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a b s t r a c t

The photocatalytic inactivation of Escherischia coli and Pichia Pastoris was studied with combustion syn-
thesized titanium dioxide photocatalysts. Three different combustion synthesized (CS) catalysts were
used viz., CS–TiO2, 1% Ag substituted in TiO2 and 1% Ag impregnated in TiO2. All the combustion synthe-
sized catalysts showed higher activity as compared to the activity observed with commercial Degussa
P-25 TiO2. The effect of various parameters like catalyst loading, different catalysts and initial cell concen-
tration was studied. At the optimum loading, 1% Ag impregnated TiO2 showed the maximum efficiency
and complete inactivation of both the microorganisms was observed within an hour of irradiation. The
ombustion synthesis
iO2

g/TiO2

. coli
ichia pastoris

morphology of inactivated cells was studied by inverted microscope and SEM. From the images obtained,
it was hypothesized that damage to the cell wall was the main cause of cell inactivation. The initial cell
concentration had a prominent effect on the inactivation. At a low initial cell concentration, the complete
inactivation of E. coli and P. pastoris was observed within 10 and 20 min, respectively. This shows that P.
pastoris has a stronger resistance towards photocatalytic inactivation than E. coli. The inactivation reac-
tions were modeled with power law kinetics. The order of reaction in case of E. coli and P. pastoris were
determined as 1.20 and 1.08, respectively.
. Introduction

Photocatalytic inactivation of microorganisms, using semicon-
uctor catalysts, has received considerable attention in the past
wo decades. Matsunaga et al. [1] were the first to report the
se of Pt/TiO2 semiconductor powder for photochemical steril-

zation of microorganisms. Since then, photocatalysis has been
hown as an efficient process for the removal of a wide variety of
icroorganisms including pathogenic bacteria, fungi and viruses

2]. Many photocatalytic disinfection studies have been carried out
o determine the effect of various parameters like light intensity
3,4], catalyst concentration [3–5], temperature [6], culture media
7], initial concentration of microorganism [4,6], pH [7], etc. on
he inactivation of microorganisms to understand the underlying

echanism.
Various hypotheses regarding the mechanism of microorgan-
sm inactivation have been proposed. Matsunaga et al. [1] proposed
hat the direct photochemical oxidation of intracellular coenzyme
(CoA) was the main cause for inhibition in respiration of cells that

ed to cell death. Maness et al. [8] suggested that TiO2 photocataly-
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sis promotes the peroxidation of polyunsaturated phospholipids
and induces major disordering of cell membrane in Escherischia
coli. Sunada et al. [9] have suggested, the cell wall of E. coli under-
goes disruption by disordering outer membranes and the reactive
species (e.g., HO•, HO2

•, H2O2) penetrates the cytoplasmic mem-
brane, leading to cell death. It is generally assumed that the reactive
oxygen species (ROS) like H2O2, O2

•, etc. as well as hydroxyl radical
(HO•), which are generated on the surface of UV-illuminated TiO2,
plays the major role for the inactivation of microorganisms [4,5,9].
Most of the inactivation studies are based on E. coli or other bac-
terial species. However, the inactivation kinetics for yeast has not
been investigated.

TiO2 is the most widely used catalyst in photocatalytic stud-
ies because of its high photocatalytic activity, non-toxicity and
wide availability. Most of the degradation studies have used com-
mercially available TiO2, Degussa P-25 (DP-25) directly or in its
modified form [4–7]. This commercial catalyst consists of 80%
anatase and 20% rutile phase. However, anatase phase TiO2 has
been reported to possess higher photocatalytic activity than the
rutile phase [10]. This catalyst has shown to remove a wide variety

of organic and inorganic contaminants [11,12]. There are several
methods for the synthesis of anatase phase TiO2 [13–15]. Solu-
tion combustion synthesis [16] is a single step process to produce
pure anatase phase TiO2 and the catalyst produced by this method
has been shown to be superior to the commercially available DP-
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5 catalyst for the degradation of various chemical contaminants
17–19].

The important step in photocatalysis is generation of
lectron–hole pair. However, high rates of electron–hole recombi-
ation on catalyst surface results in low efficiency of the process
12]. To avoid this recombination, several studies have reported
he deposition or impregnation of a transition metal on the TiO2
urface [20–22]. The transition metal ions act as electron scav-
nger, which leads to an increase in the rate of formation of HO•

adicals [18]. The effect of metal ion can also be studied by either
oping or substituting the metal into TiO2. For the microorganism

nactivation studies, silver is widely used [21,22] because of its
ell-known antimicrobial property.

E. coli is a common microorganism, usually found in the lower
ntestine of human and other warm-blooded organisms. It is also

idely used as an indicator of fecal contamination. Most of the
oliform strains are harmless, but some of the strains can cause
erious food poisoning in humans. E. coli is, therefore, a popu-
ar model bacterium for the study of photocatalytic inactivation.
ungal strains such as Aspergillus flavus are reported to cause harm-
ul diseases in human [23]. Photocatalytic inactivation of various
ungal species has been reported [1,20,24–26]. Among fungi, Sac-
haromyces cerevisiae (S. cerevisiae) is well studied as a model
icroorganism because of its wide availability [1,20]. Some authors

ave also reported the antibacterial activity of an activated car-
on fibre supporting silver against E. coli, S. cerevisiae and Pichia
astoris (P. pastoris) [27]. The advantage of using P. pastoris, as a
odel microorganism, is its similarity to S. cerevisiae. It can also

e grown to higher densities than S. cerevisiae in a simple media
28].

There is no report till date for the photocatalytic inactivation of
icroorganisms with combustion synthesized catalysts. No stud-

es on the photocatalytic inactivation of P. pastoris by any catalyst
re available. In the present study, we have investigated the effect
f unsubstituted combustion synthesized TiO2 (CS–TiO2), combus-
ion synthesized 1% Ag substituted TiO2 (Ag/TiO2 (Sub)) and 1% Ag
mpregnated TiO2 (Ag/TiO2 (Imp)) on the photocatalytic inactiva-
ion of E. coli and P. pastoris. The effect of catalyst loading, catalysts
nd initial concentration on the inactivation of these microorgan-
sms was studied. The microorganism cell morphology during the
ourse of inactivation was studied by inverted microscope and
EM images. The kinetics of inactivation was also investigated and
ower-law kinetics was used to determine the rate constants and
he order of the inactivation reaction.

. Experimental

.1. Materials and methods

.1.1. Photocatalysts: preparation and characterization
The photocatalysts used in present study were CS–TiO2, Ag/TiO2

Sub), Ag/TiO2 (Imp), and DP-25. Al2O3 and Ag/Al2O3 (Imp) and
ere also used in order to check the effect of silver impregna-

ion on the inactivation. CS–TiO2 was prepared by using precursor
itanyl nitrate (TiO(NO3)2) and fuel, glycine (H2N–CH2–COOH)
Merck, India). The controlled hydrolysis of titanium isopropoxide
Ti(i-OPr)4) gives titanyl hydroxide (TiO(OH)2), which on further
eaction with nitric acid gives titanyl nitrate. Further details of the
reparation have been described elsewhere [19]. Ag/TiO2 (Sub) was
ynthesized from the combustion mixture containing TiO(NO3)2,

gNO3 and glycine in the molar ratio 0.99:0.01:1.1. Ag/TiO2 (Imp)
as prepared by adding calculated amount of AgNO3 drop wise to

n aqueous suspension (100 mL) of CS–TiO2 in presence of reducing
gent, hydrazine hydrate (Ranbaxy, India), under magnetic stirring
t room temperature. To recover the catalyst from aqueous sus-
ng Journal 165 (2010) 225–233

pension, it was dried at 150 ◦C for 24 h [29]. Similar procedure was
followed for the synthesis of Ag/Al2O3 (Imp) catalyst.

DP-25 (BET surface area 50 m2/g) was received as a gift from
Degussa Inc. and was used for the comparison. Al2O3 (0.6–1.2 mm,
as received) was obtained from Oxide India Pvt., Ltd., Durgapur,
India. It was grinded (crystallite size: 20 ± 5 nm) and then used.

The catalysts were characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), Scanning electron
microscope (SEM), Brunauer–Emmett–Teller (BET) surface area,
thermogravimetric analysis (TGA), UV–vis spectroscopy and pho-
toluminescence spectra. XRD patterns were recorded on Philips
X’pert PANalytical diffractometer using CuK� radiation in the 2�
range from 10◦ to 80◦ at a scanning rate of 2◦/min. TEM of catalyst
powders was carried out using a JEOL JEM-2000 FX II transmis-
sion electron microscope. SEM was carried out by using Carl Zeiss
Ultra 55 scanning electron microscope. The BET surface area was
determined using Smart Sorb 92/93 apparatus. TGA was studied
in the temperature range of 30–700 ◦C using Perkin-Elmer Pyris
Diamond apparatus. UV–vis absorption spectra of catalysts were
obtained using a UV–vis spectrophotometer (Perkin-Elmer Lambda
35) between 300 nm and 800 nm. Photoluminescence spectra of
catalysts were recorded in Perkin Elmer LS 55 luminescence spec-
trometer at an excitation wavelength of 285 nm.

2.1.2. Microorganisms and growth media
E. coli K-12 MG 1655, a bacterial strain, and P. pastoris X-33,

a yeast strain, were used as model microorganisms in this study.
E. coli was obtained from the culture collections locally and was
grown aerobically in Luria-Bertani (LB) broth (HiMedia, India)
at 37 ◦C. P. pastoris was obtained from Invitrogen, USA and was
grown aerobically at 30 ◦C in Yeast extract-Peptone-Dextrose (YPD)
(HiMedia, India) as per Invitrogen protocol. Solid medium of agar
plates was prepared using respective media and 2% agar powder
(HiMedia, India) and was used in the plate count method for the
analysis of inactivated samples.

2.1.3. Photochemical reactor
The schematic diagram of the photochemical reactor used in

this study is shown in Fig. SI 1 (see supplementary information). It
consisted of two parts: the jacketed quartz tube and a pyrex glass
container. The jacketed quartz tube has the following dimensions:
3.4 cm i.d., 4 cm o.d., and 21 cm length. A high pressure mercury
vapor lamp of 125 W (315–400 nm, UV-A) was placed inside the
quartz tube. The tube was placed in a glass container and the
microorganism-catalyst solution was taken in the glass container.
The light source radiated predominantly at a wavelength of 365 nm
corresponding to the energy of 3.4 eV. Further details of the reactor
are presented elsewhere [19].

2.2. Experimental procedure

All the necessary glassware, centrifuge tubes, micropipette tips
and deionized water (Millipore Milli-Q, 18 M�-cm) used for the
experiments were autoclaved at 121 ◦C for 4 h. Cultures were pre-
pared from freshly prepared inoculums in 100 mL of respective
growth media in shaking incubator (Orbitek, India) at 200 rpm. The
culture was centrifuged at 3500 rpm for 15 min and washed twice
with sterile deionized water. After centrifuging and washing, the
pallets were resuspended in 100 mL sterile deionized water. This
suspension was then used for the inactivation experiment both in
the presence or absence of catalyst. Lower initial cell concentrations

were obtained by diluting the culture. The catalyst-microorganism
suspension was stirred uniformly using a magnetic stirrer during
the course of reaction. Water was circulated through the annu-
lus of the jacketed quartz tube to avoid the excess heating due to
dissipative loss of the UV energy during the reaction.
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E. coli inactivation experiments were carried out with two dif-
erent reactor configurations. In the first set of experiments the
uartz tube and the lamp position was at a distance 20 cm away
he solution and in the next set of experiments, the lamp was
ept close to the solution by touching the solution. The photon
ux and light intensity were measured by o-nitrobenzaldehyde
ctinometry [30]. The photon flux for the first and second config-
ration was calculated to be 2 W/m2 and 64 W/m2, respectively,
ith the corresponding light intensity of 1.34 × 10−7 Einstein/(L s)

nd 4 × 10−6 Einstein/(L s), respectively.
The inactivated samples were analyzed by standard plate count

ethod i.e. by counting the colonies on each agar plate and then
ecording them. For analysis, 100 �L of suspension was collected
fter regular intervals. The samples were diluted, in sterile deion-
zed water, such that the final count was not more than 200 cfu/mL
cfu = colony forming unit), and 100 �L of the diluted sample was
pread on sterile agar plates. The experiments were carried out at
east twice to check their reproducibility and the error was less than
% in plate count.

The morphology of the cells was studied using an inverted
icroscope (Leica DM-IRB) and cells were photographed using

ohu high performance CCD camera. FEI Quanta ESEM was used
or the SEM images. The samples for SEM analysis were fixed in
% glutaraldehyde for 4 h at room temperature and then rinsed
wice with distilled water. The samples were then treated with 1%
smium tetroxide for 1 h and finally dehydrated in an ascending
eries of ethanol solutions. The sample loaded silicon wafers were
lued on a stub, which was then coated with 20 nm of gold using
putter coater.

. Results and discussion

.1. Catalyst characterization

The crystallite sizes determined from XRD pattern using Sher-
er formula are 9 ± 2 nm for CS–TiO2, 9 ± 2 nm for Ag/TiO2 (Sub) and
0 ± 2 nm for Ag/TiO2 (Imp) (Fig. SI 2 (see supplementary informa-
ion)).

The XRD pattern of Ag/TiO2 (Sub) shows all the characteristic
eaks of anatase TiO2, without any impurity peak corresponding to
g or to rutile phase. This shows that Ag is substituted for Ti in the

attice. The impregnation of 1% Ag on CS–TiO2 results in the forma-
ion of Bragg peaks at 38.2◦, 44.3◦, 64.5◦ and 77.5◦ corresponding to
1 1 1), (2 0 0), (2 2 0) and (3 1 1) plane reflection. These results show
hat Ag+ is reduced to Ag0, and is well dispersed on the surfaces of
S–TiO2 [29].

Full profile Rietveld refinement of 1% Ag/TiO2 (Sub) was carried
ut using GSAS. Initially, the cell parameters of TiO2, a = 3.7865 Å
nd c = 9.5091 Å, were taken. Full occupancy was assigned to Ti, O
nd Ag, and the isotropic thermal parameters, unit cell and back-
round parameters were refined. The cell parameters of 1% Ag/TiO2
Sub) were found to be: a = 3.785(1) Å and c = 9.527(1) Å, with a cell
olume of 136.488(1) Å3 and a cell density of 3.917 g cm−3. As the
adius of Ag+ ion (ca. 1.26 Å) is larger than that of Ti4+ ion (ca. 0.68 Å),
he increase in cell parameter indicates the substitution of Ag in the
iO2 lattice [29].

The particle size determined by TEM (Figs. SI 3(a), SI 3(b) (see
upplementary information)) and SEM (Fig. SI 4 (see supplemen-
ary information)) is consistent with the crystallite size determined
y XRD. The ring type electron diffraction pattern of Ag/TiO2

Sub) and Ag/TiO2 (Imp) are shown in Fig. SI 3(c) (see supple-

entary information). The presence of extra ring in the electron
iffraction pattern of Ag/TiO2 (Imp) suggests the deposition of Ag
n the CS–TiO2 surface. The dark field TEM images of Ag/TiO2 (Imp)
hows, and thereby confirms, the presence of Ag clusters on the sur-
ng Journal 165 (2010) 225–233 227

face of CS–TiO2 (Fig. SI 3(d) (see supplementary information)). SEM
images of different combustion synthesized catalyst are shown in
Fig. SI 4 and are in good agreement with the catalyst sizes calculated
with XRD and TEM. The BET surface areas measured for CS–TiO2,
Ag/TiO2 (Sub), Ag/TiO2 (Imp), are 150, 113 and 125 m2/g respec-
tively. The total weight loss calculated from TGA studies is 24.0%
for CS–TiO2, 14.2% for Ag/TiO2 (Sub) and 18.6% for Ag/TiO2 (Imp)
(Fig. SI 5 (see supplementary information)).

Three regions of weight loss were observed: (1) from room
temperature to 150 ◦C, which is caused by the loss of physically
adsorbed water, (2) 150–450 ◦C and is due to the removal of
strongly bound water or surface hydroxyl groups from the cata-
lyst and (3) from 450 to 680 ◦C. Thermal desorption studies from
room temperature to 450 ◦C in a vacuum was carried out, and the
results indicate that the primary species to leave the surface of
TiO2 is water. Thus, the weight loss can be attributed to hydroxyl
groups [17] and this was further confirmed by FTIR [17]. The band
gap energies (Eg) obtained from UV–vis spectrophotometry are
3.02 eV, 3.02 eV and 3.06 eV CS–TiO2, Ag/TiO2 (Sub) and for Ag/TiO2
(Imp), respectively (Fig. SI 6 (see supplementary information)).
The fluorescence spectra (Fig. SI 7 (see supplementary informa-
tion)) of Ag/TiO2 (Sub) and Ag/TiO2 (Imp) exhibit emission peaks
at 425 nm and 489 nm. The emissions at 425 and 489 nm can be
attributed to the free excitation, and the transition from defect
sites like oxygen vacancy to the Ti(3d) state, respectively [17]. Fur-
ther details of characterization of Ag/TiO2 can be found elsewhere
[29].

3.2. Inactivation of microorganisms

3.2.1. Effect of catalyst loading
Fig. 1(a) shows the results of photocatalytic inactivation of E.

coli, exposed to different loadings of CS–TiO2 catalyst ranging from
0.1 to 0.5 g/L. The experiments were carried out with a light inten-
sity of 2 W/m2. The initial cell concentration was approximately
108 cfu/mL. The control experiment (without any catalyst) is indi-
cated as “photolysis” and the experiment without UV (catalyst
alone) is indicated as “dark”. With photolysis, a 3.7-log reduction
in plate count was observed within 60 min of irradiation time. On
the other hand, there was no reduction in the dark experiment.
When the catalyst loading was 0.1 g/L, a slight increase in the inac-
tivation rate was observed. Increasing the catalyst concentration
from 0.1 to 0.25 g/L increased the inactivation rate rapidly and a
maximum 7-log reduction in the plate count was observed with
the catalyst load. A further increase in the catalyst loading, from
0.25 g/L to 0.3 g/L, decreased the rate of inactivation and at high
concentration of 0.5 g/L, the inactivation rate decreased even fur-
ther. This indicates 0.25 g/L is the optimum catalyst loading for this
system.

The reaction rate increases with catalyst loading up to a certain
loading. At higher loadings, the effective light intensity is dimin-
ished because of the increased solution opacity. This results in
lower activity and this observation is consistent with earlier reports
[4,19]. When the photocatalyst concentration was 0.1 g/L, the low
amount of catalyst was insufficient to inactivate large mass of cells
and thus the inactivation was similar to that observed with pho-
tolysis. The increase in the inactivation rate with the increase in
catalyst loading till 0.25 g/L shows the possibility of presence of
more ROS, which is sufficient to damage the present cell mass.
The optimum catalyst loading of 0.25 g/L could be attributed to the
presence of maximum amount of ROS, by complete absorption of

irradiated UV light, and the maximum interaction of those with the
cell mass. When catalyst loading was increased beyond 0.25 g/L,
more number of ROS could be expected. However, the high amounts
of catalyst result in turbidity and thus actually block the radiations
that reach the cells, which results in a lower rate of inactivation.
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ig. 1. Effect of CS–TiO2 catalyst loading on inactivation of (a) ∼108 cfu/mL E. coli w
108 cfu/mL P. pastoris with lamp intensity 64 W/m2. Lines indicate model fit. Inse

*) dark; (�) 0.1 g/L; (�) 0.15 g/L; (�) 0.2 g/L; (�) 0.25 g/L; (x) 0.3 g/L; (©) 0.5 g/L; (�

he above effect was also observed with the degradation of chemi-
al contaminants (reported as shadowing effect) [31], and few of the
arlier studies (reported as screening effect) [4]. There are several
eports showing different optimum catalyst concentration [4,5,32].
he optimum catalyst concentration depends on various operat-
ng parameters like photocatalytic reactor geometry, type of light
ource, pH, etc. Few studies also showed that at high lamp inten-
ity, the inactivation rate increases and do not depend on catalyst
oncentration [5,33].

To check the effect of light intensity on the inactivation of E.
oli, the above experiments with varying catalyst loading were con-
ucted at a light intensity of 64 W/m2 (Fig. 1(b)). At this intensity,
hotolysis alone was observed to have a significant effect on inacti-
ation and a total reduction of 6-log in the plate count was observed
ithin 45 min of irradiation time. The optimum catalyst loading
as 0.25 g/L and complete inactivation of E. coli was observed
ithin 45 min. This shows that with increase in lamp intensity, the

nactivation time reduced but the optimum catalyst concentration
as unchanged.
There are two major stages in the inactivation of E. coli: fast
nactivation within first 15 min followed by a slower inactivation
uring 15–45 min. Some studies [4,20] have reported a three step

nactivation process, which includes an additional initial induction
eriod of 5 min, in which E. coli resists the effect of ROS by a self-
mp intensity 2 W/m2, (b) ∼108 cfu/mL E. coli with lamp intensity 64 W/m2 and (c)
s the variation of rate constant, k, with the catalyst concentration. (�) photolysis;

.

defense mechanism. During the fast inactivation period, very high
concentration of ROS causes damage to the outer cell wall and the
membrane components of the bacteria resulting in the inactivation
of the cell [4,24]. In the final step, due to presence of inactivated cells
and cells components, ROS has only a small effect on the live cells
and therefore a slow inactivation was observed [4,24].

Several studies have reported the photocatalytic inactivation
of microorganisms to follow first-order reaction kinetics [6,20,34].
Few reports [22] used two exponential decay equation and calcu-
lated rate constants in slow and fast inactivation steps separately.

A power law based kinetics can be used to determine the inacti-
vation rates. The rate expression of the form r = kCn, where r is rate
of inactivation, k is reaction rate constant (cfu/mL)(1−n)/min, C is
plate count (cfu/mL) and n is the order of reaction can be solved to
yield:

Log
(

C

C0

)
= Log{1 + [(n − 1)ktC(n−1)

0 ]}
1 − n

(1)

The values of rate constant (k) and order of reaction (n) are cal-

culated for each inactivation pattern for E. coli in Fig. 1(a) and (b)
using non-linear regression analysis (using Origin software) and the
results are shown in Tables SI 1 and SI 2 (see supplementary infor-
mation), respectively. Initially both k and n were set as variables but
it was observed that the value of n was close to 1.13 for all inacti-
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ig. 2. Inverted microscope images of (a) inactivation of E. coli with 0.25 g/L CS–TiO2,
f E. coli with 0.25 g/L CS–TiO2, dark experiment: (I) 0 min, (II) 15 min, (III) 30 min and
I) 0 min, (II) 15 min, (III) 45 min and (IV) 60 min. (d) Inactivation of P. pastoris with
ncircled portions are the observed cell bunches.

ation patterns in Fig. 1(a) and 1.2 for all the inactivation patterns
n Fig. 1(b). Therefore, the order of reaction, n, was fixed at 1.13
nd 1.2 for lamp intensity 2 W/m2 and 64 W/m2, respectively. At
his order of reaction, the values of rate constants were calculated.
s observed experimentally, the value of k increases with catalyst

oading up to the catalyst concentration of 0.25 g/L. The values of
ate constants decreased with the further increase in catalyst load-
ng, as observed experimentally. Insets in Fig. 1(a) and (b) shows
he variation of rate constant, k, with the catalyst concentration.

Fig. 2(a) shows the inverted microscope images of E. coli dur-
ng the course of reaction. The experiment was carried out with
.25 g/L CS–TiO2 catalyst and with a lamp intensity of 64 W/m2.
he cells were undiluted and were taken on a sterile glass slide

or microscopy. The first image (Fig. 2(a) (I)) is at the beginning of
xperiment, where all the cells were healthy. After 15 min (Fig. 2(a)
II)), bunch of cells were observed (encircled), which could be inac-
ivated cells. Thus we hypothesize that after the first step of fast
nactivation, the dead or inactivated cells along with cell compo-
intensity 64 W/m : (I) 0 min, (II) 15 min, (III) 30 min and (IV) 45 min; (b) inactivation
5 min; (c) inactivation of P. pastoris with 0.25 g/L CS–TiO2, lamp intensity 64 W/m2:

/L CS–TiO2, dark experiment: (I) 0 min, (II) 15 min, (III) 45 min and (IV) 60 min. The

nents would have covered the live cells and thus protected them
from further damage. Therefore, slow inactivation was observed
after 15 min. As irradiation time increased, cell bunches were
observed to be of larger size (encircled portion in Fig. 2(a) (III)). Fur-
ther irradiation resulted in the damage of these bunches (Fig. 2(a)
(IV)), which is at the end of 45 min of irradiation. The results
obtained were compared with the dark experiment (Fig. 2(b)). It
was observed that observed cell bunches were very small and does
not grow in sizes, unlike photocatalysis experiments. Though the
inverted microscopy gives a brief overview of morphology, it is
not possible to study the changes on the cell wall with inverted
microscopy. Therefore, SEM was used to obtain a closer view of the
cell wall. Fig. 3(a) (I) shows the SEM image of healthy E. coli cells

in the beginning of experiment. Fig. 3(a) (II) shows the image after
15 min irradiation, in which some of the cells were observed to be
dead and broken at many places (inset in Fig. 3(a) (II)). The wrapping
of dead cell material around single E. coli cell after 45 min irradiation
was observed (Fig. 3(a) (III)). Various studies have reported simi-
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Fig. 3. SEM images of (a) E. coli and (b) P.

ar type of observations when inactivated microorganisms were
nalyzed with SEM images [35,36].

The effect of catalyst concentration was also studied for the inac-
ivation of P. pastoris and the results are shown in Fig. 1(c). The
xperiments were done with a lamp intensity of 64 W/m2. The ini-
ial cell concentration of P. pastoris was ∼109 cfu/mL. Photolysis
lone had less effect on inactivation compared to that observed
ith E. coli. There was no reduction in the plate count for the
ark experiment. Similar to E. coli, when catalyst loading was

ncreased from 0.1 g/L to 0.25 g/L, the rate of inactivation increased.
t 0.25 g/L, maximum inactivation was observed and any further

ncrease in catalyst loading resulted in decreased rate of inactiva-
ion. This shows that 0.25 g/L as the optimum catalyst loading for
he inactivation of P. pastoris also. Two steps of inactivation were
bserved also in this case. The cells were irradiated for 60 min, with
he optimum catalyst loading of CS-TiO2. After 60 min, complete
nactivation was observed. The inactivation patterns were mod-
led using Eq. (1) and the results are shown in Table SI 3. P. pastoris
as observed to follow an order of reaction of 1.08. At optimum

atalyst loading of 0.25 g/L, the inactivation rate constant, k, was
.154 (cfu/mL)(1−n)/min. During the course of reaction, the cell mor-
hology was studied using inverted microscope and SEM. Fig. 2(c)
hows the inverted microscope images of P. pastoris. Cells were
bserved to form bunches with an increase in irradiation time, as
hown in Fig. 2(c) (II) and Fig. 2(c) (III). At the end of 60 min, dam-
ge to the bunches was observed (Fig. 2(c) (IV)), similar to that
bserved in case of E. coli. In this case also dark experiments were
bserved to have no cell bunches formation (Fig. 2(d)). The SEM
mages of P. pastoris at different stages of inactivation are shown

n Fig. 3(b). Similar results were also observed in case of P. pas-
oris. This supports the hypothesis of possibility of wrapping of
ell with dead cell material. From the images, we can hypothe-
ize that cell wall rupture was probably the main cause of cell
nactivation.
is, at (I) 0 min, (II) 15 min and (III) 45 min.

It was observed that when the cells were exposed to the same
light intensity, E. coli and P. Pastoris followed two different kinet-
ics of inactivation. The order of reaction, n, was 1.2 in case of E.
coli whereas it was 1.08 for P. pastoris. E. coli is a Gram (−) bacte-
ria, whereas P. pastoris is a yeast. The difference in the inactivation
order could be attributed to the different cell structures, particu-
larly cell wall, of the two microorganisms. The cell wall of Gram (−)
bacteria is thinner and weaker than yeast and Gram (+) bacteria.
The thin cell wall cannot protect the Gram (−) bacteria from reac-
tive oxygen species [20] and thus photolysis alone can damage the
cells to a major extent. However, the presence of �-d-glucans and
chitins are responsible for the higher strength of yeast cell wall [20]
and thus are more resistant to photolysis.

3.2.2. Effect of different catalysts
At an optimum concentration of 0.25 g/L, the microorganism-

catalyst suspensions were irradiated using four different catalysts.
It was observed that the optimum loading remains the same i.e.
0.25 g/L for DP-25 and Ag doped TiO2 catalysts (not included here),
therefore the comparison has been done. The results are shown
in Fig. 4(a) and (b) (E. coli) and (c) (P. pastoris). The inset in the
figures shows the graph of catalyst versus rate constant, k. The
inactivation of both microorganisms in presence of all combustion
synthesized catalysts was higher than that observed with commer-
cial Degussa catalyst (DP-25). Among all catalysts used, Ag/TiO2
(Imp) exhibited the maximum inactivation potential for the inacti-
vation of both the microorganisms. Ag/TiO2 (Sub) showed lower
photocatalytic activity than other combustion synthesized cata-
lysts but more than DP-25. Thus the order of activity is Ag/TiO2

(Imp) > CS–TiO2 > Ag/TiO2 (Sub) > DP-25. This can be attributed to
the intensity of the fluorescence spectra (Fig. SI 7 (see supple-
mentary information)). The emission at 425 nm of 2.9 eV can be
attributed to the free excitation, and the emission at 489 nm corre-
sponding to 2.53 eV, can be due to the transition from defect sites
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nd (d) E. coli with lamp intensity 2 W/m2; a comparison between bare and silver im
, with different catalyst. (�) photolysis; (�) DP-25, (�) Ag/TiO2 (Sub); (�) CS-TiO2

Imp), dark.

ike oxygen vacancy to the Ti(3d) state [17]. This can be ascribed
o the non-radiative recombination of charge carriers, which are
rapped in the Ag(3d) energy level below the conduction band in
he case of Ag/TiO2 (Sub), and in the Schottky barrier formed in
he Ag–TiO2 interface in the case of Ag/TiO2 (Imp) [17,37]. It is
ell reported that the substitution of metal ions into the TiO2 lat-

ice results in the generation of oxide ion vacancy. Hence, in case
f Ag/TiO2 (Sub), these vacancies can act like trapping sites for
lectrons [17]. Thus Ag/TiO2 (Imp) may provide more inactivation
fficiency than other three catalysts. The presence of silver on the
atalyst surface plays an important role in charge separation upon
ight absorption and improves photochemical activity of TiO2 based
atalysts [22]. The increase in the rate of reaction and decrease
n extent of reaction time for E. coli inactivation was observed by
ncreasing the lamp intensity with all combustion synthesized and
ommercial catalyst.

To check the effect of silver on inactivation of E. coli, Ag was
mpregnated on Al2O3 and the results are shown in Fig. 4(d). The
nactivation in the presence or absence (photolysis) of Al2O3 cata-

yst alone was almost identical. In other words, Al2O3 alone did not
isplay any photocatalytic activity. However, when Ag/Al2O3(Imp)
as used, the inactivation rate increased and 7-log reduction in the
late count was observed within 60 min. Thus the enhanced reduc-
ion (approximately 3-log) in the plate count can be attributed to
, (b) E. coli with lamp intensity 64 W/m , (c) P. pastoris with lamp intensity 64 W/m
nated catalysts. Lines indicate model fit. Inset shows the variation of rate constant,
g/TiO2 (Imp); ( ) Al2O3; (x) Ag/Al2O3 (Imp); (3) Ag/TiO2 (Imp), dark; (T) Ag/Al2O3

the presence of impregnated silver. The results were also compared
with the dark experiments with Ag/TiO2 (Imp) and Ag/Al2O3 (Imp)
(Fig. 4(d)). Both experiments show reduction of 3-log in the plate
count, which can be due to the presence of silver alone. Silver has
antimicrobial properties and it also helps in enhancing the surface
adhesion properties of the system, which is an important step of
the inactivation reaction [22]. Therefore, when it is impregnated
on a non-photocatalytic catalyst like alumina, it shows significant
activity. The result shows that rate of inactivation can be enhanced
by impregnating the catalysts with silver ions.

The values of rate constant and order of reaction for each inacti-
vation pattern in Fig. 4(a), (b), (c) and (d) were calculated using Eq.
(1) and the values are shown in Tables SI 4, SI 5, SI 6 and SI 7 (see sup-
plementary information), respectively. It is observed that order of
reaction, n, using different catalysts remained the same for both the
microorganisms.

3.2.3. Effect of different initial cell concentration
Fig. 5(a) and (b) shows the effect different initial cell concentra-
tions of E. coli at an optimum catalyst loading of Ag/TiO2 (Imp), with
a lamp intensity of 2 W/m2 and 64 W/m2, respectively. Benabbou
et al. [4] reported that catalyst loading and initial concentration
of E. coli are independent and therefore optimum catalysts load-
ing are independent of the initial concentration. Fig. 5(c) shows the
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ffect different initial cell concentrations of P. pastoris at an opti-
um catalyst loading of Ag/TiO2 (Imp), with a lamp intensity of

4 W/m2. It was observed for E. coli, when the cell concentration
anged from 108 to 109 cfu/mL, there was complete inactivation,
ithin 45–50 min of irradiation. However, for P. pastoris, when

nitial cell concentration ranged 109–1010, complete inactivation
as observed with 60 min of irradiation time. Decreasing the initial

ell concentration of both the microorganisms to 107–108 cfu/mL,
ncreased the rate of inactivation. Total inactivation of E. coli cells

ere observed within 30 min while complete inactivation of P.
astoris was observed within 45 min of irradiation. At a low con-
entration of 104–105 cfu/mL, the inactivation process became fast
nd 10–15 min was sufficient to kill the total amount of bacte-
ia while it took 20 min for complete inactivation of P. pastoris.
his shows that at lower initial cell concentration and at optimum
atalyst loading, rapid and complete inactivation of E. coli is pos-
ible compared to P. pastoris. As discussed earlier, the difference
n the cell wall structure could be the possible reason for different
nactivation mechanisms.

. Conclusions

The results demonstrate the potential of microorganism inacti-
ation using UV irradiation in presence of combustion synthesized
atalysts. The photocatalytic activity of all combustion synthesized

atalysts was higher than that observed with was more than com-
ercial Degussa catalyst. The optimum catalyst concentration was

.25 g/L and the maximum inactivation of both microorganisms
as observed in the presence of 1% Ag impregnated TiO2. The rea-

ons for the higher activity of Ag/TiO2 (Imp) TiO2 were provided.
intensity 2 W/m2, (b) E. coli with lamp intensity 64 W/m2, (c) P. pastoris with lamp
L; (
) 105 cfu/mL.

Rapid and complete inactivation of both the microorganisms was
observed at lower initial cell concentrations. E. coli and P. pastoris
followed different kinetics of inactivation and the rate constants
and the order of the reaction were determined. Images obtained
from inverted microscope and SEM suggest cell wall rupture as the
main cause of inactivation.
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