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a b s t r a c t

The disinfection efficiency against Escherichia coli in water of new silica-based materials containing aro-
matic photosensitizers (APS) was compared to that of TiO2 under UV irradiation. The APS used in these
experiments (9,10-anthraquinone-4-carboxylic acid (ANT) and a recently investigated cyanoaromatic,
9,14-dicyanobenzo[b]triphenylene-3-carboxylic acid (DBTP-COOH)) were grafted onto commercial sil-
ica materials. The influence of several physical and chemical parameters on the photoinduced inactivation
of the microorganisms was considered: amount of catalysts, APS structure and concentration in the host
material.

While no bacterial inactivation took place in the presence of silica in the dark and in the absence of
silica under UVA, a slow bactericidal effect was observed in the presence of pure silica under UVA. ANT
and DBTP based-materials improved the bacterial inactivation rate under UVA irradiation. The Chick and
Watson analysis of the results (without taking into account the induction period observed with all the
silica materials), at the same material concentration allowed to conclude that the bacterial inactivation
rate constant, k, is the highest (0.13 L g−1 min−1) for SiO2–ANT with an anthraquinone concentration of
280 �mol g−1 and no longer increased with ANT concentration. This catalyst was more efficient than
SiNH2–DBTP (k = 0.02 L g−1 min−1). The latency period for bacterial inactivation with the APS based mate-
rials was longer than that observed with TiO2/UVA, but when using 0.25 g of materials, SiO2–ANT had
a k (0.720 L g−1 min−1) three times higher than TiO2 (0.256 L g−1 min−1). If the actual photosensitizer or
TiO molar concentration were examined, it was concluded that all the k values determined for the sen-
2

sitizer containing silica are much higher (from 305 to 4717 L mol−1 min−1) than that obtained for TiO2

(24.5 L mol−1 min−1). This result emphasizes the high catalytic efficiency of the silica materials containing
low amounts of aromatic PSs.

The influence of adsorption of the materials on the microorganisms was shown and the results dis-
cussed according to the possible Reactive Oxygen Species. Different mechanisms were proposed for TiO2

sitize
and for the supported sen

. Introduction

Supplying drinkable and clean water, free of chemical and
iological pollutants, represents an actual technological chal-

enge, especially in the least developed regions of the globe.

esides the widespread chlorination treatment, alternative dis-

nfection methods must be considered for water sterilization
1]. Disinfection processes such as boiling water and Solar Dis-
nfection (SODIS) were successfully used to inactivate various

∗ Corresponding author.
E-mail address: sylvie.lacombe@univ-pau.fr (S. Lacombe).

010-6030/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.01.023
rs.
© 2011 Elsevier B.V. All rights reserved.

disease-causing microorganisms [2]. Nevertheless, theses tech-
nologies showed some weaknesses like:

• Limited water volume subject to treatment.
• Need of combustible material for boiling water [3].
• Long process time to achieve complete inactivation, particularly

in SODIS method [4].
Water sterilization by ozonisation was also used as a chemical
disinfection process. Although highly efficient against microorgan-
isms, this method leads to the formation of several disinfection
by-products such as aldehydes, ketones and carboxylic acids
[5]. Advanced oxidation technologies are most often used for

dx.doi.org/10.1016/j.jphotochem.2011.01.023
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:sylvie.lacombe@univ-pau.fr
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icroorganisms elimination. For instance, the heterogeneous pho-
ocatalytic process has been considered for water disinfection.
his technology is based on the interaction of light (UVA) with
emi-conductor particles (most often titanium dioxide) to pro-
uce highly Reactive Oxygen Species (ROS) which not only destroy
acteria but also oxidize organic and inorganic matters in water
6,7]. Moreover, the production of significant amounts of hydrogen
eroxide by illuminated TiO2 was shown to inactivate bacte-
ia and to ensure a disinfection durability by inhibiting E. coli
egrowth [8]. Several parameters influencing the TiO2 mediated
hotocatalytic disinfection were studied. The effect of TiO2 concen-
ration, light intensity, dissolved salt concentration, pH and spectral
ange (UVA, UVB, UVC) were discussed in many papers [9–11].
owever, the UVA dependence may limit the use of titanium
ioxide as photocatalyst under solar activation. To circumvent
his difficulty, photosensitized oxidation reactions based on pho-
ochemically active compounds in catalytic amounts (Aromatic
hotosensitisers or APS), may be considered [2,3]. The elimi-
ation of microorganisms using APS is known as antimicrobial
hoto-Dynamic Inactivation (PDI) [12], and it uses visible light
o activate the photosensitizers. APS were also used in Photo-
ynamic Therapy (PDT), efficient for the destruction of cancer
ells under visible light [13]. The absorption of a photon by a
hotosensitizer leads to the production of ROS according to two
athways:

(i) Radicals formation, issued from electron transfer from the pho-
tosensitizer to molecules in its direct environment (Type I
photo-oxidation reaction). In the presence of air, the most often
produced ROS is thus superoxide radical-anion, O2

•−.
ii) Energy transfer from the triplet excited state of photosensitiz-

ers to the ground state of oxygen, generating singlet oxygen,
1O2 (Type II photo-oxidation reaction).

Both pathways can lead to cell death [14]. 1O2 would be
articularly damageable for every type of cells from prokary-
tic to mammalian, which could undergo an irreversible damage
eading to their death [15–19]. Implication of PDI in water
reatment is still under research. Bonnett et al. tested several
hotosensitizers in E. coli inactivation and demonstrated that
he chitosan/phthalocyanine association was the most effective
o inactivate microorganisms [20]. Also, Gram negative, Gram
ositive bacteria and fungi had been efficiently inactivated by
single cationic photosensitizer, e.g., 5-phenyl-10,15,20-tris(N-
ethyl-4-pyridyl)porphyrin (TriP[4]) [21–23] or toluidine blue

24–26]. Most of PDI procedures employed photosensitizers
olecules mixed to bacterial suspensions in homogenous aque-

us media [21–32]. Accordingly, it is difficult to recover the
issolved photosensitizers from water once the treatment fin-

shed. Recent papers by Manjón et al. demonstrated the efficiency
f Ru(II) coordination complexes immobilized on porous sili-
one for water disinfection in solar reactors [2,3]. In the present
aper, two silica-supported photosensitizers were tested against
acteria inactivation. Silica is transparent to irradiation, even

f silica particles strongly scatter UV light. The materials were
ommercial silica powders or beads, on which the photosen-
itizers were introduced by covalent grafting. These materials

ere tested as powders suspensions on E. coli inactivation using
VA and visible light, the long-term aim being to develop a
DI procedure totally based on solar inactivation. The results of
DI are compared with those obtained by TiO2 photocatalysis
isinfection.
Scheme 1.

2. Materials and methods

2.1. Preparation of photosensitizers

The detailed description of the synthesis and characterization
of most of these silica materials were already published [33]. Two
APS (Scheme 1), were tested in the present work:

• A carboxylic derivative of benzo-[b]triphenylene-9,14-
dicarbonitrile (DBTP): 9,14-dicyanobenzo[b]triphenylene-3-
carboxylic acid (DBTP-COOH) recently described.

• 9,10-Anthraquinone 2-carboxylic acid or ANT.

DBTP-COOH is a recently developed cyanoaromatic, with a char-
acteristic absorption band between 400 and 420 nm, patented as an
efficient APS [34]. On the other hand, ANT was already used for dif-
ferent photo-oxidation reactions, both in organic solutions [35] and
at the gas–solid interface [36]. Both APS may be efficiently activated
at 420 nm.

APS grafting onto silica was made according to two different
procedures [33]:

• ANT was converted to its triethoxysilyl derivative by condensa-
tion with (3-aminopropyl) triethoxysilane (APTES) and grafted
to commercial silica beads (Acros, 3–5 mm diameter, pore diam-
eter ca. 9 nm, surface area 400 m2 g−1), by reflux in toluene and
washing in several solvents. The corresponding material is named
SiO2–ANT in the following.

• DBTP-COOH was also grafted on a commercial amino-
functionalized silica powder (SiNH2, Aldrich, 40–63 �m particles,
1 mmol g−1 NH2, surface area 550 m2 g−1) under reflux in toluene
and washed with various solvents. The corresponding material
is called SiNH2–DBTP in the following.

The disinfection efficiency of the previously described materi-
als was compared with the bactericidal effect of titanium dioxide
(TiO2 Degussa P25, 80% anatase, 20% rutile, density 3.8 g cm−3, aver-
age particle size 20–30 nm, surface area 50 m2 g−1), introduced in a
disinfection process in a previous work [11]. The beads SiO2–ANT or
the reference material (SiO2 beads) were finely grinded in a mor-
tar and sieved through a 80 �m mesh. SiNH2–DBTP was used as
prepared.

2.2. Characterization of the prepared materials

The synthesized photosensitizers were characterized using Dif-
fuse Reflectance UV spectroscopy (DRUV) on a Varian Cary 5E

apparatus equipped with an integrating sphere. Conventional UV
spectroscopy in solution was also used to determine the amount of
non-grafted APS in the reflux solution after grafting, thus giving an
estimate of grafted APS on silica [33].
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Scheme 2. Irradiation device.

The surface area of the materials and their pore size
ere evaluated through nitrogen adsorption and desorp-

ion isotherms of the silica xerogels, measured at 77 K on
Micromeritics ASAP 2010 Micropore nitrogen adsorption

pparatus.

.3. Disinfection and photochemical experiments

The disinfection experiments were carried out in a 90 mL pyrex
eactor, with 20 mL of solution (water pH 6–7). To ensure complete
ixing, the materials/E. coli slurry was magnetically stirred. Three

ets of disinfection experiments were carried out, varying the fol-
owing parameters: (1) nature of the photosensitizer, (2) weight of
he photosensitizing material and (3) concentration of the photo-
ensitizer in the material. The effect of pure powdered silica (host
aterial containing no APS) on the microorganisms was also stud-

ed. To conclude, the inactivation efficiencies of titanium dioxide
nd of the photosensitizing materials were compared under the
ame conditions.

The disinfection experiments were carried out at room temper-
ture, using air as oxidant.

The photosensitizing materials (or pure silica) were introduced
t two different concentrations (0.25 and 2.5 g L−1). A Phillips HPK
25 W lamp, emitting in the 200–600 nm range, was used as UV

ight source. The “0.52” Corning filter was used to cut off any radi-
tion below 340 nm (UVA). The irradiation device is depicted in
cheme 2. Lamp emission spectrum and filters transmission spectra
re given in supplementary information (SI).

Light intensities were measured with a VLX-3W radiometer,
quipped with 365, 312, and 254 nm captors for monitoring UVA
rradiation at 365 nm. To measure the intensity, captors were put
t various distances from the light source. For the disinfection
xperiments, the reactor containing the bacterial suspension to be
isinfected was maintained at a distance of 3 cm from the water cir-
ulation cell. Values of lamp intensities in UVA and visible domains
re listed in Table 1. The disinfection experiments were repeated
hree times to check the reproducibility of the results.
For the photo-oxidation experiments, the reacting mixtures
10−2 M di-n-butylsulfide in acetonitrile containing 2.6 × 10−3 M
nd 1.6 × 10−4 M ANT and DBTP, respectively, in order to achieve
solution absorbance of A = 1) were continuously bubbled with

able 1
rradiance of the lamp at 365 nm and in the visible range.

Height (cm) 1 2 3
Intensities (mW cm−2), UVA (� = 365 nm) 7 5.1 3.9
hotobiology A: Chemistry 219 (2011) 101–108 103

oxygen through a mass flow-meter (2 cm3 mn−1) during the irradi-
ation. The reactor was placed inside a RAYONET® device containing
four RAYONET fluorescent lamps with maximum emission at
420 nm and irradiated for 150 min. At the end of irradiation,
product analysis was performed by GC (VARIAN 3900 with a
FID detector, l5 m CP-Sil-5 Chrompack column, i.d.: 0.25 mm,
coating 0.25 �m) or by GC–MS (HP 5973, SPB35 column, l:
60 m, i.d.: 0.23 mm). Acidic products were extracted by adding
to 1 cm3 of the CH3CN oxidized solution, 2 cm3 of water and
2 cm3 of dichloromethane. Acid titrations of the aqueous phase
were performed by Ion Exchange Chromatography (IEC) on a
Dionex DX-20 Exchange Ion Chromatophraph equipped with a
column AS9-HC (4 mm) operating in the suppressed conductivity
mode.

2.4. Analysis and culture of bacteria

The bacterial strain used in this work was PHL1273, a deriva-
tive of the E. coli K-12 strain MG1655. It was constructed by
G. Jubelin (unpublished) by transformation of the strain PHL818
[37] using the plasmid pPHL127. PHL 818 carries the chromoso-
mal mutation omp R234 which results in the overproduction of
curli, a particular type of fimbriae allowing the bacteria to adhere
to abiotic surfaces [38]. pPHL127 is a derivative of the pPROBE-
gfp[LVA] (stratagene) containing the csgBA promoter in front of
the gfp[LVA] reporter gene. No differences in terms of cell wall
constitution (outer and inner membranes) of E. coli PHL1273 were
noticed by comparison of the original strain (MG1655). Due to
its curli overproduction, PHL1273 can stick to surfaces and form
biofilms. It was used as biological pollutant in previous works
[11,44] E. coli bacteria was inoculated into Luria Bertani medium
[39], mixed with water 1/1, and grown overnight at 30 ◦C, with
constant agitation, under aerobic conditions. Bacterial growth was
monitored by measuring the optical density at 600 nm. At a sta-
tionary growth phase, bacteria were harvested by centrifugation
in a 1.5 mL Eppendorf tube at 103 rounds per min during 3 min,
and washed twice with 1.5 mL of water. An E. coli stock suspen-
sion was prepared by resuspending the final pellets in 1.5 mL of
water. The initial populations of E. coli ranging, approximately,
from 105 to 106 cfu mL−1 (colony forming unit) were obtained by
diluting the stock suspension. The cell concentrations were deter-
mined by the spread plate method, with nutrient agar grown at
37 ◦C during 18 h. The volume of 0.1 mL of suspension was with-
drawn at each sampling and was diluted to 1/10, 1/100, and 1/1000.
Some of the samples were spread without diluting. Finally, 100 �L
of the diluted and undiluted suspensions were spread to count
the number of E. coli. Three replicate plates were used at each
dilution.

2.5. The Chick–Watson modelisation

The Chick–Watson kinetic model (ln N/N0 = −kCt) was used in
order to compare the results obtained under the different exper-
imental conditions. In this model, N0 represents the initial E. coli
population (cfu mL−1), N the remaining E. coli population at time
t (cfu mL−1), C the disinfecting material concentration (mg L−1),
k the inactivation rate constant (L min−1 g−1) and t the inactiva-
tion time (min). This model was applied to our experimental data
considering C as the catalyst concentration used for the inactiva-
tion process. The induction period in the inactivation curves and

the tail of the curves were not taken into account for the model
application. A complementary calculation was carried out with the
photosensitizer molar concentration (in L min−1 �mol−1) to com-
pare the effective activated photosensitizer molar concentration to
that of TiO2.
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Fig. 1. DRUV spectra of (left)

. Results and discussion

.1. Photosensitizers characterization

Table 2 summarizes the values of the aromatic photosensitizers
oncentrations in hosts materials, as well as the specific area and
he porosity of the synthesized materials.

The concentration of DBTP-COOH after grafting on the SiNH2
aterial was 27 �mol g−1. A higher ANT concentration was

chieved on non-amino functionalized commercial silica beads
280 �mol g−1). For this material the specific area varied from
00 m2 g−1 before grafting to 280 m2 g−1 after grafting of ANT. The
RUV spectra of the materials are given in Fig. 1. The spectrum of
iO2–ANT (Fig. 1, left) was characteristic of anthraquinone, with a
ery low-intensity n–�* transition between 380 and 430 nm [36].
he spectrum of SiNH2–DBTP (Fig. 1, right) showed an intense
bsorption band between 340 and 450 nm with vibration compo-
ents characteristic of anthracene derivatives [33].

.2. Disinfection test in the presence of pure silica with
rradiation at � > 340 nm

It was first necessary to test the behaviour of the host material
lone (grinded commercial silica beads without any photosen-
itizers, particles size < 80 �m) towards microorganisms, and the
orresponding E. coli inactivation curves are presented in Fig. 2.

A bacterial inactivation was observed in the presence of pure
ilica irradiated with � > 340 nm. Curves A and B in Fig. 2 show the
eproducibility of the bacterial inactivation test under these condi-
ions: the bacterial population decreased from 106 to 107 cfu mL−1

o less than 102 cfu mL−1 after 360 min of irradiation. No bacterial
nactivation was noticed either in the presence of silica in the dark
r by photolysis (irradiation of the suspension without any added
aterial). The following assumptions can be proposed to account

or this result:
(i) The silica aggregates could stick and concentrate around
microorganisms, making them more vulnerable to the UVA
irradiations in these scattering suspensions, and the contact
between silica particles and E. coli surface could induce a
stress to the microorganisms making them less resistant against

able 2
aterials characterization: mode of synthesis, APS nature and concentration, specific sur

Material name Elaboration of the silica matrix
(APS–silica interaction)

APS

SiNH2–DBTP Commercial SiO2–NH2

post-grafting
DBTP-COOH

SiO2–ANT Commercial SiO2 post-grafting ANT
similar experiment without any added silica. The period between −30 and 0 min
corresponds to the adsorption step in the dark.

external attacks. Light scattering by silica materials not only
depends on the particles size, but also on their shape, mor-
phology, surface heterogeneity and refractive index and could
vary on the spectral wavelength range. Complementary study
should be necessary to determine the influence of the light scat-
tering coefficient of pure silica, among other parameters, on its
bactericidal activity.

(ii) It is accepted that UVA and UVB may cause cellular damage
in the presence of oxygen, mainly due to light absorption by
intracellular chromophores and main formation of superoxide
radical-anion [40]. To the best of our knowledge, no similar
result was found in the literature dealing with the effect of
pure silica on microorganisms under irradiation, although it is
known that mesoporous silica nanoparticles inhibited respira-
tion of isolated mitochondria and submitochondrial particles
[41]. Further studies showed that cytotoxicity appears to be

related to the adsorbtive surface area of the particle, although
the nature of functional groups on silica cannot be ruled out
[42].

face area and porosity.

[APS] (�mol g−1) Specific surface
area (m2 g−1)

Porosity

27 650 Mesoporous

280 280 Mesoporous
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Table 4
Product distribution of di-n-butylsulfide (DBS) photooxidation experiments in
homogeneous solution in acetonitrile (DBSO = di-n-butylsulfoxide, DBSO2 = di-n-
butylsulfone, DBDS = di-n-butyldisulfide, acidic compounds = n-butanesulfonic and
sulphuric acids).

PSA/product DBS DBSO DBSO2 DBDS Acidic
ig. 3. E. coli inactivation in presence of 2.5 g L−1 various supported photosensitiz-
rs under irradiation with � > 340 nm (365 nm intensity 3.85 mW cm−2). The period
etween −30 and 0 min corresponds to the adsorption step in the dark.

.3. E. coli inactivation using photosensitizers and irradiation at
> 340 nm

The inactivation efficiency of the supported photosensitizers
as evaluated by introducing the materials in the bacterial sus-
ensions irradiated with UVA. Fig. 3 shows E. coli inactivation in
resence of the considered photosensitizers. In all cases, a long

nduction period before bacterial inactivation was observed. The
hortest induction period was about 30 min using SiNH2–DBTP.
iO2–ANT gave a slightly longer induction period, but became more
ffective once the E. coli inactivation began. E. coli concentration
ecreased to an undetectable level after 110 min of UVA irradia-
ion with this latter material and after 240 min with SiNH2–DBTP.
he long induction period constitutes the main difference relative
o TiO2 (see below), as established in a previous work [11,43,44].
fficiencies of the photosensitizers involved in water disinfection
re summarized in Table 3.

A much slower E. coli inactivation was observed in presence of
nthraquinone and DBTP-COOH based materials under visible light
� > 428 nm). The inactivation rate under these conditions was com-
arable to that observed with pure silica. It can thus be considered
hat no APS activation took place under filtered visible light (Fig. S2).
hese results were not surprising since the absorption bands of ANT
nd DBTP were very weak at � > 428 nm (Fig. 1) and the light source
sed in this study poorly emits between 420 and 450 nm (Fig. S1).

These results are to be compared with other chemical exper-
ments made with similar materials [45]. First, it was previously
hown that DBTP (R = H, Scheme 1) or anthraquinone embedded
n highly transparent silica monoliths, prepared by the sol–gel

ethod and exhibiting the same absorbance at 350 nm were able
o produce singlet oxygen under UVA irradiation in air (i.e. with-
ut any solvent). The singlet oxygen quantum yield relative to
henalenone in the same materials, measured at the gas–solid

nterface by time-resolved luminescence of singlet oxygen at

270 nm, were, respectively, 0.89 ± 0.04 and 0.8 ± 0.1 for DBTP and
NT containing silica monoliths. Singlet oxygen lifetime in these
ir-equilibrated monoliths was determined around 30 �s.

able 3
ata of E. coli photocatalytic inactivation, using various photosensitizing materials.

Material name Induction
period (min)

Total
inactivation
time (min)

Remaining [E.
coli] (cfu mL−1)

SiNH2–DBTP 30 240 5
SiO2–ANT 60 110 0
Commercial SiO2 90 Non-achieved

(360 min)
50
compounds

DBTP <1 94 4 1 <1
ANT 13 53 2 12 20

Second, di-n-butylsulfide photooxidation experiments (with
fluorescent lamps with maximum emission at 420 nm) in homo-
geneous solution in acetonitrile were carried out with DBTP
and ANT. In both cases, efficient oxidation to mixtures of
di-n-butylsulfoxide (DBSO) and di-n-butylsulfone (DBSO2) was
observed, with various amounts of di-n-butyldisulfide (DBDS),
n-butyl-n-butanethiosulfonate (DBSSO2) and acidic compounds,
indicative of C–S bond cleavage (Table 4). It was previously shown
[35], that DBDS, DBSSO2 and acids, arising from radical mechanisms
after C–S bond cleavage, were related to electron-transfer (Type
I) mechanism and possible formation of superoxide radical anion.
In the present case, from the analysis of the reaction products, it
was concluded that singlet oxygen was mainly involved with DBTP,
while electron transfer reaction was also possible with ANT, leading
to larger amounts of DBDS, DBSSO2 and several acidic compounds.
Even if the life time of singlet oxygen is very dependent on the sol-
vent (3–7 �s in water and ca. 60 �s in acetonitrile), these results in
homogeneous acetonitrile solution support the conclusion on sin-
glet oxygen production by SiNH2–DBTP and of singlet oxygen and
superoxide anion with SiO2–ANT.

From these results, several conclusions may be drawn on the
efficiency of the materials under investigation:

(1) For the newly developed photosensitizer, DBTP-COOH, it may
be inferred that the APS concentration in the material, as well
as its mode of incorporation on silica, plays a crucial role.
Actually, two other DBTP based materials were used for the
photo-bactericidal tests. These materials prepared according to
a sol–gel method with inclusion of APS in much lower concen-
tration and probably located inside the silica walls, were totally
inefficient for water disinfection. The only efficient DBTP based
material was also the most loaded, SiNH2–DBTP (27 �mol g−1).
Moreover, when grafting DBTP-COOH on commercial amino-
functionalized silica, it may be assumed that DBTP is located on
surface amino-functions inside the pores of the materials, and
thus closer to the microorganisms. Hence, the generated ROS,
especially 1O2, could diffuse more easily to the microorganisms
and inactivate them.

(2) SiO2–ANT beads, heavily loaded with anthraquinone derivative
(280 �mol g−1), was the most efficient material. Although the
quantum yield of singlet oxygen production by anthraquinone
embedded in silica xerogel was previously found slightly
lower (0.8 ± 0.1) than that of DBTP (0.89 ± 0.04) relative to
phenalenone in the same medium [45], this result confirms
previous observations on the high photo-oxidation efficiency
of ANT [36]. It may tentatively be related to the fact that
anthraquinone is susceptible to sensitize photo-induded oxi-
dation reactions by either type II (with singlet oxygen 1O2
production) or type-I mechanism (electron transfer and rad-
ical production, including superoxide radical-anion, O2

•−). In
water, O2

•− is able to react as a strong Bronsted base via for-

mation of HOO• and hydrogenperoxide, two species known as
powerful bactericidal reactants [46].

(3) Adsorption of the materials on the microorganisms is prob-
ably necessary. The lifetime of singlet oxygen, 1O2, which is
only 3–7 �s in water, makes it possible to cross only very short
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The main difference between the two photocatalysts was the
nfluence of the anthraquinone concentration in the material in a suspension
ontaining 2.5 g L−1 of SiO2–ANT ([ANT] = 280, 374 and 13 �mol g−1). The period
etween −30 and 0 min corresponds to the adsorption step in the dark.

distances not exceeding 0.1 �m [47]. Thus, the microorganisms
must take time to diffuse towards silica particles, to closely link
to the material in order to allow the generated 1O2 to reach
targets on E. coli. A previous comparison of the efficiency of
supported or non-supported photosensitizers showed that the
bacterial inactivation was faster in homogeneous medium [31]
than in heterogeneous one [3].

.4. Effect of material amount and of ANT concentration on the
acterial inactivation by SiO2–ANT

SiO2–ANT was the only photosensitizer material that achieved
total E. coli elimination within 110 min under UVA irradiation.

ts bactericidal property against E. coli was tested at two con-
entrations: 0.25 and 2.5 g L−1. The initial populations of E. coli
anged approximately from 105 to 106 cfu mL−1. Curves of E. coli
nactivation with two materials amounts are given in Fig. 4. The
orresponding Chick and Watson analysis of the whole set of exper-
ments is summarized in Table 5.

The reduction by ten times of the material amount led to a
ignificant increase of the total inactivation time (from 110 to
20 min), correlated with an increase of the induction period. The
hick–Watson slope decreased from 0.32 to 0.18 min−1, even if
he rate constant of bacterial inactivation increased significantly
from 0.13 to 0.72 L g−1 min−1) when going from 2.5 g to 0.25 g L−1

f material, evidencing the efficiency even at low silica amounts.
his result could tentatively be assigned to the drop of singlet oxy-
en (or any other ROS) production, related to the decrease of the
PS (ROS generator) amount. On the contrary, it is worth recall-

ng that under similar conditions, the increase of TiO2 amount in
he suspension induced a screening effect, resulting in a drop in
fficiency of bacterial elimination for the high TiO2 concentrations
11].

However, the insert of Fig. 4 shows that a variation of the
nthraquinone concentration in the material (between 13 and
74 �mol g−1) had only a slight effect on the microorganisms

nactivation rate: E. coli was inactivated using 2.5 g L−1 of any of
he three materials containing various amounts of anthraquinone.
he induction period did not change and the determined inac-
ivation slopes varied from 0.32 to 0.15 min−1 on decreasing
NT concentration (Table 5). By comparing the experiment with
.25 g L−1 of SiO –ANT ([ANT] = 280 �mol g−1, i.e. 70 �mol L−1 of
2
NT in the suspension) and the one with 2.5 g L−1 of SiO2–ANT

[ANT] = 13 �mol g−1, i.e. 32.5 �mol L−1 of ANT in the suspension)
n Table 5, the Chick–Watson slopes were of the same order
f magnitude (0.18 and 0.15 min−1, respectively) while the ANT
Fig. 5. (a) Photocatalytic inactivation of E. coli in presence of 0.25 g L−1 of TiO2 or
2.5 g L−1 of SiO2–ANT under UVA light (� > 340 nm). The period between −30 and
0 min corresponds to the adsorption step in the dark; (b) Chick–Watson curve of E.
coli inactivation kinetics in presence of TiO2 or SiO2–ANT.

concentration increased by a factor 2. Accordingly, the efficiency
of the materials is not only related to the amount of available
anthraquinone, as assumed above when comparing the mass of
the two materials introduced in the suspension (Fig. 4). The sur-
face of the material also plays a crucial role, as the catalyst need
to get linked or adsorbed onto bacteria in order to allow the
E. coli–sensitizer interaction. With lesser amount of material, it can
be assumed that all the available silica is adsorbed on the bacteria
for an efficient bactericidal effect, which is probably not the case
when using larger amounts of material.

3.5. Comparison between TiO2 efficiency and photosensitizing
materials

The photocatalytic inactivation efficiency using TiO2 or photo-
sensitizing materials as catalysts was used for comparison. Actually,
the comparison for E. coli inactivation was carried out using the
most efficient SiO2–ANT material. Fig. 5a and b gives, respectively,
the bacterial inactivation curves in the presence of the two mate-
rials at their optimum concentrations i.e.: 2.5 g L−1 for SiO2–ANT
(280 �mol g−1) and 0.25 g L−1 for TiO2 and the Chick–Watson mod-
elisation for bacterial inactivation kinetics with TiO2 and SiO2–ANT.
Materials were activated by UVA and the initial bacterial population
was about 106 cfu mL−1.
induction time: while TiO2 action onto microorganisms was imme-
diate, SiO2–ANT showed a latency period of 60 min as described
previously. However with both catalysts, total inactivation was
reached after 90 min of UVA irradiation. Once activated, SiO2–ANT
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Table 5
Determination of the Chick and Watson slopes according to the mass of materials and to the molar concentration of the photosensitizers/photocatalysts. k are the rate
constant of bactericidal inactivation related either to the mass of materials (L g−1 min−1) or to their molar concentration (L mol−1 min−1).

SiO2 SiO2–ANT (MANT = 252 g mol−1) SiNH2–DBTP (MDBTP = 372 g mol−1) TiO2

13 �mol g−1 280 �mol g−1 374 �mol g−1 280 �mol g−1

g L−1 2.5 2.5 2.5 2.5 0.25 2.5 0.25
�mol L−1 – 32.5 700 935 70 67,5 3125

9 ± 0

1 ± 0
5 ± 50

n
d
(

b
(
T
e
d

a
c

•

•

•

•

o

-

-

t

-

Chick and Watson
slope (min−1)

0.03 ± 0.01 0.15 ± 0.04 0.32 ± 0.06 0.2

k (L g−1 min−1) 0.010 ± 0.002 0.06 ± 0.01 0.13 ± 0.02 0.1
k (L mol−1 min−1) 4717 ± 200 456 ± 50 30

eeded only 30 min to decrease the bacteria population to a non-
etectable level, and the slope (Table 5) is in this case much steeper
0.32 min−1) than with TiO2 (0.06 min−1).

From the analysis of the whole set of Table 5 data, it may
e concluded that pure silica gives the slowest inactivation slope
0.03 min−1), and that the slopes determined for SiNH2–DBTP and
iO2 were of the same order of magnitude (0.06 min−1). The steep-
st slopes were obtained with SiO2–ANT (from 0.15 to 0.32 min−1)
epending on the material mass and ANT concentration.

Comparison of the results at the same material concentration
llowed the following conclusions on the bacterial inactivation rate
onstants:

For SiO2–ANT, k was maximum for an anthraquinone concentra-
tion of 280 �mol g−1 (0.13 L g−1 min−1) and no longer increased
with ANT concentration.
The k determined for SiO2–ANT (0.13 L g−1 min−1) was higher
than for SiNH2–DBTP (0.02 L g−1 min−1).
k value, with 0.25 g L−1 of SiO2–ANT material (0.720 L g−1 min−1),
was three times higher than that for TiO2 (0.256 L g−1 min−1).
However it must be recalled that a long induction period was
noticed for SiO2–ANT.
When taking into account the molar concentration of active
species (Table 5, last line), all the k values determined for
the sensitizer containing silicas were much higher (from
305 to 4717 L mol−1 min−1) than that obtained for pure TiO2
(24.5 L mol−1 min−1), as the molar concentration of the active PS
on silica is much lower (up to two order of magnitude) than the
molar concentration of TiO2. This result emphasizes the high cat-
alytic efficiency of the silica materials containing low amounts of
aromatic PSs.

Some differences made the comparison between the two kinds
f catalysts difficult:

2.5 g of micron-sized SiO2–ANT display an external surface much
lower than nanometric TiO2, even in the form of aggregates.
The isoelectric point of SiO2 is between 1.7 and 3.5, while that of
TiO2 P25 is higher (7) [48]. In our experiments, given the pH of the
suspensions (∼7), it may be concluded that silica surface is neg-
atively charged, whereas pendant amino group of SiNH2–DBTP
were in the form of ammonium salts, and that TiO2 P25 was not
charged.

However tentative suggestions may be put forward to explain
he different reactivity between the two kinds of catalysts:

The sensitizing materials generate exclusively singlet oxygen

1O2 and possibly superoxide radical anion O2

•−. However
according to the literature, the more reactive ROS, hydroxyl
radical, OH• [49], was not formed under these conditions.
The absence of the latter could explain the longer induction
period using photosensitizing materials in comparison with TiO2
.06 0.18 ± 0.04 0.06 ± 0.01 0.06 ± 0.01

.02 0.72 ± 0.008 0.020 ± 0.002 0.26 ± 0.04
2570 ± 100 807 ± 100 24.5 ± 10

photocatalysis. Moreover, the bacterial inactivation by 1O2
requires several attacks of this ROS on E. coli surface before
causing irreversible damages at the external membrane of the
bacterium [31,50,51], compromising thereby its permeability and
the vital functions taking place in this bacterial region.

- The existence of a possible defense mechanism of E. coli
against 1O2 is known. The presence in some microorganisms of
carotenoid molecules contributes to trap and cancel the effect
of singlet oxygen on vital tissues. In their studies on the inac-
tivation of Gram+ and Gram− bacteria by 1O2, Dahl et al. [50]
noticed a better resistance of strains synthesizing carotenoids and
that strains containing cyclic carotenoids were better protected
than those containing acyclic molecules. Lycopene appeared as
the most effective among cyclic carotenoids, followed by the
zeaxanthin and finally �-carotene. These compounds are gen-
erally concentrated in the bacterial membrane (particularly in
bacterial phospholipids) being an ideal location to defend the
microorganisms since the first target of ROS is the bacteria
membrane.

4. Conclusion

The possible use of photosensitizers supported on silica to dis-
infect water containing a model microorganism, Escherichia coli,
was investigated. The photosensitizing materials were obtained by
grafting various Aromatic Photosensitizers (APS) onto commercial
silica powders or beads.

Depending on the structure of the APS, on the link between APS
and silica, different materials were obtained and characterized by
porosimetry and DRUV spectroscopy. Among the investigated pho-
tosensitizing materials, two of them showed a noticeable efficiency
under irradiation at � > 340 nm. The most efficient photosensitiz-
ers were 9,10-anthraquinone 2-carboxylic acid (ANT) and, to a
lesser extent, 9,14-dicyanobenzo[b]triphenylene-3-carboxylic acid
(DBTP-COOH), recently developed and patented. A slower bacte-
rial inactivation was also observed in the presence of pure silica
under irradiation. Our results indicate that the mode of introduc-
tion of the APS in silica and the amount of silica in the suspension
are crucial parameters: the best efficiency was observed with pow-
ders or beads where APS was post-grafted and thus located close
to the pore surface. This synthesis method also allows achieving
the highest APS concentration in the materials. Contrary to TiO2, no
screening effect was observed with silica materials when increasing
the amount of catalyst.

Compared with the results obtained with TiO2, the photosensi-
tizing materials were characterized by a longer induction period.
These supported photosensitizers are known to generate Reactive
Oxygen Species (ROS) such as the superoxide radical anion, O2

•−,

and mainly singlet oxygen (1O2). However no hydroxyl radical, OH•,
may be formed contrary to the mechanisms involved with TiO2
photocatalysis. Our results show that 1O2 and possibly O2

•− were
responsible for bacterial inactivation in aqueous suspension. In our
case, the longer induction period could be attributed to the absence
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f the most powerful ROS, OH•, and to an efficient bacterial defence
echanism against singlet oxygen.
To summarize, the disinfection efficiency of silica-based pho-

osensitizing materials in aqueous suspension was demonstrated
nder irradiation at � > 340 nm. This activity could open a way to a
isinfecting process using only air and solar light. Higher efficiency

n the visible range could be achieved by using sensitizers with
pectra presenting higher molar absorption coefficient at higher
avelengths and using suitable light sources. Such materials could

lso be able to react with some of the organic compounds generated
uring the cell lysis via a photosensitizing process.

Complementary studies out of the scope of the present paper,
imed at the influence of various silica parameters (particle size and
orphology, specific surface area, pendant amino functions, scat-

ering properties in suspension) could help better understanding
his inactivation mechanism.

The mode of preparation of the photosensitizing materials
grafting process) makes them very stable in aqueous suspen-
ion, without any leaking of the sensitizing aromatic molecule
n water. Moreover the high efficiency of the anthraquinone-
ased material appears to open widespread applications, as
his compound is already very often used in various industrial
rocesses.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.jphotochem.2011.01.023.
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