef al. 2022). The leaching of silver from the membrane in water and in an NaCl solution
was studied. Antibacterial activity of the membranes in dark conditions was also studied using E. coli as an example of
microorganisms.

METHODS

Preparation of AgTiO, nanocomposite powder

Silver was deposited photochemically on commercial TiO, powder (P25, Evonik Industries AG, Germany) (Wodka et al.
2010). Silver acetate solution (CH3sCOOAg, purity 97%, Wako Pure Chemical Industries, Ltd, Japan) was used as a silver
source. First, P25 powder (150 mg) was dispersed in 5 x 107> or 1 x 10~> mol/L silver acetate solution (30 g) with stirring
at 450 rpm. Then UV light was applied with 3.3 mW/cm? intensity at room temperature for 1 h. Black lamps (TBL-08/5N,
Toshiba Co., Japan) were used as the light source. Details of the experimental setup can be found elsewhere (Che Abdul
Rahim et al. 2022). The concentration of silver in the solution before and after applying light irradiation was measured by
Inductively Coupled Plasma (ICP, SII Nano Technology Co. Ltd, Tokyo, Japan). The amount of silver deposition on the
TiO, powder was calculated from the concentration change measured by ICP and the mass of solution and powder used.
The size and distribution of silver on TiO, were analyzed by TEM (JSM-7600F JEOL Ltd, Tokyo, Japan). The state of
silver was analyzed by Thermoscientific K-Alpha X-Ray Photoelectron Spectroscopy (XPS) using AlKea radiation of
1,486.6 eV. Charge correction and peak fitting were performed according to Cls binding energy peak of 284.8 eV using
Thermo Scientific Avantage software.

Preparation of AgTiO, membranes

Porous disk-shaped supports with a diameter of 47 mm were prepared using kaolin (ER, Caobar S.A. Spain), alumina
(AR12B5, Aluminium Pechiney, France), and potato starch (Sigma Aldrich Inc. USA), with polyvinyl alcohol (PVA,
Mowiol 4-88, Sigma Aldrich Inc., USA) as ligand and sintered at 1,673 K for 4 h (Che Abdul Rahim ef al. 2022). TiO,
powder was mechanically deposited on the supports followed by heating at 637 K for 3 h (Kumakiri et al. 2011). Then,
silver was photochemically deposited as described above using 5 x 107> and 1 umol CH5COOAg solutions. The AgTiO, mem-
branes obtained after the photoreduction were named as low Ag and high Ag depending on the concentration of the silver
acetate solution. The amount of silver deposited on a TiO, membrane was estimated from the decrease of silver concentration
in the solution measured by ICP and the mass of the solution used for the photoreduction. After the photoreduction, mem-
branes were washed with water and dried at room temperature.

Silver dissolution study

AgTiO, membranes were immersed in 40 g of water or 0.09 M sodium chloride aqueous solution (NaCl, purity 99.5%, Wako
Pure Chemical Industries, Ltd, Japan) at room temperature. All the experiments were carried out in dark with magnetically
stirred at 450 rpm. After immersing a membrane for a predetermined duration, the membrane was removed from the solution
and the silver concentration in the solution was measured by ICP. The removed membrane was washed with water and
immersed into a new solution. Membranes were soaked in solutions for different periods with no particular order. For
these dissolution study, two types of AgTiO, membranes having different amount of silver deposition, low-Ag and high-Ag
membranes, were used as described in the preparation section. A few membranes were prepared under the same conditions
and used to check the reproducibility. In parallel, porous disks were soaked into a 5 x 10~> mol/L CH;COOAg solution and
dried to deposit CH;COOAg. These samples were named as ‘Support-Ag’.
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Antibacterial study

For the antibacterial study, the porous disks were cut into smaller pieces before the deposition of AgTiO,. The surface area of
membranes was 0.52 + 20% cm? measured by Image] software (National Institutes of Health (NIH), United States). About
3-4 times higher amount of silver was deposited for this study compared to the membranes used in the dissolution study.
The membranes used for the antibacterial study were labeled as AB. All membranes were autoclaved before the antibacterial
tests. Besides fresh membranes prepared as above, a few prepared AgTiO,.ow ag membranes were soaked in a 0.09 M NaCl
solution for over 50 h in incubator at 37 °C. During this soaking period, the soluble part of silver deposited onto the mem-
brane will be dissolved into the solution as silver ion. Then, the membranes were dried in a vacuum oven at 120 °C for
20 min and kept in a nitrogen atmosphere to avoid a formation of an oxidized layer before the antibacterial study. Theses
treated membranes were named as ‘Treated AgTiOz 0w ag (AB)’.

An E. coli strain DH5¢ was maintained on Luria-Bertani (LB) agar plate. The bacterial cells were inoculated in LB medium
made using 0.5% yeast extract, 1% peptone (Kyukuto, Japan), 0.5% (0.09 M) NaCl (Sigma Aldrich Inc., USA) and incubated
at 37 °C overnight (around 21 h) with agitation at 150 rpm. One milliliter LB medium was put into the wells of a 24-well plate,
and membrane samples were soaked in the medium. The growth of E. coli was analyzed by the optical density at 600 nm
(ODggp) wavelength using a spectrophotometer (Genesys 10uv, ThermoFisher, Tokyo). Ten microliters of pre-culture
(ODggo of pre-cultures were 3-4) were inoculated. After around 21 h incubation at 37 °C, the culture was diluted and
ODggo was measured. 5 x 10~° mol/L of L-ascorbic acid (Vitamin C, CsHgOg, purity 99.6%, FUJIFILM Wako Pure Chemical
Corporation, Japan) was added to some of the media. The tests with Vitamin C were indicated with 4+ VC’.

In another tests, CH;COOAg and sodium acetate (CH3;COONa-3H,0, purity 99%, FUJIFILM Wako Pure Chemical Cor-
poration, Japan) solutions were added to the LB medium at a final concentration of 0 to 5 x 107> mol/L, then E. coli cells
were missed and the solutions were kept at 37 °C for overnight (around 21 h). After the incubation, ODg values of the sol-
utions were measured.

AgTiO, particles were deposited on glass plates to perform microscopic observation. Glass plates without any particles
were also used as a blank. DH5« cells transformed with a red-fluorescence protein (RFP) expression plasmid (Nakamura
et al. 2018) was cultured in LB medium as described above. The cells were washed with sterilized water and suspended in
water containing 0.5 mM Sytox Green. Water-dispersed E. coli cells were dripped onto the plates, and the plates were
kept for 26 h at room temperature. An Axio Imager Al fluorescence microscope (Carl Zeiss, Jena, Germany) equipped
with the filter set 38HE and 43HE was used to observe green and red fluorescence.

RESULTS AND DISCUSSION
AgTiO, nanocomposites and membranes

The concentration of silver ion in the starting silver acetate solution decreased more than 85% after the photoreduction as a
result of the silver deposition on TiO,. Changing the starting concentration from 5 x 107> and 1 x 107> mol/L resulted in
about 9.8 and 170 x 10~® mol/cm? silver deposition on the TiO, membranes, respectively. The color of a TiO, membrane
changed from white to brownish after the photoreduction when a CH3;COOAg solution of lower concentration was used.
The membrane color changed to dark purple color with higher CH;COOAg concentration. As a comparison to the photo-
reduction method, porous supports were soaked into the CH3;COOAg solution and dried without rinsing with water.
These samples were named as ‘Support-Ag’. The silver concentration in the solution decreased about 35% by the soaking.
Different from membranes prepared by photoreduction, the color of these supports did not change and kept white, for
silver acetate powder, which is white in color, deposited on the support surface.

Figure 1 shows TEM image of the AgTiO, powder prepared by the photoreduction method. Spherical silver particle of
1-2 nm was found (red arrow) on TiO, crystalline structure (Figure 1(a)). Larger number of particles were found when a
silver acetate solution of 20 times higher concentration than Figure 1(a) was used (Figure 1(b)). Figure 1(c) and 1(d)
shows elemental mapping (EDS-TEM) of titanium and silver. The EDS images of silver show that both the size and the
size distribution of silver particles got larger with higher silver precursor concentration.

Figure 2 shows XPS results of AgTiO, powders prepared with solutions of two different Ag concentrations. Figure 2(a)
shows the survey scan. The existence of silver was more apparent in the AgTiOonigh ag Sample, because the amount of
silver was over 10 times compared to the AgTiO2.ow A sample. Figure 2(b) shows Ols core-level spectrum with the main
peak at 529.6 eV showing lattice O?~ present in many metal oxides (Le et al. 2018), which is related to TiO, lattice and
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Figure 1| TEM image (Magnification: 100k x) of AgTiO, nanocomposites: (a) AgTiOz.iow ag aNd (b) AgTiO,.high ag; and elemental mapping
using EDS-TEM of (€) AgTiOz- 0w ag and (d) AgTiO,-nigh ag NANOCOMposites. Please refer to the online version of this paper to see this figure in
colour: http://dx.doi.org/10.2166/wst.2023.003.

silver oxides. Fitting the peak with a nonlinear least-squares fit program using the Gauss-Lorentzian equation, shows appear-
ance of a smaller peak at around 530-531 eV which represents hydroxyl groups related to the adsorbed H,O on the surface
(Mohanty ef al. 2012). Figure 2(c) shows the Ti2p main peak located at 458. 4 eV (Ti2ps,,) and another peak at 464.1 (Ti2p;,»),
which correspond to Ti*" from TiO, (Liang et al. 2011). Silver photo deposition did not affect the TiO, as reported earlier
(Wodka et al. 2010).

Figure 2(d) shows Ag3d scan. Peak fitting performed on AgTiO.nigh a¢ suggested the existence of silver in three different
states. The main peaks obtained with the AgTiO,.pigh ag Sample at 367.3 and 373.3 eV can be assigned to 3ds,, and 3ds,, of
Ag™, respectively. These peaks suggest the existence of Ag,O (Liang ef al. 2011; Li et al. 2015). Small peaks related to metallic
silver (Ag®) and AgO (Ag?") were also found at 368.16 and 366.74 eV, respectively (Liang ef al. 2011; Li et al. 2015). Wodka
et al. reported the formation of Ag® (Wodka et al. 2010) as the main Ag state from photoreduction of CH;COOAg on TiO,
nanoparticles. They used a high-pressure xenon arc lamp of 250 W. On the contrary, Li ef al. (2015) reported a formation of
Ag,0. They used AgNOs as a precursor of silver and performed photoreduction under 20-W UV light at a 10 cm distance for
10 min. In this study, photoreduction was performed using three 8W UVA blacklights from a 5.5 cm distance, which resulted
in 3.3 mW/cm? light intensity. Weaker UV irradiation may cause the deposition of silver oxide instead of silver metal. Oxi-
dation of metallic silver in the air (Viet ef al. 2018) can be another possibility of the Ag,O formation.

Silver dissolution study

Figure 3 shows the degree of silver leaching from AgTiO, membranes in water and in a NaCl solution. Results obtained with
three AgTiOzpigh Ag membranes are shown in the figure with blue diamond-shaped markers. In case of AgTiO 0w og mem-
branes, results with two samples were shown with square markers. Smaller markers show the results of repeated experiments
using the same membrane.
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Figure 2 | XPS analysis of AgTiO, nanocomposites: (a) AgTiO,.nigh ag Wide scan, (D) AgTiOz.nigh ag O1S peak, (C) AgTiO,.nigh ag Ti2p, and
(d) Ag3d peaks of AgTiO,.nigh ag and AgTiOzow ag With doublet fitting.

Without any salt, the amount of silver dissolved from AgTiO, 0w o membrane was less than 0.03 umol/L. Less than 0.4%
of silver on the membrane leached out in 36 h. The results showed a high stability of the membrane in water. This result agrees
well with other studies reporting on the low silver dissolution in water. For example, half encapsulated silver nanoparticles in
polyamide coated on ceramic membrane showed the total silver leaching stabilized at a concentration of 0.007 umol/L after
25 h (Peng et al. 2020).

Salinity of water is reported to induce the silver leaching (Levard et al. 2013). In this study also, the dissolution of silver was
enhanced when the membranes were soaked in a 0.09 M NacCl solution. The concentration of silver ion dissolved from
AgTiO5 0w ag membrane increased almost linearly in the first 6 h as shown in Figure 3. Then the silver concentration in
the solution reached a plateau of 1.5-2.1 ymol/L. Differently, membranes with higher silver deposition, AgTiOspigh ag in
the figure, increased quickly within 60 min and reached a stable value of 1.7-2.3 x 10~® mol/L. The trends of concentration
increase were reproducible with a few different membrane samples prepared under the same conditions as shown in the
figure.

When the same AgTiOx.ow ag membranes were used for the soaking study repeatedly, the silver dissolution became neg-
ligible when the total soaking time exceeded 70 h. This phenomenon occurred after the dissolution of about 21% of deposited
silver. The membrane surface was slightly colored even though almost no silver leaching was observed by ICP. This may be
explained by the dissolution of silver oxides present at the surface of the membrane as observed by XPS. Metallic silver has a
lower dissolution rate (Goderecci et al. 2017) and remained on the membrane. Different from AgTiO5.0, o membranes, the
amount of dissolved silver from AgTiO,.phign ag membranes in a NaCl solution during a week was about 4% and the
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online version of this paper to see this figure in colour: http://dx.doi.org/10.2166/wst.2023.003.

dissolution kinetics did not change after a week of immersion. These results suggest that the mass of Ag,O increases with
increasing the amount of photochemically deposited silver.

In the figure, silver releasing results obtained with the Support-Ag samples prepared by immersing porous supports to the
silver acetate solution are also included. The change of silver concentration in the solution was comparable to the AgTiO2 0w
g membrane within 1,200 min. With these results, silver concentrations in the 0.09 M NaCl solution after soaking the mem-
branes for 1,200 min were almost the same among the membranes prepared under different conditions.

Antibacterial study with membranes

The medium used for the bacterial culture contained 0.09 M NaCl, which concentration is the same as in the dissolution
study. Figure 4 shows average results of at least five cultures for Bare support, Support-Ag (AB), TiO,, AgTiO.1ow ag (AB),
and AgTiOzhigh ag (AB) and Treated AgTiOs. 0w a¢ (AB). For Vitamin C studies, the result shows the average of two cultures.

As shown in Figure 4, supports (‘Bare support’ in the figure), supports coated with silver salt (Support-Ag (AB)), and sup-
ports coated with TiO, powder (TiO,) showed negligible effect on the E. coli growth. On the contrary, deposition of silver on
TiO, membranes hindered the growth: about 20% inhibition was observed compared to blank with AgTiOziow ag (AB)
samples. A membrane sample with higher silver deposition (AgTiO2nigh ag (AB)) showed larger inhibition of about 80%.

Silver ions are reported to have antibacterial activity (Duran et al. 2016). The Support-Ag (AB) samples released silver ion
as shown in Figure 3, therefore these samples were expected to show some growth inhibition. However, no inhibition on the
E. coli growth was observed. Another interesting observation is the difference between AgTiOs.1ow ag (AB) and AgTiO nigh Ag
(AB) samples. While the amount of silver leaching from these samples approached a similar concentration as shown in
Figure 3, higher silver deposition showed much stronger inhibition on the E. coli growth. These results suggest that the
silver ion released from the membranes into the solution was not the major cause of the E. coli growth inhibition under
the conditions used in this study.

AgO, is reported to show stronger antibacterial activity than metallic silver (Rebelo ef al. 2016). To study the influence of
AgO,, fresh AgTiOs.ow ag (AB) was soaked in 0.09 M NaCl for more than 50 h to remove the silver oxides from the mem-
brane by dissolution. After this treatment, about 26% of the deposited silver on the membranes was dissolved into the
solution as measured by ICP. This dissolved fraction of the amount of silver on the membrane was comparable to the soluble
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Figure 4 | OD4 Of E. coli by different membranes after overnight incubation.

fraction of silver estimated in the dissolution study, suggesting most of the soluble silver was removed from the membrane.
The results obtained with these treated membranes were labeled as ‘Treated AgTiO 0w ag (AB)’ in Figure 4. The Treated
AgTiO2.10w ag (AB) membrane showed less inhibition compared to untreated samples (‘AgTiOz10w ag (AB)’). The reduced
influence on the growth inhibition can be explained by the lower amount of silver oxides on the treated samples.

The influence of adding Vitamin C to the LB media was also studied. The addition reduced pH of the media from 6.1 to 5.1.
The growth of E. coli (‘Blank + VC’ in the figure) became about half compared to the blank. When AgTiO2high ag (AB) mem-
brane samples were added to the media with Vitamin C, the growth was further inhibited (‘AgTiO.nigh ag (AB) + VC’ in the
figure). The ODgg value was about 40% to the ODg value obtained with the blank test. On the other hand, the inhibition
effect decreased significantly: the ODggo value obtained with AgTiO2high ag (AB) membranes was about 20% to that with
blank when no VC was added. These changes may be explained by the decrease of reactive oxygen species formed by Ag
that inhibit the growth of E. coli as Vitamin C scavenges these reactive oxygen spices (Rebelo ef al. 2016). Another possible
explanation is the adsorption of negatively charged Vitamin C ion to the TiO, surface, which is positively charged in acidic
conditions (Verhovsek ef al. 2012). The Vitamin C ions adsorbed on the TiO, surface may have prevented the direct contact
between E. coli and silver oxide, and resulted in the reduced antibacterial activity.

Influence of silver ions on the E. coli growth

The influence of silver ions on the E. coli growth was studied by adding CH3COOAg solution to the media. In order to exam-
ine the influence of acetate ions, sodium acetate (CH3;COONa) solution was also used. The inhibition rate on the E. coli
growth in Figure 5 was calculated using the equation below.

D
Inhibition rate % = (1 - ﬂ) x 100
ODeoobiank

As shown in the figure, increasing the silver acetate concentration increased the inhibition of E. coli growth. This concen-
tration range is similar to what was reported as a minimal inhibition concentration of silver acetate against E. coli (Peetsch
et al. 2013). On the contrary, addition of CH;COONa did not increase the inhibition rate, showing that acetate ions are inert
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in terms of microbial activity. Silver ions show antibacterial activity as reported (Marambio-Jones & Hoek 2010). Almost 70%
inhibition was observed with 20 umol/L. CH3;COOAg while increasing the concentration higher than 40 umol/L inhibits the
bacteria more than 90%.

AgTiO2high a¢ (AB) membranes showed around 80% E. coli inhibition as shown in Figure 4. To have this inhibition, the
silver concentration needs to be higher than 20 pmol/L as shown in Figure 5. However, the silver concentration released
from the membrane was one order smaller as shown in Figure 3. These results also suggest that the antibacterial property
did not depend solely on the released silver ion.

Direct observation of antibacterial activity

AgTiO, may prevent the growth of E. coli or may kill the bacteria. To observe the influence directly by a microscope, AgTiO,
were deposited on glass plates instead of porous ceramics and E. coli cells dispersed in water were applied. The E. coli cells
expressing red fluorescent proteins were used to count the number of E. coli cells, because they were difficult to be distin-
guished on AgTiO, (Figure 6(d)). The dead E. coli cells were detected by green fluorescent of Sytox Green. Figure 6
shows an example of the observations. The number of red and green spots corresponds to the number of E. coli cells and
dead cells, respectively. Table 1 summarizes the counts of red and green cells with and without AgTiO, treatment. The
number of green spots was larger with AgTiO,. The clear difference between the blank plates and AgTiO, plates suggest
that the AgTiO, contributed the death of E. coli cells. In these tests no salinity existed. Accordingly, the silver ion formed
by the dissolution from AgTiO, is negligible, as described earlier. These results support the antibacterial activity of AgTiO,.

The mechanism of antibacterial activity by silver is still not fully understood (Duran ef al. 2016; Singh & Mijakovic 2022).
Several mechanisms have been proposed and investigated. For example, silver ions react with thiol groups of protein and
causing inactivation of the bacteria (Duran ef al. 2016). Silver ions can also disturb ATP production and DNA replication
(Marambio-Jones & Hoek 2010). Formation of reactive oxygen species by the reaction between Ti*" and oxygen vacancy
in AgTiO, is also proposed to be the cause of bacteria elimination in dark conditions (Viet ef al. 2018). However, the results
obtained in this study showed that the concentration of silver ion was too low to explain the inhibition degree. In addition,
Ti** phase was not observed by XPS (Figure 2). Another potential cause of the inhibition is the direct contact between the
silver and E. coli that can damage the cell walls of the bacteria (Marambio-Jones & Hoek 2010; Duran et al. 2016; Peng et al.
2020). The antibacterial property depends also on the silver state; for example, Ag,O is reported to have higher activity than
metallic silver (Rebelo ef al. 2016). The antibacterial property obtained in this study is possibly attributed to the silver oxides
at the surface of the membrane, but further study is needed to evaluate the mechanism. For practical applications, a longer
lifetime of AgTiO, coating can be expected in solutions not containing chloride ion, as Ag,O dissolution is negligible in water
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(b) (c)

Figure 6 | Direct antibacterial study on nanoparticles: (a) bright field, (b) E. coli cells (red); (c) dead cells (green) without AgTIO,, (d) bright
field, (e) E. coli cells (red), and (f) dead cells (green) with AgTiO,. Please refer to the online ver5|on of this paper to see this figure in colour:
http://dx.doi.org/10.2166/wst.2023.003.

Table 1 | Summary of the cell counts on a glass without (blank) and with AgTiO,

Blank AgTiO,

sample no. Red Green Red Green
1 170 37 231 187
2 220 51 196 160
3 225 27 196 121
4 173 25 172 132
5 193 25 246 164
6 224 33 - -

but accelerates in the presence of chloride ion. Applying a periodical photochemical reduction has a potential to regenerate
the bactericidal property of the coating.

CONCLUSIONS

AgTiO, membranes were prepared by a photoreduction method. The amount of silver deposition can be controlled by the
concentration of initial silver acetate solution. Ag,O was found at the surface of TiO, analyzed by XPS. Silver leaching
from the AgTiO, membranes into water was negligible but was enhanced in 0.09 M NaCl solution.

Prepared AgTiO, membranes inhibited the E. coli growth under dark conditions. The hindered growth cannot be explained
only by the silver ion concentration leached out from the membranes. The inhibition degree was reduced when AgTiO, mem-
branes were washed with NaCl solution before the E. coli cultivation, which may be due to the reduced amount of silver
oxides on the membranes. Microscopic observation of E. coli on glass plates covered with AgTiO, showed that a direct con-
tact with AgTiO, causes the death of E. coli.
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The potential to apply photoreduction of silver to enhance the antibacterial activity of the membrane is demonstrated in
this study. The antibacterial activity can be associated with silver oxides, but further study is required to understand the
mechanism.
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