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ABSTRACT

Photocatalytic inactivation of viruses and other microorganisms is a promising technology
that has been increasingly utilized in recent years. In this study, photocatalytic silver
doped titanium dioxide nanoparticles (nAg/TiO,) were investigated for their capability of
inactivating Bacteriophage MS2 in aqueous media. Nano-sized Ag deposits were formed on
two commercial TiO, nanopowders using a photochemical reduction method. The MS2
inactivation kinetics of nAg/TiO, was compared to the base TiO, material and silver ions
leached from the catalyst. The inactivation rate of MS2 was enhanced by more than 5 fold
depending on the base TiO, material, and the inactivation efficiency increased with
increasing silver content. The increased production of hydroxyl free radicals was found to
be responsible for the enhanced viral inactivation.
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1. Introduction

The removal of viruses and other pathogens from drinking
water (and the environment in general) is important for the
maintenance of the health and well being of society. Patho-
genic viruses such as adenovirus, norovirus, rotavirus, and
hepatitis A commonly occur in both surface and groundwater
sources (Abbaszadegan et al., 2003; Hamza et al., 2009; Wong
et al.,, 2009) and must be effectively inactivated to provide
safe water. In the United States just between 2003 and 2005
there were four reported waterborne disease outbreaks
attributed to viruses in drinking water affecting 282 people
(US Centers for Disease Control and Prevention, 2006, 2008).
The USEPA requires treatment systems capable of providing 4
log (99.99%) removal of viruses for all surface water sources
(US Environmental Protection Agency, 2006a) and groundwater
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sources with a history of contamination or other deficiencies
(US Environmental Protection Agency, 2006b).

Traditional chlorine disinfection, while highly effective
for wviral inactivation, produces harmful disinfection
byproducts (DBPs) when organic compounds are present in
the water. This has prompted stricter regulations concerning
the acceptable levels of these compounds (US Environmental
Protection Agency, 2006c¢). Although UV disinfection has not
been found to form DBPs (Liberti et al., 2003), some viruses
such as adenoviruses are highly resistant to UV disinfection
(Yates et al., 2006). As a result, the USEPA has increased the
UV fluence requirements for 4 log removal of viruses from
40 mj/cm? to 186 mj/cm? (US Environmental Protection
Agency, 2006a). The new high fluence requirement signifi-
cantly increases the energy demand, which translates into
a higher treatment cost.
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The employment of a highly efficient photocatalyst for
advanced oxidation could potentially enable effective virus
inactivation in drinking water as chlorine can while limiting
the formation of DBPs (Liu et al., 2008). It would also require
less energy than UV disinfection. Therefore, photocatalytic
oxidation is being actively researched as an alternative water
disinfection method (Lydakis-Simantiris et al., 2010; Sordo
et al.,, 2010). A highly efficient photocatalyst could also be
utilized for air treatment or as an antimicrobial coating.

1.1.  Titanium dioxide photocatalysis

Titanium dioxide is an attractive photocatalyst for water
treatment as it is resistant to corrosion and non toxic when
ingested (Kaneko and Okura, 2002). The basic mechanism of
TiO, photoactivation and reactive oxygen species (ROS)
generation is well known (Hoffmann et al., 1995).

There are currently a few commercial treatment systems
that utilize TiO, photocatalysis (e.g. Wallenius AOT®,
Purifics®). However their usage is not wide spread. One major
reason for the limited application is the slow reaction kinetics
as a consequence of charge recombination, which consumes
the activated electrons and holes.

The antibacterial properties of TiO, have been well docu-
mented (Wei et al.,, 1994; Watts et al., 1995; Kikuchi et al., 1997;
Cho et al., 2005; Benabbou et al., 2007; Page et al., 2007) and are
attributed to the generation of ROS, especially hydroxyl free
radicals (HO) and hydrogen peroxide (H,0,) (Kikuchi et al.,
1997). While fewer studies have investigated the antiviral
properties of TiO,, its potential for inactivating viruses has
been demonstrated (Watts et al., 1995; Belhacova et al., 1999;
Koizumi and Taya, 2002; Cho et al., 2005). However, the inac-
tivation rates obtained in most of these studies were
extremely low. For example, Cho et al. (2005) demonstrated
only ~1 log removal of MS2 after 2 h of irradiation using P25
TiO, suspended at 1 g/L. The inactivation kinetics needs to be
greatly improved in order to provide efficient drinking water
disinfection.

Metal doping has been used to enhance TiO, photo-
catalysis by trapping excited electrons to prevent charge
recombination (Mu et al., 1989; Choi et al., 1994; Haick and Paz,
2003; Iliev et al., 2006). Electron trapping can occur if the
dopant has a lower Fermi level than the excited electron.
Several metals including Fe, Mo, Ru, Os, Re, V, Rh, Au, Pt, and
Ag have been shown to enhance TiO, performance. Silver in
particular has been shown to enhance the photocatalytic
efficiency of TiO, for both organic contaminant degradation
and bacterial inactivation (Kondo and Jardim, 1991,
Vamathevan et al., 2002; Zhang et al., 2003; Xin et al., 2005;
Page et al., 2007; Seery et al., 2007). Tran et al. (2006) showed
selective enhancement by silver, which increased degradation
rates for short chain carboxylic acids but not for alcohols or
aromatics. Silver coatings above the optimum amount can
also decrease the photocatalytic activity (Sclafani et al., 1991;
Sung-Suh et al.,, 2004). However, there is limited information
on its impact on the antiviral capabilities of TiO, (Kim et al.,
2006). In addition to facilitating charge separation, silver is
thought to enhance TiO, photocatalysis by directly interacting
with microorganisms and providing more surface area for
adsorption (Sclafani et al, 1997; Sung-Suh et al., 2004),

although Vamathevan et al. (2002) found no increase in BET
surface area after silver doping. Silver ions and nanoparticles
have been shown to have antimicrobial properties themselves
through a variety of mechanisms (Feng et al, 2000;
Elechiguerra et al., 2005; Morones et al., 2005), which could
also aid in bacterial or viral inactivation.

Utilizing silver in conjunction with TiO, photocatalysis
could potentially allow several different inactivation mech-
anisms to work in concert. Therefore, it is possible that
a synergism occurs between silver and TiO, when silver
doped titanium dioxide is used for inactivating microor-
ganisms under UV radiation. The study reported here
demonstrated that silver doping TiO, greatly enhanced the
photocatalytic inactivation of viruses primarily by increasing
HO* production in addition to slightly increasing virus
adsorption.

2. Materials and methods

2.1. Synthesis and characterization of nano-silver doped

nAg/TiO, was prepared by depositing nano-sized silver
islands via photochemical reduction of silver nitrate (Alfa
Aesar) onto two commercially available TiO,: Aeroxide TiO, P
25 (denoted hereafter P25 TiO,, Degussa) and Anatase TiO,
(denoted hereafter AATiO,, Alfa Aesar; CAS: 1317-70-0). A
solution containing oxalic acid (Sigma—Aldrich, anhydrous
99%) as a sacrificial electron donor, TiO,, and silver nitrate
(Sigma—Aldrich, 99.9999%) was stirred for 2 h at pH 1 under
ambient light at room temperature while purged with
nitrogen gas. The solution was then irradiated with a germi-
cidal UV lamp for one day and the product purified by washing
with excessive water four times (Illiev et al., 2006). The
concentration of silver nitrate used in the reaction solution
was varied to achieve 4, 8, and 10 wt.%; oxalic acid was added
at a 25:1 acid to silver molar ratio. The AATiIO, was doped
using 10% AgNOs in solution. The doped particles were then
dried and stored under vacuum in dark.

Samples were prepared for TEM and XPS analysis by
applying a drop of a nAgTiO, suspension to a Silicon
Monoxide/Formvar grid (Ted Pella; 01829) or a silicon wafer
coated with gold (~68 nm). The grid was then used to analyze
the sample in a JEOL 2100 field emission gun transmission
electron microscope (JEM 2100F TEM) at 200 KV. The silicon
wafer was used for x-ray photoelectron spectroscope (PHI
Quantera XPS).

The actual silver content of the nAg/TiO, nanoparticles
was determined by acid digestion and subsequent analysis of
silver concentration using inductively coupled plasma-
optical emission spectroscopy (ICP—OES, PerkinElmer Optima
4300 DV). Aliquots of 0.01 g nAg/TiO, nanoparticles were
mixed with 5 mL of 50% HNOs, briefly bath sonicated,
refluxed for 4 h and diluted to 50 mL with ultrapure water.
The resulting suspensions were centrifuged and the super-
natants filtered through a 0.22 pm-pore-size syringe filter.
The filtrates were then analyzed by ICP—OES to determine
the silver concentration.
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2.2. Model virus

Bacteriophage MS2 (ATCC 15597-B1) was used as a model virus
in this study due to its similarity to many waterborne patho-
genic viruses (Koizumi and Taya, 2002; Mackey et al., 2002;
Butkus et al., 2004) and the simplicity of its propagation and
enumeration. MS2 has been found to be comparable or more
resistant to chlorine and chloramines than Hepatitis A virus
(Sobsey et al., 1988) and Poliovirus (Tree et al., 2003), and more
resistant to UV disinfection than other bacteriophages
(Sommer et al., 2001). Hence, using MS2 as a virus surrogate
provides conservative assessment on treatment efficiency.

The virus stock solution used in the disinfection proce-
dures was obtained by infecting an incubation of the E. coli
host (ATCC 15597) with a liquid MS2 suspension. The mixture
was mixed with a molten LB—Lennox (Fisher) medium con-
taining 0.7% Bacto™ agar (Difco Laboratories) and poured over
a Petri dish containing solid LB—Lennox media. After incu-
bating overnight at 37 °C, sterile 0.1 M bicarbonate (Fisher)
buffer was added to the plate which was gently rocked for 3 h.
The solution was withdrawn from the plate, centrifuged, and
the supernatant filtered through a 0.22 pM-pore-size PES
syringe filter (Cho et al., 2005). The virus suspension contained
~7 x 10° plaque forming units per milliliter (PFU/mL) and was
stored at 4 °C before use.

MS2 samples were enumerated according to the double
agar layer method (Adams, 1959). Samples were analyzed
either immediately or stored at 4 °C in dark and analyzed
within 24 h. No change in viral titers was found within 24 h of
storage in the presence or absence of the nanomaterials. To
determine if the presence of nanoparticles interfered with
virus enumeration, parallel samples containing nanoparticles
were enumerated directly or after centrifugation at 10,900 x g
for 15 min to remove the nanoparticles. No significant differ-
ence was found between the two methods. Therefore, all data
reported hereafter were obtained from direct enumeration of
the samples without removing the nanoparticles. Control
tests consisted of enumerating buffer solution to ensure that
viral contamination was not present in any of the reagents.

2.3. Virus inactivation experiments

All materials that came in contact with the virus solutions,
media, and reagents were sterilized by autoclaving, filtering,
or purchased sterile. Nanoparticle suspensions were freshly
prepared in ultrapure water and were bath sonicated for
30—45 min to ensure good dispersion before each experiment.
Particle size and zeta potential of each suspension was
analyzed by dynamic light scattering (DLS) using a Zen 3600
Zetasizer (Malvern Instruments, Worcestershire, UK) to
determine if differences in particle size and thus surface area
were responsible for any observed differences in viral
inactivation.

2.3.1. Dark inactivation of viruses

Dark inactivation of viruses was assessed using undoped P25
TiO, and nAg/TiO, synthesized with P25 and 10 wt.% AgNOs. A
suspension of ~7 x 10”7 PFU/mL MS2 was made in ultrapure
water to which sonicated nAg/TiO, or P25 TiO, nanoparticles
were added. The suspension was then stirred for up to 10 min

in the dark, and sampled at different times for virus
enumeration. The virus/nanoparticle mixtures were subse-
quently kept in dark at 4 °C for 24 h before enumerated again.
The effect of leached silver was investigated by removing the
catalyst particles from suspension after sonication by centri-
fugation and filtration. The resulting solution was added to an
MS2 suspension, which was sampled periodically for the
active MS2 titer.

2.3.2. Photocatalytic virus inactivation

The photocatalytic viral inactivation experiments were
carried out in a pre-stabilized Luzchem LZC-4V photoreactor
(Luzchem Research, Inc., Ottawa, ON Canada) fitted with four
8 W UV-A (315—400 nm) lamps with peak emission at 350 nm
(Hitachi). The total light intensity used in all experiments was
2.5 mW/cm? as determined by a UV radiometer (Control
Company, Friendswood, TX) with a NIST traceable 350 nm
photosensor.

Reactions were housed in sealed 25 mL Pyrex Erlenmeyer
flasks. Sterile ultrapure water was combined with the MS2
stock solution and catalyst suspensions or leached Ag* solu-
tions to achieve a final concentration of ~7 x 107 PFU/mL MS2
and 100 mg/L TiO, or nAg/TiO,. The volume of leached Ag"
solution added was the same as that used with particles in
suspension. The mixture was stirred for 1 min in the dark,
after which a sample was taken representing the initial virus
concentration after adsorption. The reaction flask was then
placed in the reactor and 1 mL samples were taken at 30 s
intervals. All samples were immediately enumerated or
covered and refrigerated at 4 °C to prevent further inactivation
while waiting to be processed.

To investigate the role of HO* in MS2 inactivation, reactions
were carried out in the presence of two HO* scavengers,
methanol (99.9%, Fisher spectranalyzed) or tert-butanol
(Fisher, ACS Certified) at concentrations from 30 to 400 mM.
Control experiments were performed by mixing MS2 in the
corresponding alcohol solution for 10 min to account for any
inactivation due to the alcohol. Samples were immediately
diluted into 0.1 M bicarbonate buffer.

3. Results and discussion
3.1. nAg/TiO, characterization

The color of the dried nAg/TiO, nanoparticles varied from
light brown to reddish brown. The degree of surface oxidation
of the silver is likely responsible for the differences in color.

3.1.1. Silver content

The amount of silver captured by the TiO, varied with both the
AgNO; concentration and the base TiO, material used. The P25
TiO, based nAg/TiO, made with 10, 8, and 4 wt.% AgNO; had
final Ag contents of 5.95, 4.36, and 2.46 wt.%. The AATiO,
based nAg/TiO, made with 10 wt.% AgNO; had a final Ag
content of 3.94 wt.%. The nAg/TiO, materials are hereafter
designated by the final nAg content and base TiO, material
(e.g. 5.95%nAg/P25Ti0,). Silver deposition was more efficient
at higher AgNO; concentrations. Deposition onto P25 was
notably greater than that on the AATiIO,: 90% of the Ag added
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was coated onto P25 while only 59% onto the AATiO, when
10% AgNO; was applied. The lower doping efficiency of
AATIO, is attributed to its limited photoactivity.

3.1.2. TEM and XPS analyses
Fig. 1 presents representative TEM images of the Ag doped and
undoped P25 samples. Silver islands of ~2—4 nm in diameter
were found on the TiO, nanoparticles (~10—50 nm), although
they were not apparent on all crystallites. No silver deposits
were observed on any TiO, particles not treated with silver.
XPS analyses showed similar results for all samples. Fig. 2
presents the XPS spectra for the 5.95%nAg/P25TiO, as an
example. O 1s spectra (e.g., Fig. 2a) of all samples showed
a major peak with a broad shoulder in the area for metal
oxides (528—-531 eV). The presence of the shoulder indicates
the presence of multiple metal oxides, i.e., titanium dioxide
and silver oxide. The Ag 3d spectra (e.g., Fig. 2b) confirm the
presence of silver oxide (peak range 367.3—368.0). This may be
due to silver adsorbing on the TiO, surface at oxygen sites or
the oxidation of the surface of the deposited silver.

3.1.3. Dispersed particle size

Mean hydrodynamic diameters of all photocatalyst suspen-
sions in ultrapure water are presented in Fig. 3. The sizes of
P25 TiO,, AATiO,, and 3.94%nAg/AATIO, stayed constant for
at least 25 min, suggesting that these suspensions were stable
during the virus inactivation experiments (~5 min). All the
P25 based nAg/TiO, materials, however, formed large aggre-
gates and settled out gradually. The aggregation of the silver
doped samples was consistent with the measured changes in
zeta potential: —9.1--9.3 mV versus —38.7 mV for P25. The
sizes presented in Fig. 3 for these materials are the average of
data obtained in the first 5 min concurrent with the inacti-
vation procedure.

3.2. MS2 dark inactivation

Inactivation and removal of MS2 by the photocatalysts in dark
(referred to as dark inactivation hereafter) is attributed to
adsorption to the photocatalyst particles and inactivation by
Ag" released from nAg/TiO,. Fig. 4 shows the total dark

Fig. 1 — TEM images of nAg/P25TiO, with silver particles (~2—4 nm dia.) indicated by arrows. Silver particles are visible on
all doped samples, although they are not apparent on all TiO, crystallites (10—50 nm dia.). Top left undoped P25 (50 nm
scale), top right 5.95% Ag (10 nm scale), bottom left 4.36% Ag (20 nm scale), bottom right 2.46% Ag (20 nm scale).
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Fig. 2 — Typical X-ray photoelectron spectra of (a) O 1s,
which reveals the presence of multiple metal oxides
through the observed peak shoulder and (b) Ag 3d, with
peak between 367.3 and 368 eV which corresponds to
silver oxide. Spectra shown for 5.95%nAg/P25TiO,.

1800 -

1600

1400 -

1200 - —

e

1000 —

800 [ —

Diameter (nm)

600 [ 1

400 |- -

200

)

2
2
2
2

2.46%nAg/P25TiO

2
2

P25 TiO
5.95%nAg/P25TiO
Anatase TiO

4.36%nAg/P25TiO
3.94%nAg/AATIO

Fig. 3 — Dispersed particle diameters of nanoparticles used
for virus inactivation as measured by DLS. Silver doping
P25 TiO, was found to decrease the stability of the
suspended particles, resulting in the observed aggregation.

08 [ —
06 (+ -
o
=
Z
= L
o
0
=
04 (+ \ -
02 | ‘ i
0
W o -~ ON ON +
° 3 G E E <
] 8 o o8
= £0 o= o 4 -
= o o g & o 2
© Q- F 5 o o = =
o o [T - = = c sy
o 28 85 82 28 ¢
= ho 0o » 28 c g 9
ax B 8
50 o 5
Qw10 ?

Fig. 4 — Removal of MS2 by P25 TiO,, 5.95%nAg/P25TiO,,
and leached Ag™ from 5.95%nAg/P25TiO, after 10 min of
contact in dark. TiO, and nAg/TiO, samples were
enumerated both with particles in suspension and after
their removal by centrifugation (data marked
“supernatant”) to determine if adsorbed viruses remained
infective. The limited difference in virus titers between
solutions with particles suspended and removed suggests
that MS2 is inactivated upon adsorption to the catalysts.
After accounting for the effect of leached Ag™, the 5.95%
nAg/P25TiO, removed 38% (75—37%) MS2 by adsorption as
compared to only 26% by P25 TiO,.

removal after 10 min of exposure to P25 and 5.95%nAg/
P25TiO,. Leached Ag" was responsible for 37% (0.2 log) MS2
inactivation, with most inactivation occurring during the first
1 min of exposure. When enumerated with catalyst particles
in suspension, a total of 75% (0.6 log) removal was observed
with 5.95%nAg/P25TiO,. After accounting for the effect of
leached Ag" (37% removal), the 5.95%nAg/TiO, removed 38%
(0.2 log) of the MS2 by adsorption, 12% more than that
adsorbed by undoped P25, which inactivated 26% (0.13 log) of
the MS2. The majority of dark inactivation occurred during the
first minute of exposure. Therefore, the MS2 concentration
measured after 1 min of dark contact in each photocatalytic
inactivation experiment was used as the initial concentration
for analysis of the photocatalytic inactivation data.

The increased adsorptive removal by nAg/TiO, may be
explained by interactions of viral surface amino acids with
silver. Silver has a high affinity for sulfur moieties, and there
are 183 cysteine residues exposed on the MS2 capsid surface
(Jou et al., 1972; Nolf et al., 1977; Penrod et al., 1996). Carboxyl
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groups on the amino acids are also known to interact with
silver (Stewart and Fredericks, 1999). The minimum difference
between virus titers with nanoparticles in suspension and
nanoparticle free centrifuge supernatant (Fig. 4) suggests that
adsorption of MS2 to the nAg/TiO, or undoped TiO, surface
either inactivates these viruses or sterically inhibits access of
the MS2 A protein to the E. coli pili, where infection occurs. The
limited additional removal observed after centrifugation of
samples is attributed to the interception of MS2 by the catalyst
particles during centrifugation.

The mixtures of the MS2 and the P25 TiO, or 5.95%nAg/
P25TiO, were further kept in dark at 4 °C for 24 h and
re-enumerated to assess the potential dark inactivation of
stored samples. Negligible change in virus titer was observed
during the 24 h period for either materials (data not shown),
suggesting that further inactivation was absent in dark.

3.3. Photocatalytic MS2 inactivation

The inactivation of MS2 by the different nanomaterials and
UV-A alone is shown in Fig. 5. The plain P25 TiO, achieved 1.6
log inactivation of MS2 in 2 min while UV-A irradiation alone
showed negligible MS2 removal within the same time period
(Fig. 5a), showing that the inactivation in the presence of P25
TiO, is attributed to photocatalytic oxidation. Silver doping
significantly enhanced MS2 inactivation by P25 TiO, and the
inactivation rate increased with silver content. The enhanced
inactivation was also observed with the Ag doped AATIO,
(Fig. 5b), even though AATIO, showed minimum inactivation.

The photocatalytic inactivation kinetics data could be
described by the Chick—Watson model (Equation (1)), where k
is the rate constant (s *) and N, and N are the titer of active
viruses at time zero and t. Here, the virus titer after dark
adsorption equilibrium was used as No.

—e— UV-A — 2.46%nAg/P25TiO,
a —— Leached Ag+ —&— 4.36%nAg.’P25Ti02
—— P25TiO, —&—— 5.95%nAg/P25TiO,

log(NﬁO) = —kt (1)

The inactivation rate constants obtained from fitting the
kinetics data with the Chick—Watson model are shown in
Table 1. The silver doping increased the reaction rate constant
by up to 584% as compared to the base TiO,. The inactivation
rate was found to increase with the silver content on P25 TiO,,
with rate constants of 0.089, 0.035, 0.017 and 0.013 s~ 2, for the
materials with 5.95, 4.36, 2.46 and 0% silver, respectively. The
inactivation rate constant for 3.94%nAg/AATiO, (0.024 s
showed a 5 fold increase from the plain AATiO, (0.004 s™%);
it also outperformed P25 TiO, and 2.46%nAg/P25TiO,, even
though the P25 TiO, inactivated MS2 ~3.2 times faster than
the AATiIO,. While silver was found to be beneficial when
doped onto P25 TiO,, the increased aggregate size may have
offset some enhancement in photoactivity. Also shown in
Table 1 is the time required for each nanomaterial to achieve 4
log removal of MS2. With 5.95 wt.% nAg loading on P25, 4 log
removal of MS2 could be obtained in 45 s, making it feasible to
achieve virus removal from drinking water using a small
photoreactor or to improve removal of UV resistant viruses of
existing UV reactors.

Experiments using solutions containing leached Ag"
resulted in no notable photocatalytic inactivation. These
results suggest that the enhanced inactivation was due to the
increase in the photocatalytic activity of TiO, instead of the
antimicrobial property of nAg. Two mechanisms may be
responsible for such enhancement: increased MS2 adsorption
and greater ROS generation. MS2 inactivation has been shown
to be directly proportional to the amount adsorbed to the TiO,
surface (Koizumi and Taya, 2002). Increased adsorption as
demonstrated in Fig. 4 may enhance the inactivation rate by
placing the virus in close proximity to newly generated HO*

b —@— UV-A
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Fig. 5 — MS2 Inactivation by (a) UV-A alone and Ag*, P25 TiO,, 2.46%nAg/P25TiO,, 4.36%nAg/P25TiO,, and 5.95%nAg/
P25TiO, under UV-A irradiation, and by (b) UV-A alone and, AATiO,, 3.94%nAg/AATiO, under UV-A irradiation. The
inactivation rate was found to increase along with the silver content on P25 TiO, up to the maximum amount tested (5.95%).
3.94% nAg on anatase TiO, also dramatically increased the inactivation rate.
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Table 1 — Actual silver contents on nAg/TiO, particles and

first order rate constants for MS2 inactivation.

Material Rate R? Time Required
Constant to Achieve 4
(s Log Removal
(min)?
P25 TiO, 0.013 0.91 5.1
2.46%nAg/P25TiO, 0.017 0.99 3.9
4.36%nAg/P25TiO, 0.035 0.97 1.9
5.95%nAg/P25TiO, 0.089° 0.99 0.75
AATIO, 0.004 0.98 16.7
3.94%nAg/AATiIO, 0.024 0.99 2.8

a Times greater than 2 min obtained by projecting kinetic data.
b Rate for first 60 s of inactivation.

(both surface bound and bulk) and may increase direct hole
oxidation. In addition, silver doping has been proposed to
facilitate charge separation in TiO, resulting in more efficient
ROS generation and consequently greater MS2 inactivation.
MS2 inactivation by 5.95%nAg/P25TiO, shows a tailing
effect after 60 s (5.4 log removal), when the inactivation rate

—&— 30mM
—4—— No Scavenger

a —&— 400 mM

-05
gp
=
Q
9-15

-25 | L

0 05 1 1.5 2
Time (min)

c —&—— 400 mM
—— 200 mM
60 mM

—&— 30mMm
No Scavenger

LOG (N/N,)

Time (min)

constant decreased from 0.089 to 0.013. This was not observed
when MS2 was inactivated by the other materials. This is
likely due to the presence of the large number of inactivated
viruses and their remnants, which compete with infective
viruses for adsorption sites and ROS, since 99.9996% of the
MS2 had been inactivated after 60 s.

3.3.1. Effects of HO* scavengers

As discussed above, one potential mechanism for the
enhanced virus inactivation of nAg/TiO, is higher HO-
production rate. To test this mechanism, methanol and tert-
butanol were employed to elucidate the role of Ag doping in
HO* production and MS2 inactivation. Alcohols, especially
methanol and t-butanol, are known HO* scavengers. Methanol
was reported to scavenge both surface bound and bulk HO¢, as
well as holes (Cho et al., 2005). While t-butanol has been
shown to competitively adsorb to TiO, (Sun and Pignatello,
1995), research has demonstrated that it does not scavenge
all surface bound HO* (Kim and Choi, 2002). Using methanol
and t-butanol as HO* scavengers, Cho et al. (2005) showed that
bulk HO* was responsible for the inactivation of MS2 by TiO,.
Singlet oxygen and superoxide anion were also found to

b —@— 400 mM —&— 30mM
—— 200 mM I No Scavenger

o

LOG (N/N

Time (min)

d —@— 400 mM
—m— 200mM

—&— 30mM
—%— No Scavenger

LOG (N/N,)

Time (min)

Fig. 6 — MS2 inactivation in the presence of HO* scavengers methanol and t-butanol. (a) P25 TiO, with methanol; (b) P25 TiO,
with t-butanol; (c) 5.95%nAg/P25TiO, with methanol; (d) 5.95%nAg/P25TiO, with t-BuOH. The inactivation rate was found to
decrease in a concentration dependent manner when either alcohol was applied. When present at 400 mM, both alcohols
completely stopped MS2 inactivation by P25 TiO, while inactivation still occurred by 5.95%nAg/P25TiO,, but to a much
lesser degree than the case when no HO* scavenger is applied. Dark inactivation of MS2 by 5.95%nAg/P25TiO, was enhanced
when either alcohol was present at 400 mM, but the effect was reversed after 30 s of irradiation corresponding to the

apparent initial rise in active virus titer.
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inactivate MS2 in a study using fullerol as the photocatalyst
(Badireddy et al., 2007).

Experiments were performed using P25 TiO, (Fig. 6a,b) and
5.95%nAg/P25TiO, (Fig. 6¢,d) at different methanol or t-butanol
concentrations. Both methanol and t-butanol completely
stopped inactivation of MS2 by the plain P25 TiO, at 400 mM
and considerably slowed the reaction at 200 mM. P25 TiO,
showed higher sensitivity to t-butanol, as 30 and 100 mM
t-butanol both decreased the inactivation rate while the same
concentrations of methanol had no effect. Control experi-
ments using methanol or t-butanol in the absence of any
photocatalyst did not show any decrease in virus titer for
methanol or t-butanol concentrations up to 400 mM. These
results suggest that HO* is primarily responsible for MS2 inac-
tivation by P25 TiO,. Although singlet oxygen and superoxide
anions are also produced by TiO, (Hoffmann et al., 1995), they
did not seem to cause notable MS2 inactivation in our study.
Because there was no significant difference in reaction rates
when either methanol or t-butanol was used at 400 mM and the
inactivation rate was more sensitive to low t-butanol concen-
trations, the data suggests that bulk HO* plays a more impor-
tant role than surface bound HO* in MS2 inactivation. This
observation agrees with the conclusion by Cho et al. (2005).

Both alcohols also reduced the inactivation rate of MS2
by 5.95%nAg/P25TiO,, but to a much less extent. With
400 mM methanol or t-butanol, 1.3 and 1.6 log of MS2
inactivation was achieved, respectively, suggesting that
silver doping increases HO* production and consequently
MS2 inactivation. When nAg/TiO, was used with 400 mM of
either alcohol, the amount of viruses removed by dark stir-
ring was greater than that observed without added alcohol
(90—98%, data not shown). The active virus titer increased
after 30 s of irradiation compared to that before UV expo-
sure. Since the depression of initial virus concentration was
not observed with undoped P25 TiO,, this effect is attributed
to the interaction of the alcohol with the silver and the
subsequent changes in viral adsorption capacity. Any
increased adsorption of alcohol to silver/silver oxide as
compared to TiO, could change the electrostatic and/or
hydrophilic properties of the catalyst, resulting in changes to
its adsorptive capacity. From 30 s to 2 min, the MS2 was
slowly inactivated. The inactivation rate by nAg/TiO, was
observed to be influenced by both alcohols in a concentra-
tion dependent manner, confirming the role of HO* in MS
inactivation.

4, Conclusion

This study demonstrated that silver doping TiO, nano-
particles is an effective way to increase TiO, photocatalytic
activity for virus inactivation. Silver doping enhances photo-
catalytic inactivation of viruses primarily by increasing HO*
production, although increased virus adsorption to silver sites
and leaching of antimicrobial Ag* also contribute to virus
removal. The fast virus inactivation kinetics of the nAg/TiO,
materials demonstrated in our study suggest that effective
virus inactivation can be achieved using a small photoreactor
and photocatalytic disinfection of drinking water at both point

of use and municipality scales could be a potential application
of the nAg/TiO, materials. Further research is needed to
address issues such as photocatalyst fouling, impact of water
quality, loss of silver, and need for catalyst regeneration to
ensure the sustainability of the technology. Very importantly,
the retention of the nAg/TiO, materials in the treatment
system is critical. This can be achieved by using a hybrid
photoreactor/membrane system, where the photocatalyst is
retained by a membrane unit down-stream of the photo-
reactor and recirculated, or by applying the photocatalyst as
a coating on surfaces inside a photoreactor. Because UV-A is
a significant component of the solar irradiation that reaches
earth surface, coating transparent piping or shallow open
channels with the photocatalyst at sunny locations could also
be a low-cost solution to drinking water disinfection. Ag/TiO,
may also be activated by visible light through the silver
surface plasmon resonance, however it is not clear how the
catalyst will behave under both UV and visible radiation
(Sung-Suh et al., 2004; Seery et al., 2007).
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