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Ag  loaded  TiO2 was  applied  in  the  photocatalytic  inactivation  of Escherichia  coli  under  ultraviolet  (UV)
and  visible  (Vis)  light  irradiations.  Ag enhanced  the  TiO2 photodisinfecting  effect  under  Vis  irradia-
tion  promoting  the  formation  of  singlet  oxygen  and  hydroxyl  radicals  as  identified  by  EPR analyses.
Ag  nanoparticles,  determined  on  TEM  analyses,  undergo  an  oxidation  process  on the TiO2’s  surface  under
UV or  Vis  irradiation  as  observed  by  XPS.  In  particular,  UV  pre-irradiation  of  the  material  totally  dimin-
ished  its  photodisinfection  activity  under  a  subsequent  Vis  irradiation  test.  Under  UV,  photodegradation
g–TiO2

ydrothermal synthesis
isible light
PR

of  dichloroacetic  acid  (DCA),  attributed  to photoproduced  holes  in  TiO2, was  inhibited  by  the  presence  of
Ag suggesting  that oxidation  of  Ag0 to Ag+ and  Ag2+ is  faster  than  the  oxidative  path  of the  TiO2’s  holes  on
DCA  molecules.  Furthermore,  photoassisted  increased  of  Ag+ concentration  on  TiO2’s  surface  enhances
the  bacteriostatic  activity  of  the  material  in  dark  periods.  Indeed,  this  latter  dark  contact  of Ag+–TiO2 and
E. coli  seems  to  induce  recovering  of  the  Vis  light  photoactivity  promoted  by  the  surface  Ag  photoactive
species.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

TiO2 photocatalysis has been subject of research interest
s a promising technique to solve environmental problems,
uch as water disinfection and organic pollutants degradation
1–4]. The majority of efforts point to improve the TiO2’s
hotoactivity by increasing its photoresponse into the visible (Vis)
art of the solar spectrum, and to decrease the recombination of
he ultraviolet (UV) photogenerated charges, which are respon-
ible of the generation of reactive oxygen species (ROS) in TiO2
hotocatalysis.

Ag modified TiO2 photocatalysts have been synthesized using
he hydrothermal method since this is a relatively simple route
o load Ag onto TiO2 nanoparticles [5,6], leading to well-dispersed
g aggregates [5] and photoactive materials [7] with a wide range

f optimum silver content from 0.1 to 6.5 wt% [8–10], correspon-
ent to the major increase in photoactivity. Silver doping has been
sed to prop up Vis absorption [9,11,12]. The Ag loaded TiO2

∗ Corresponding author. Tel.: +57 7 6344746; fax: +57 7 6459647.
∗∗ Corresponding author. Tel.: +41 21 6934720; fax: +41 21 6935690.
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astro.lopezcamilo@gmail.com (S.A. Giraldo).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.08.076
(Ag–TiO2) spectral absorption covers a wider range than TiO2,
ranging from UV to Vis wavelengths up to 600 nm [11–13].  Ag0

interactions with incident light enhance Escherichia coli photoinac-
tivation activity of TiO2 [8,13].  It has been proposed a decrease in
recombination of the TiO2 photogenerated charges that enhances
the photocatalytic inactivation of E. coli due to Ag loading [13].
Moreover, Ag–TiO2 antimicrobial activity was found to depend on
the microbial strain, the Ag content and the Ag reducing agent
used in the photocatalyst synthesis [8].  In addition, there has been
a growing interest to develop antimicrobial devices containing
silver for medical applications due to its bacteriostatic activity
[14,15].

Furthermore, interesting optic characteristics of Ag–TiO2 has
been observed, such as multicolor photochromism, in which,
electron transitions involving Ag and TiO2 induce reductions and
oxidations of the contained silver atoms [16,17],  thus promot-
ing different colors on the photocatalyst’s surface [18,19].  Such
electrons may  also be transferred to O2 [18], thus leading to a
more efficient ROS production and to the higher TiO2 photoac-
tivity. However, the underlying mechanisms of such enhanced

photoactivity are still under debate.

The aim of this study was to investigate the photocatalytic dis-
infecting activity of Ag–TiO2 under Vis and UV irradiations. Results
evidence that Ag loading remarkably increases TiO2’s photoactivity

dx.doi.org/10.1016/j.jhazmat.2011.08.076
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cesar.pulgarin@epfl.ch
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nder Vis, which is related to singlet oxygen and hydroxyl radical
eneration, as observed by EPR spectroscopy.

. Experimental

.1. Photocatalysts synthesis

Photocatalysts were hydrothermal synthesized as follows:
.8 mL  of titanium isopropoxide (99.9%, Fluka) was  added dropwise
o 19 mL  of isopropanol (Suprasolv. grade reagent, Merck). Then,
n adequate amount of AgNO3 (Extra pure, Merck) was diluted in

 mL  of water at pH 1.5 adjusted with HNO3 (65%, Merck). Ag aque-
us solution was added dropwise to the isopropoxide–isopropanol
olution with an appropriate concentration to obtain Ag weight
ercentages (wt%), of: 0.4, 1.7 and 4.3. Formed gel was steam-
ressure treated in autoclave during 3 h at 120 ◦C and ∼144 kPa.
iO2 was obtained as described without addition of AgNO3 solu-
ion. The obtained wet crystals were grounded in mortar, dried in
ven at 60 ◦C for 12 h, and kept in dark to avoid surface oxidation.
amples were labeled as: Ag(x)–TiO2, x = Ag wt%.

.2. Photocatalysts characterization

Fresh Ag(x)–TiO2 and TiO2 samples were XPS analysed. To follow
g states after a typical photocatalytic test two  1 g/L Ag(1.7)TiO2
uspensions, without E. coli, were submitted 2 h to Vis and UV irra-
iation, filtered and dried in oven at 60 ◦C and then XPS analysed.
nalyses were carried out using an AXIS-NOVA photoelectron-
pectrometer (Kratos-analytical, Manchester, UK) equipped with a
onochromatic AlK� (h� = 1486.6 eV) anode. Electrostatic-charge

ffect was overcompensated by means of the low-energy elec-
ron source working in combination with a magnetic immersion
ens. C1s line at 284.8 eV was used as calibration reference. Spectra

ere decomposed using the CasaXPS program (Casa Software Ltd.,
K) with a Gaussian/Lorentzian (70/30) product function after sub-

raction of a Shirley baseline. Assignment of Ag and Ti states was
estricted using peak distances of 6 eV and 5.3 eV for Ag [13] and Ti
20], respectively.

X-ray diffraction (XRD) patterns were collected using a DMax-
IIB Rigaku system operated at room temperature, 40 kV and 80 mA

ith monochromatic Cu-K� radiation. The average crystallite size
dXRD) was calculated using the Scherrer equation applied to
natase peaks at 2� = 25.2◦ on samples’ diffractograms.

Diffusive reflectance spectroscopy (DRS) was done using a UV-
401PC Shimadzu spectrophotometer with an ISR240A integrating
phere accessory. BaSO4 was used as reference.

Textural analyzes of the photocatalysts were performed
hrough N2 adsorption–desorption isotherms obtained at 77 K
n a Nova1200 equipment of Quantachrome. Before the analysis
.15–0.2 g samples were degasified during 12 h at 373 K under
0−5 mmHg  vacuum. Specific surface area (SBET), and average pore
iameter (dp) were obtained by means of BET and BJH methods,
espectively. Transmission electrom microscopy (TEM) analyses
ere performed in a Phillips HRTEM CM 300 (field emission gun,

20 kV) microscope. TiO2 and the 1.7 Ag loaded TiO2 samples were
hosen as representative materials for TEM analyses.

Reactive scavenging of ROS by electron paramagnetic resonance
pectroscopy (EPR) was done using 2 mL  of 0.3 g/L Ag(1.7)–TiO2
uspension and 5 × 10−2 mol/L of the diamagnetic singlet oxy-
en scavenger 2,2,6,6-tetramethyl-4-piperidinol (TMP–OH, 99%,
luka), with spectral parameters: DH = 1.58G, aN = 16.9G, and
 = 2.0066, was prepared in ultrapure H2O, as well as, in D2O (99.9%
tomic purity, Aldrich). Suspensions were kept in test tubes and
ltrasound treated in a water bath with a frequency of 40 kHz for

 min  prior to illumination. 1 mL  aliquot of the suspension was
aterials 211– 212 (2012) 172– 181 173

transferred into a 5 mL  Pyrex beaker and exposed to illumination
under constant magnetic stirring with a white light halogen spot
source of 150 W from OSRAM reference G×5.3 (93638) emitting Vis.
∼7 �L aliquots of the illuminated suspensions were transferred into
glass capillary tubes 0.7 mm ID and 0.87 mm OD,  from VitroCom,
NJ, USA. Tubes were sealed on both ends with Cha-SealTM tube-
sealing compound (Medex International, Inc. USA). To maximize
sample volume in the active zone of the ESR cavity assemblies of
seven packed capillaries were positioned in a wider quartz capil-
lary (standard ESR tube, 2.9 mm  ID and 4 mm  OD, Wilmad-LabGlass,
Vineland, NJ, USA). Such setup resulted in ∼65 �L sample volume
in the active zone of the ESR cavity, thus markedly improving sen-
sitivity of measurements [21].

Experiments were performed using an ESR300 spectrome-
ter (Bruker-BioSpin-GmbH) at room temperature, equipped with
standard-rectangular mode TE102 cavity. Routinely, for each
experimental point five scan field-swept spectra were recorded
with instrumental parameters: microwave frequency: 9.38 GHz,
microwave power: 2.0 mW,  sweep width: 120G, modulation fre-
quency: 100 kHz, modulation amplitude: 0.5G, receiver gain:
4 × 10−4, time constant: 20.48 ms,  conversion time: 40.96 ms,
and time per single scan: 41.9 s. Acquired EPR traces corre-
spond to the second derivative of the sample’s paramagnetic
absorption. A calibration point was  made to correlate the dou-
ble integrated signal, corresponding to the concentration, using a
suspension of 100 mmol/L of fresh solution of a stable nitroxide
radical, 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPOL,
Sigma–Aldrich).

Ag contents were established by Flame atomic absorption spec-
trometry (FAAS) in a Buck-Scientific 210VGP spectrometer using
6.4 g of (NH4)SO4 and 16 mL  of concentrated H2SO4 added to
0.2 g of the photocatalyst sample. The suspension was heated at
80 ◦C under vigorous agitation until complete dissolution, and then
cooled and diluted in distilled water for absorption measurements.

2.3. Photocatalytic activity

Photocatalytic tests were done using Pyrex bottles (50 mL)  with
aqueous suspension of E. coli, or dichloroacetic acid, and 1 g/L of
TiO2. Suspensions were kept under magnetic stirring and illumi-
nated under two different lamp set-ups: (I) 38 W/m2 of UV using a
set of 5 BLB-Phillips lamps (TLD 18 W)  with emission between 330
and 400 nm,  or, (II) 60 W/m2 of Vis using a set of 5 Blue-Phillips
lamps (TLD 18 W)  with emission between 400 and 500 nm. Radiant
flux was  monitored with a Kipp&Zonen CM3  power meter (Omni-
instruments Ltd., Dundee, UK).

Photobactericidal activity was  measured by sampling E. coli
strain K12-MG1655 from photoreactors. Before experiments, bac-
teria were inoculated into Luria Bertani growth media (1 wt%,
Tryptone from Oxoid, 0.5 wt% yeast extract from Oxoid, and 1 wt%
NaCl from Merck) and grown during 8 h at 37 ◦C. During the sta-
tionary growth phase, bacteria were harvested by centrifugation
at 5000 rpm for 10 min  at 4 ◦C. The obtained bacterial pellet was
washed three times with saline solution (8 g/L NaCl, 0.8 g/L KCl in
Milli-Q water, pH 7 by addition of HCl or NaOH). A suitable cell
concentration (107 colony forming units (CFU)/mL) was inoculated
in the reactor’s saline solution. Then, 0.05 g of photocatalyst was
added to each reactor. Suspensions were illuminated during 2 h and
samples (1 mL)  were taken at different time intervals. Serial dilu-
tions were performed in saline solution and 10 �L samples were
inoculated 4 times in plate count agar (PCA, Merck). The number of
colonies was counted after 24 h of incubation at 37 ◦C.
DCA photodegradation was done using concentrations of
130 mg/L DCA and 1 g/L of Ag(1.7)TiO2 as recommended to
follow the kinetics on DCA photooxidation by TiO2 holes [22].
Samples were taken and filtered using 0.2 �m membranes. DCA
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oncentration was followed by HPLC analysis with a Hewlett-
ackard 1100 equipment using a Supelcogel-H column at 60 ◦C.
2SO4 5 × 10−3 mol/L solution was used as mobile phase. Detection
as done by a refractive index detector.

Data hereby reported is expressed as C/C0, where C = DCA
olar concentration. Initial concentration (C0) is the concentration

eached in the suspension after 1 h of stirring prior illumination.
Ag leaching from the Ag(1.7)TiO2 sample was determined in a

V irradiated suspension of the photocatalysts without the addi-
ion of E. coli to avoid interference due to Ag absorption by bacteria.
he irradiated suspension was filtered using a 0.45 �m-membrane
nd Ag was determined using: (i) FAAS after the irradiation period.
nd, (ii) adding 5 mL  of a 0.1 mol/L NaOH to observe AgCl precipi-

ation.

.4. Pre- and post-irradiation experiments

Pre-irradiation experiments were carried out to understand
he effect of previous irradiations on Ag–TiO2 photoactivity. Two

 g/L Ag(1.7)TiO2 suspensions were irradiated; one under Vis, and
he other under UV during 4 h. Then, a suitable aliquot of E. coli
uspension was added to the photocatalyst suspension and irra-
iated under Vis for 2 h. Samples were taken at different time

ntervals.
Two post-irradiation experiments were made, one after the

ther. Ag(4.3)TiO2 was used to increase Ag concentration on
he photocatalyst surface to analyse its bacteriostatic activity
nder dark-contact with E. coli. First, to evaluate the effect
f UV pre-irradiation on the Ag(4.3)TiO2 bacteriostatic activity
n experiment in dark was done, in which E. coli was added
o a 10 h UV pre-irradiated Ag(4.3)TiO2 suspension. This sus-
ension (E. coli + UV-pre-irradiated Ag(4.3)TiO2) was constantly
tirred during another 10 h. Samples were taken in time inter-
als of 2 h. This used photocatalyst suspension will be referred as
used-in-dark”. For comparison purposes fresh Ag(4.3)TiO2 was
uspended and evaluated in darkness using the described pro-
edure. Second, to evaluate possible changes in photoactivity
ue to the described dark processes the used-in-dark suspen-
ion was evaluated towards E. coli photoinactivation under Vis.
n this case, E. coli was added to the used-in-dark Ag(4.3)TiO2
uspension after the described 10 h dark process and further
ubmitted to Vis for 3 h. Samples were taken at different time
ntervals. The correspondent blank experiment using the used-in-
ark Ag(4.3)TiO2 was made in darkness to evaluate the remain
acteriostatic activity after the former dark process.

Moreover, to analyse the bactericidal activity of Ag+ ions in
olution (lixiviation) an Ag(4.3)TiO2 suspension was  stirred under
arkness for 10 h and then filtered. E. coli was added to the filtered
olution, and bacteria concentration was determined at intervals
f 2 h and under darkness. Since E. coli is inactivated by Ag+ ions
n solution it is possible then to determine if lixiviated Ag may
ecrease bacteria concentration [26].

. Results

.1. Photocatalyst characterization before and after UV and Vis
rradiations

Ag(1.7)TiO2 and TiO2 X-Ray diffractograms are shown in Fig. 1.
natase is identified as the primary crystalline phase in both sam-
les with peaks at 2� of 25.2◦, 37.9◦, 48.2◦, 55.0◦ and 62.6◦. Since,

g+ and Ti4+ ionic radii are 1.16 [23] and 0.64 Å [24], respectively,

s not expected that Ag may  be embedded into the TiO2 structure
ut onto the surface. However, low concentrations did not allow to

dentify Ag phases in XRD analyses.
Fig. 1. X-Ray diffractograms of TiO2 and Ag(1.7)–TiO2 samples. A:anatase,
B:brookite.

Table 1 shows calculated average crystallite size of the sam-
ples, their textural properties; SBET and dp, and its elemental
composition. As observed there were no significant changes in
crystallite size due to Ag loading, but instead, it was possible to
observe a decrease in anatase crystallinity since the peak at 25.2◦

of Ag(1.7)TiO2 (Fig. 1) is wider and shorter than that of TiO2. In addi-
tion, a slight peak at 30.7◦ of brookite is observed for Ag(1.7)TiO2.

Moreover, textural properties observed in Table 1 evidence that
hydrothermal synthesis leads to a high SBET mesoporous particles
with a ∼7% decrease of TiO2 surface when loading with 4.3 wt% of
Ag, moreover, the average pore diameter was reduced in a similar
extent.

Table 1 shows the elemental composition as E/Ti ratios, with
E = Ag, C or O. As observed, Ag/Ti and C/Ti ratios, determined on
XPS analyses, are reduced by action of the irradiation periods
suggesting a slight lixiviation of Ag aggregates with either light
source; UV or Vis, and surface oxidation processes that decrease
carbon–organic residues on the surface, respectively. Furthermore,
additional changes are observed on the XPS spectra of the sam-
ples. Ag lixiviation was determined after UV irradiation and was
not detected by FAAS. In agreement to this, AgCl precipitation was
not observed after addition of a 1 N NaOH solution, thus confirming
that Ag lixiviation is low.

Fig. 2 shows the Ag3d XPS spectra of the fresh and the UV and
Vis irradiated Ag(1.7)TiO2. Fresh Ag(1.7)TiO2’s spectrum (Fig. 2a)
shows two  individuals peaks at 374.6 and 368.5 eV assigned to
Ag3d3/2 and Ag3d5/2, respectively. After peak deconvolution it is
observed the presence of two different peaks for Ag3d5/2,: one
at 368.4 eV assigned to Ag+ [13,25],  while the peak at 368.7 eV is
attributed to Ag0 [13,26]. Thus, results suggest the coexistence of
Ag2O and Ag0 probably due to the oxidative action of isopropanol
on Ag+ ions [27] during the synthesis process.

Vis (Fig. 2b) and UV (Fig. 2c) irradiated samples’ spectra
show a positive shift of 1.1 and 1.4 eV, respectively, positioning
Ag3d5/2 at 367.5 eV, and Ag3d3/2 at 373.5, for the Vis irradi-
ated sample, and Ag3d5/2 at 367.2 eV and Ag3d3/2 at 373.2 eV, for
the UV irradiated one. This suggests a decrease in Ag reduced
species content for the Vis irradiated sample and the formation
of Ag+ as Ag2O and Ag2+ as AgO [28]. It was not possible to
assign an additional peak for Ag+ for the UV irradiated sample.
Instead, it is observed a peak assigned to Ag2+ at 367.2 eV. Hence,
Ag0 concentration has remarkably decreased during irradiation
(either Vis or UV) of Ag(1.7)TiO2 increasing the signals of the

Ag oxidized states with a more notorious oxidative effect due to
UV.

Fig. 3 shows the Ti2p XPS spectra of TiO2 (Fig. 3a) and
Ag(1.7)TiO2 (Fig. 3b). Ti2p spectrum is formed by two  peaks at:
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Table 1
Textural properties and XPS-determined elemental composition of TiO2 and Ag modified TiO2 samples.

Samples Crystallite Size Textural properties Elemental compositiona

dXRD (Å) SBET (m2/g) dp (Å) Ag/Ti C/Ti O/Ti

TiO2 50.4 230 26.53 – 0.870 2.890

Ag(1.7)TiO2 Fresh 49.9 224 22.67 0.028 0.936 2.598
UV  treated – – – 0.017 0.492 2.671
Vis  treated – – – 0.021 0.519 3.057

Ag(4.3)TiO2 49.5 215 24.42 0.033 0.958 2.660

dXRD: Average crystallite size; SBET: specific surface area, dp: average pore diameter.
a XPS determined.
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Fig. 2. XPS Ag 3d spectra of the: (a) fresh, (b

58.9 eV and 464.55 eV, assigned to Ti2p3/2 and Ti2p1/2, respec-
ively, indicating a predominant state of Ti4+ [29]. Moreover, no
hift was found for Ti2p in Ag loaded TiO2’s spectrum suggesting
he absence of Ag–Ti chemical bonds. As observed in Fig. 3c, Vis
ight did not change the spectrum of the fresh Ag(1.7)TiO2 sam-
le, while UV (Fig. 3d) induced: the reduction of the Ti4+ signal
ntensity at 458.9 eV, the formation of a second peak at 457.9 eV
ssigned to Ti3+ [30], and a shift of the Ti2p1/2 peak by 1.1 eV due
o the formation of the Ti3+ doublet (not shown). Therefore, UV
nduces dramatic changes in the surface chemical composition of
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Fig. 3. XPS Ti2p spectra of the (a) TiO2 and (b) fresh, 
and (c) UV irradiated Ag(1.7)–TiO2 samples.

Ag(1.7)TiO2 that are expected to have an important effect on pho-
toactivity.

DRS spectra of the photocatalysts are shown in Fig. 4. TiO2 spec-
trum consists of a wide absorption band below ∼370 nm ascribed to
electron transitions from the valence band (VB), to the conduction
band (CB) [31]. Moreover, an interesting light response was found

for Ag loaded samples. Increase in Ag concentration induces a shift
in light absorption to the Vis range for wavelengths up to 800 nm. In
addition, the 4.3% Ag loaded sample shows a shoulder-like peak at
∼490 nm,  which has been proposed for Ag0 nanoparticles inducing
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t%.

is light absorption [17]. Additionally, Agı+
n clusters (where n is in

he range 2–13, and ı = n − 1, with n > 3) present three absorption
ands at 360, 460 and 500 nm [32]. Bands at 350–380 nm are
ttributed to Ag clusters of ∼1 nm size, while clusters of 10 nm
ize and crystallites absorb at 400–500 nm [32,33], as in our case.
EM micrographs of the TiO2 and Ag(1.7)TiO2 samples are shown
n Fig. 5. The TiO2 sample is constituted of irregular particles with
pproximate sizes of 8–10 nm.  Difference between dXRD and the
bserved particles size in TEM analysis is due to agglomeration
f crystallites. In addition, the Ag(1.7)TiO2 micrograph shows a
imilar size distribution to that of bare TiO2. Previously suggested
5 nm Ag nanoparticles are observed on the TiO2 surface thus

onfirming that the hydrothermal synthesis promotes loading of
g aggregates on TiO2 due to the above discussed difference in
tomic radii. Therefore, results suggest that partially oxidized AgO
anoparticles were deposited on TiO2 surface during photocatalyst
ynthesis inducing remarked effects on its absorption properties.

.2. Photocatalytic inactivation of E. coli
Fig. 6 shows the results of water photodisinfection using
g(x)TiO2 and TiO2 under Vis. Inset shows the required time for

otal disinfection using Ag(x)TiO2 samples. Ag(1.7)TiO2 completes
otal inactivation within the first 60 min  of Vis irradiation while

Fig. 5. TEM micrographs of the a) TiO
tivation by the Ag(x)–TiO2 photocatalysts.

TiO2 shows a lower photoactivity. Blank experiments using the
Ag(1.7)TiO2 sample under dark, and without photocatalyst under
Vis, suggest absence of: (i) photocatalyst toxicity, and (ii) photodis-
infection effect of the Vis light source during the irradiation time.
In addition, as observed in the inset, there is an increase in TiO2 Vis
light photoactivity when increasing Ag concentration up to 1.7 wt%,
after which there seems to be no increase in photoactivity. Xin et
al. [9] observed a decrease in photoactivity after 5 mol  percentage
(6.6 wt%) of Ag loading and proposed that excess Ag act as a recom-
bination center and decreases TiO2’s light absorption capacity.

Fig. 7 shows the photodisinfection performance of Ag(1.7)TiO2
and TiO2 under UV. Ag(1.7)TiO2 performance was similar to that
of TiO2, hence, UV irradiation does not photoactivate Ag–TiO2 to
promote E. coli inactivation.

Commercial TiO2 Degussa P25 was  tested at the reaction con-
ditions of experiments observed in Figs. 6 and 7. Results showed
zero photoactivity towards E. coli inactivation for P25 while under
UV irradiation photoactivity was similar to that of the TiO2 sam-
ple, thus confirming the high performance of our material in water
photodisinfection processes.

Furthermore, Fig. 8 shows the photodisinfection activity under
Vis of Ag(1.7)TiO2 samples that were pre-irradiated for 2 h under

Vis and UV, and for comparison; the fresh sample. As observed, the
UV pre-irradiated sample has totally diminished its photoactivity

2 and the Ag(1.7)TiO2 samples.
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is probably due to lower quantum efficiency of D2O photocat-
alytic oxidation to form ROS, such as, “deuteroxyl radicals”, by TiO2
[38].
ig. 7. E. coli photocatalytic inactivation under UV using: (�) Ag(1.7)–TiO2, and, (�)
iO2 samples.

nder Vis, while the Vis pre-irradiated sample has a similar
erformance to that of the fresh one.

.3. Photocatalytic degradation of dichloroacetic acid (DCA)

Fig. 9 shows the performance of Ag(1.7)TiO2 and TiO2 on the
CA photodegradation under Vis and UV. Vis did not induce DCA
hotocatalytic degradation using either of the samples, while TiO2
as a better performance than Ag(1.7)TiO2 under UV suggesting a
eduction in photoactivity due to Ag loading.

Formation of AgCl precipitates due to the observed minimum
g lixiviation (Table 1) and Cl− presence, by dissolution of NaCl

during photodisinfection tests) or DCA, is probably promoted.
owever, this phenomena did not generate any toxicity of the
hotocatalysts as observed for the fresh Ag(1.7)TiO2 sample, and
ince its formation do not depend on irradiation this would not
ave any effect on photoactivity.

.4. ROS identification under Vis irradiation

ROS formation, such as, singlet oxygen (1O2) and hydroxyl
•OH) radicals was monitored by EPR. It is well known that non-
aramagnetic TMP–OH (nitroxide precursor) reacts with 1O2, thus
orming the paramagnetic product TEMPOL, which can easily be
ollowed by EPR detection [34,35]. Fig. 10 shows the reached TEM-
OL concentration after 100 min  of Vis irradiation of TiO2 and

g(1.7)TiO2 suspensions in D2O. 1O2 formation was clearly evi-
enced for Ag(1.7)TiO2 with a characteristic 1:1:1 triplet signal of
EMPOL as depicted in the inset to Fig. 10.  In addition, Ag doped
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ig. 8. E. coli photocatalytic inactivation using the fresh Ag(1.7)–TiO2 (×), and the
re-irradiated Ag(1.7)–TiO2 under Vis (�)  and UV (©) irradiations.
Fig. 9. DCA photocatalytic degradation using Ag(1.7)–TiO2: under visible (�) and
ultraviolet (�) irradiations, and TiO2 under Vis (©) and UV (�) irradiations.

sample revealed an increase in 1O2 photoproduction in comparison
to TiO2.

Moreover, new ROS were detected using H2O as solvent. Fig. 11
shows the EPR signal obtained after 120 min  of Vis irradiation of
Ag(1.7)TiO2 suspensions using D2O and H2O, the inset depicts the
difference between the signals obtained using different solvents.
A higher signal intensity was observed for Ag(1.7)TiO2 than that
obtained with TiO2, both irradiated with Vis light.

It is well known that 1O2 lifetime increases in D2O, which
usually leads to reaction rate enhancement of 1O2-mediated pro-
cesses. Therefore, in the context of 1O2 reactive scavenging, using
TMP–OH, such D2O-isotope effect should result in increasing the
EPR-detected TEMPOL signal [34–36].  Though, in our case, there
was  a reversed isotopic effect since the signal obtained in H2O
shows a higher intensity in comparison to that obtained using D2O.
Furthermore, an additional EPR signal, with spectral parameters:
of DDH = 0.47G, aN = 15.9G, g = 2.0065, was  observed. This signal,
overlaps with the TEMPOL signal for the irradiated Ag(1.7)TiO2
aqueous suspension, and corresponds to another nitroxide radi-
cal; TEMPONE, which is a product of •OH attack to TEMPOL [37].
Therefore, the overall reduced rate of TEMPOL formation in D2O
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samples. Inset: the characteristic triplet signal obtained for TEMPOL using the
Ag(1.7)–TiO2 irradiated for 100 min  under Vis.
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as observed in Fig. 8. Hence, results point Ag0 to Ti4+ interaction,

F
o

nd TMP–OH after 120 min  of Vis irradiation. Inset: magnification of the absorption
erivative signal between 3462 and 3474G.

.5. Post-irradiation events in darkness and under Vis

Fig. 12a  shows the behavior of E. coli in dark contact with two
amples of Ag(4.3)TiO2; the 10 h UV pre-irradiated sample, and
he fresh one. The fresh Ag(4.3)TiO2 sample did not reduce E. coli
oncentration during 10 h of dark suspension. On the contrary, UV
re-irradiated Ag(4.3)TiO2 could initiate an effective disinfection
fter 4 h of dark suspension leading to a total decrease in E. coli
oncentration in 8 h.

Fig. 12b shows the performance of the used-in-dark Ag(4.3)TiO2
ample in E. coli photoinactivation under Vis. This sample
ompleted inactivation within 60 min. As previously noted, UV
re-irradiation leads to a total decrease in photoactivity (Fig. 8),
hile in this case, Vis irradiation promoted total E. coli inacti-

ation within 60 min, thus suggesting a regaining of the surface
hotoactivity of the UV-treated Ag(4.3)TiO sample due to the dark
2
ontact with E. coli.  In addition, this sample maintained its bacte-
iostatic activity and totally inactivated bacteria in 3 h under dark
Fig. 12b).
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ig. 12. Post-irradiation events using Ag(4.3)–TiO2 in contact with E. coli suspensions. (a) U
f  the used-in-dark sample under: (�) Vis and, (�) in darkness as reference.
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4.  Discussion

4.1. Ag loading effect on TiO2 photoactivity under UV and Vis
irradiations

Characterization showed that Ag–TiO2 is constituted by anatase
as major constituent phase (Fig. 3) with Ag nanoparticles on its sur-
face formed by Ag0 and Ag+ species (Fig. 1). In addition, Ag(1.7)TiO2
XRD diffractogram evidenced brookite formation due to Ag loading.
Ag doping decreases the temperature in which the anatase–rutile
transition occurs by decreasing the boundary energy due to Ag
aggregates located in crystals borders [39,40],  therefore, lower
energy is required for such transformation. In fact, a similar effect,
by Ag-boundary located aggregates, may  be promoted in our case
since the anatase to brookite transformation is energetically low
(11.9 kJ/mol [41]). And, as it was  observed also decreases the spe-
cific surface area [42] and the average pore diameter by distorting
the distribution of the mesoporous structure, blocking it by depo-
sition during the synthesis process.

The lack of a calcination step seems to promote amorphicity of
the samples evidenced on wideness and low definition of anatase
and brookite peaks. However, a TiO2 material obtained using the
same synthesis route showed a similar performance than that of
the commercial TiO2-P25 towards azo dye photocatalytic degra-
dation [3].  In addition, amorphous Fe and Cr doped TiO2 showed
a significant increase in photoactivity in comparison to bare TiO2
particles, which indeed maintained its photoactivity after several
uses [43]. Therefore, amorphicity of the TiO2 and Ag loaded TiO2
samples seem not to decrease photoactivity.

Moreover, DRS analyses showed an increase in TiO2 Vis light
absorption with a shoulder-like peak due to Ag presence. Such
response has been observed for Ag-nanometric particles deposited
on TiO2 surface presenting a surface plasmon resonance (SPR)
effect in which CB electrons are collectively excited by certain Vis-
light wavelengths [17], which in our case seems to be at ∼490 nm
[11,13]. This extended absorption indicates that surface Ag give
rise to new energy levels promoting lower energetic transitions.

Ag(1.7)TiO2 sample with Ag0 and Ag+ species showed an
increase in E. coli photoinactivation under Vis. However, under UV
irradiation the performance of the Ag(1.7)TiO2 sample was similar
to that of TiO2. Such features seem to be determined by Ag0 and
Ag+ species in the Ag(1.7)TiO2’s surface. Indeed, UV pre-irradiation
remarkably decreased concentration of the Ag0 and Ti4+ species
(Figs. 1 and 2), process related to a total decrease in photoactivity
promoted under Vis, as a determinant process in photoactivity.
Moreover, as it was observed in XPS analyses, C/Ti ratio was

observed to decrease after irradiation periods thus suggesting
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xidation of organic residues coming from the synthesis procedure
hat could compete for ROS. Nevertheless, since photodisinfection
ctivity under Vis was not observed to decreased it is possible
o reject ROS, or charge, trapping by such organic residues when
sing the Ag(1.7)TiO2 sample.

Analysis of DCA photodegradation (Fig. 9) showed contrary
esults for Ag(1.7)TiO2 photoactivity. After adsorption on TiO2’s
urface, DCA oxidation occurs due to photoproduced holes (h+

VB) by
V excitation [22,44]. In our case, Vis did not promote DCA degra-
ation using any of the samples. Probably, Ag could not promote
harge separation under Vis, and thus, there were no available h+

VB
o oxidize DCA. In fact, under UV irradiation there was  a decrease
n photoactivity due to Ag loading. Hence, it is possible that pho-
oproduced h+

VB (Eq. (1)) are being hindered from their oxidative
ction on DCA by Ag, and thus, h+

VB oxidize more rapidly Ag0 to Ag+

nd Ag2+ (Eqs.(2) and (3)) than DCA adsorbed molecules. In addi-
ion, stabilized holes leave free UV photogenerated electrons that

ay  be responsible of Ag(1.7)TiO2 E. coli photoinactivation activity
nder UV by inducing formation of ROS, and thus, reaching TiO2
hotoactivity (Fig. 5).

iO2 + hv(� < 400 nm) → h+
VB + e−

CB (1)

g0 + h+
VB → Ag+ (2)

g+ + h+
VB → Ag2+ (3)

Ag0 oxidation by TiO2 has been reported. The increased thick-
ess of a Ag2O film by Ag0oxidation was suggested to be induced
nder irradiation in the interface of a TiO2–Ag0 thin film [45].
oreover, gold and silver, showing the SPR effect induced by Vis

xcitation, have been proposed to induce transport of electrons to
iO2, thus leaving Au and Ag as positive charged ions [17]. Such oxi-
ation processes are thermodynamically possible since Ag+/Ag2+

nd Ag0/Ag+ electrochemical potentials (1.98 and 0.799 V vs SCE
46], respectively) lie between the CB and VB energy levels (−0.2
nd 3.0 V vs SCE, respectively [1]) of TiO2. Plus, to complement the
edox process it is possible to note that electrons released from Ag0

xidation induce reduction of Ti4+ to form Ti3+.
Therefore, since Vis irradiation did not increase Ag(1.7)TiO2

hotoactivity towards DCA degradation (Fig. 9), Vis-activated Ag0

articles seem not to be related to charge separation but to an
ncrease in E. coli photoinactivation.

Indeed, visible performance of modified TiO2 photocatalysts has
een previously observed to be higher than under UV irradiation.

t has been reported by Rengifo-Herrera et al. [47] that modifica-
ion with nitrogen and sulfur coming from thiourea decomposition
ver TiO2 surface increase the response of the material towards
isible irradiation, indeed, such modification led to a worse per-
ormance under UV irradiation. Moreover, it has been recently
eported that transition metal ions, such as Fe, induce recombi-
ation of TiO2’s photogenerated charges leading to a decrease in
hotoactivity under UV irradiation [48]. Thus, this partially con-
rmed the suggested above since in this case Ag did not promote
hotoactivity under UV irradiation due to charge trapping. How-
ver, before proposing a new mechanism of light activation it is
ecessary to clarify the production of ROS under Vis.

.2. Mechanism of ROS production during Ag–TiO2 Vis irradiation

Zhang et al. [49] proposed a Rose Bengal induced 1O2 forma-
ion process enhanced by a SPR effect induced on silver particles’
urface. In addition, Shcherbakov et al. [50] reported a mechanism

n which metal oxides embedded in a semiconductor matrix, such
s; V2O5/SiO2 and MoO3/SiO2 photogenerated certain amounts
f 1O2 when irradiated with a mercury lamp. Then, illumination
f the oxide generates an intermediate metallic oxide complex;
aterials 211– 212 (2012) 172– 181 179

(Mo5+–O−)*, that promotes 1O2 photogeneration in presence of O2
(Eq. (4)) and a further regeneration of the initial chemical state of
molybdenum.

(Mo6+ = O2−) + hv → (Mo5+O−)
∗ → (Mo5+ − O−)

∗ + O2

→ (Mo6+ = O2−) + 1O2 (4)

In their study Shcherbakov et al. did not evidence surface chemi-
cal states of the irradiated sample to confirm the return of the initial
Mo6+ state. Therefore, in our case it is possible to suggest that 1O2
formation is promoted by Vis excited Ag species on the TiO2’s sur-
face (Eq. (5)), thus, promoting electrons to the CB of TiO2 and Ag+

formation. Finally, the CB electron (e−
CB) is transferred to adsorbed

O2 molecules promoting 1O2 generation, Eq. (6).  Such energy trans-
fer to O2 has also been suggested using a hypocrellin B–chelated
TiO2 [51].

Ag0 − TiO2 + hv(� > 400 nm) → Ag+ − TiO2(e−
CB) (5)

Ag+ − TiO2(e−
CB) + O2 → 1O2 (6)

1O2 attack is responsible for E. coli inactivation in Vis irradiated
Ag–TiO2 suspensions since, as it is well known, a vast majority of
cell types, from prokaryotic to mammalian, undergo irreversible
damage leading to cell death by exposure to 1O2 [35,52,53].

Nevertheless, •OH was also detected in EPR experiments dur-
ing Vis irradiation (Fig. 11).  Probably, •OH formation in H2O may
be induced by electron transfer between the Vis excited Ag0 par-
ticles and the CB of TiO2. A possible route for •OH formation is
through chain reactions (Eqs. (8)–(11)) that may  be started by the
superoxide radical (O2

•−) [1] involving O2 and the TiO2’s e−
CB, Eq.

(7).

O2 + e−
CB → O2

•− (7)

Then, O2
•− dismutation promotes H2O2 formation,

O2
•− + H+ → HO2

•− pKa = 4.88 (8)

HO2
• + HO2

• → H2O2 + O2 (9)

H2O2 + e−
CB → •OH + OH− (10)

H2O2 + O2
•− → •OH + OH− + O2 (11)

O2
•− production may  be enhanced by e− transfer from excited

Ag0 particles to TiO2’s CB. But, since pH of the Ag–TiO2 suspension is
6.5 it seems not to be possible •OH generation through O2

•− dismu-
tation (pKa = 4.88). Even so, Okuno et al. [54] reported the enhanced
•OH formation from O2

•− using organic selenium compounds in a
pH 7.4 media. In this case, selenium compounds acted as electron
donors in a dismutation reaction forming H2O2 from O2

•−. Then,
surface e− availability on Vis irradiated Ag–TiO2 would probably
induce O2

•− dismutation explaining •OH formation, which in joint
action with 1O2, effectively inactivates E. coli. In addition, it has
been recently observed that Gram-positive bacteria are efficiently
inactivated by O2

•− action, while Gram-negative are inactivated by
•OH action [55]. Therefore, it is possible to expect prospect findings,
using Ag–TiO2 photocatalyst towards bacteria with different wall
structures.

4.3. Ag-oxidized species content effect on Ag–TiO2 bacteriostatic
activity in post-irradiation events

Post-irradiation experiments showed an interesting perfor-
mance of the Ag–TiO2 sample in dark contact with E. coli.  As

observed, the UV treated Ag–TiO2 sample increased its bacterio-
static activity (Fig. 12a) in dark periods. Furthermore, this dark
contact promoted photoactivity in a subsequent E. coli photoinacti-
vation test done under Vis (Fig. 12b). For that reason, it is possible to
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uggest that in darkness the bacteria’s outer membrane may act as
lectron donors probably regenerating the Ag0 species needed for

 further photoactivation and production of ROS under Vis. Prob-
bly, these suggested electron transfer may  cause the oxidation of
. coli’s cell wall, perhaps explaining its inactivation in darkness.

The evolution of the E. coli concentration added to a filtered
olution of a 10 h-dark-stirred Ag(4.3)TiO2 suspension showed that
acteria decreased to ∼2 × 105 CFU/mL after 10 h of dark suspen-
ion of the filtered solution. This suggests that Ag+ ions have
een released, from the photocatalyst’s surface during the dark-
tirring process, and after filtration may  induce toxicity leading to
acteria death. However, total inactivation was not reached thus
onfirming that toxicity observed during dark contact of E. coli with
V-pre-irradiated Ag(4.3)TiO2 (Fig. 12a) is mostly due to heteroge-
eous contact with the photocatalyst’s surface. However, further
tudies should be done to understand lixiviation processes in post-
rradiation events.

In addition, after three consecutive uses of the Ag(1.7)TiO2 sam-
le (results not shown), in which E. coli was added after 2 h of
olar-simulated light irradiation (samples taken at the beginning
nd end of each irradiation period), the photocatalyst maintained
ts photoactivity and zero bacteria counting was found after the
euse testing. Thus, to discuss the stability of the material it is
mportant to highlight: (i) leached Ag from the photocatalysts

as determined to be low. Furthermore, E. coli suspensions of
6 × 107 CFU/mL with Ag+ concentrations of 1 mg/L have been used

o disinfect water, but after 1 h of stirring the final concentration
as ∼1 × 105 CFU/mL [56]. Such concentration, which was  higher

han the one we obtained of leached Ag in our experiments, could
ot achieve total inactivation of bacteria, thus suggesting that the
se of Ag–TiO2 photocatalysts is advantageous when comparing it
o: (a) the activity of TiO2 (Fig. 6) and, (b) the bactericidal activity
bserved in literature for the Ag+ ions [56]. In addition, the use of
ree silver in solution turns into a risk since its bioaccumulation
as shown detrimental impact in the physiology and metabolism

n plants [57]. Thus, it is important to focus efforts, such as this
tudy, to attach silver aggregates onto a surface, and of course to
um its bactericidal potential to the photodisinfecting activity of
iO2. And, (ii) one can expect a decrease in the photoactivity after
everal uses due to the lost Ag active species on Ag–TiO2 surface due
o their response to light. However, in this case the results showed
hat after dark processes with the presence of E. coli it is possible to
egenerate part of the photoactivity since the time needed for total
nactivation was 60 min  for the used-in-dark Ag(4.3)TiO2 as well
s for the fresh material as observed in Fig. 6. Additional processes
o reduce the surface of the photocatalyst may  be investigated to
egenerate the material.

. Conclusions

TiO2 was effectively modified using the hydrothermal synthesis
o produce Ag–TiO2 photocatalyst. Ag loading enhanced the E. coli
hotoinactivation activity of TiO2 under visible irradiation. Either

ight source; ultraviolet or Vis, used to evaluate the samples’
hotoactivity, induced chemical transformations on Ag–TiO2
hat had a remarked effect on its photoactivity. A previous UV
re-irradiation of the Ag–TiO2 sample led to a total decrease of
hotoactivity in a subsequent photocatalytic E. coli inactivation
est under Vis. Such feature was related to the Ag oxidation and
i4+ reduction in TiO2, thus, reducing the beneficial interaction
etween Ag0 and TiO2, which seems to be responsible of the Vis
ight photoactivity. In addition, Ag oxidation decreases TiO2 pho-
oactivity towards the dichloroacetic acid photodegradation due to
he consumption of holes to form Ag+ and Ag2+ species during UV
rradiation.

[

[

aterials 211– 212 (2012) 172– 181

Vis light promotes electron transferring processes between Ag0

and TiO2 in fresh Ag–TiO2 leading to the formation of singlet oxygen
and hydroxyl radical as determined by EPR spin-trapping experi-
ments. Such species were responsible of total E. coli inactivation
within short times and low Vis irradiation powers.

Furthermore, post-irradiation events suggest that increased
Ag-oxidized states content potentiates the Ag–TiO2 bacteriostatic
action in dark periods leading to E. coli inactivation. But also, it
was  observed that in-dark contact of the oxidized Ag–TiO2 and
E. coli possibly promotes recovering of the photocatalyst’ Vis light
photoactivity lost under UV irradiation.
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