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Abstract
Solar photocatalytic inactivation of Gram-negative bacteria with immobilized TiO2-P25 in a fixed-bed reactor was modeled with
simplified kinetic equations. The kinetic parameters are the following: the photocatalytic inactivation coefficient (kd,QUV), the
initial bacterial reduction rate (A) in the contact with the disinfecting agent, and the threshold level of damage (n) were determined
to report the effect of QUV/TiO2-P25 on bacterial cultivability and viability and to compare the response of bacterial strains to
photocatalytic treatment. In addition, the integration of the reactivation coefficient (Cr) in the photocatalytic inactivation equation
allowed evaluating the ability of bacterial reactivation after photocatalytic stress. Results showed different responses of the
bacteria strains to photocatalytic stress and the ability of certain bacterial strains such as Escherichia coli ATCC25922 and
Pseudomonas aeruginosa ATCC4114 to resuscitate after photocatalytic treatment.
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Introduction

In arid countries, re-using domestic wastewater for agricultur-
al and industrial activities has been proposed as a strategy for
suitable water use and resource conservation. However, the
use of these effluents must be carefully considered, as they
could contain high levels of pathogenic agents and harmful
chemical compounds (Rengifo et al. 2010). Over the last
20 years, environmental remediation has emerged as a high
national and international priority for the disinfection of con-
taminated water from hazardous pollutants.

Chlorine-based technologies have long been used as disin-
fection processes for drinking water supplies and also for the
tertiary treatment of wastewater. However, these technologies
are becoming of increasing concern due to the founding of
recent studies indicating the formation of potentially harmful
chloro-organic disinfection by-products (DBPs) during the
treatment process (Nassar et al. 2017). For this reason, new
disinfection technologies are currently under development.

Methods such as ozone and ultraviolet light are equally
effective and less toxic. However, these techniques are expen-
sive and often technically difficult to apply in less-favorable
conditions. In this context, a semiconductor photocatalysis has
emerged as a very attractive, environmentally friendly tech-
nology for water disinfection, especially considering the pos-
sibility of using solar light to drive the photocatalytic process.

Many authors consider TiO2 as the most effective material
for catalytic photodegradation due to its low cost, high effi-
ciency, and long-term photostability (Mills and Lee, 2002).

A titanium dioxide (TiO2) nanoparticle has attracted great
interest in a wide range of applications such as photocatalysis,
nanomedicine (Sapizah et al. 2012), sterilization (Mills et al.
2013), anti-fogging materials (Mills et al. 2013), lithography
(MacFarlane et al. 2011), degradation of organic compounds
(Hashimoto et al. 2005; Tatsuma et al. 2002), and prevention
of metal corrosion (Zsilák et al. 2014; Vamathevan et al.
2002). In the last decade, TiO2 has been widely used as a
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self-cleaning and self-sterilizing material for coating many
clinical tools including sanitary ware, food table and cooking
ware, and items for use in hospitals (Rtimi et al. 2015; Rtimi
2017).

Once the TiO2 photocatalyst is activated by light with an
energy equal or greater than the bandgap of the semiconduc-
tor, electron (e−)/hole (h+) pairs are generated in the conduc-
tion and in the valence bands, respectively. Then, some of
these pairs migrate to the photocatalyst surface. In the primary
stage, e− reacts with O2 adsorbed at the photocatalyst surface
to generate superoxide O2

·− radicals while h+ react with water
to produce hydroxyl ·OH radicals. These hydroxyl radicals are
able not only to mineralize organic pollutants but also to affect
several microorganisms, including viruses, bacteria, spores,
and protozoa (Wang et al. 2015).

The contact between bacteria and nanoparticles such as
TiO2 is considered according to many researches as the key
point of the bacterial inactivation (Gogniat et al. 2006).
Therefore, TiO2 can induce a bactericidal effect in the dark
when adsorbed on the surface of the bacterial cell (Huang et al.
2000). Other reactive oxygen species (ROS), such as super-
oxide ions (O2

·− or HO2
·), are less effective against bacteria,

due to the negative charge which prevents them from pene-
trating bacteria cell membranes (Rengifo et al. 2010;
Caballero et al. 2009).

The first research on the bactericidal effect of TiO2 photo-
catalytic reactions was conducted on Escherichia coli
(Matsunaga et al. 1985) and subsequently has been intensively
conducted on a wide spectrum of organisms including viruses,
bacteria, and fungi (Silva et al. 2017).

Commercial TiO2 Degussa P-25 has been used in most
previous studies (Chong et al. 2009).Most of the reports about
photocatalytic treatment of water sources have used TiO2 slur-
ries (Pablos et al. 2011). However, the difficulty of separation
and reuse of nanostructures TiO2 (10–30 nm) from treated
water often limits its real application (Caballero et al. 2009).
Numerous material engineering solutions have been investi-
gated in order to resolve this problem. One of the more prom-
inent solutions is the immobilization of the TiO2 nanoparticles
onto an inert carrier to retain its quantum effects in the form of
a thin film, while allowing ease of separation from the treated
water (Chonga et al. 2011). The thin-film fixed-bed reactor
(TFFBR) is one of the most used solar photoreactor which
has received an increasing interest as a suitable commercial
application (Spasiano et al. 2015).

Therefore, these reactors can employ both direct and diffuse
portions of solar radiation as a light source without the need to
separate the photocatalysts from the purifiedwater (Caballero et
al. 2009). Indeed, the real application of this technology should
avoid the separation step to allow a continuous water treatment.
Indeed, employing the photocatalyst as a suspension or slurry
makes the scaling up of the process difficult, as the TiO2 has to
be removed from the decontaminated water to be reused several

times. This problem presented a significant barrier to commer-
cial application. The objective of this research was to develop a
modeling approach to describe the kinetics of photocatalytic
inactivation for solar photocatalytic reactor utilizing
immobilized TiO2-P25. The overall goal was to build simple
equations which could report the influence of the synergic ef-
fects of solar light radiation and TiO2-P25 on bacterial inacti-
vation. The model will serve as a predictive tool to design
disinfection systems, so that water can be disinfected quickly,
efficiently, inexpensively, and without risk of recontamination
with pathogenic bacteria.

Materials and methods

Photocatalyst

Degussa P-25 TiO2 commercial powder (Degussa, Germany)
was used as a photocatalyst for all experiments. Its crystalline
structure consists of anatase (80%) and rutile (20%) and has a
specific surface area of 50 ± 15m2/g and an average crystallite
size of 30 nm.

Preparation of bacterial strains

Each bacterial strain (Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 4114, and Salmonella
Typhi ATCC 560) was grown overnight in nutrient broth NB
medium under aerobic conditions at 37 °C with constant shak-
ing at 160 rpm. The bacterial growth was monitored by mea-
surement of optical density at 600 nm. Then, for photocatalyt-
ic experiments, bacteria were cultured overnight (≈ 18 h), col-
lected by centrifugation at 4000 rpm for 4 min and washed
twice with sterile demineralized water. Cell pellets were final-
ly re-suspended in sterile saline buffer (NaCl 0.85%) and the
cell density was adjusted spectrometrically (OD600) to a final
cell concentration of about 106 colony-forming units per mil-
liliter (cfu/mL).

Deposition of TiO2-P25 on the glass plate

Commercial TiO2 (Degussa P25) powder was suspended in
deionized water with a concentration of 10 g/L; a few drops of
nitric acid (HNO3) are added up to pH 3 to positively charge
the TiO2 nanoparticles and better disperse the suspension.
Then the ordinary glass plate (surface area of 0.8 m2) was
treated with a nitric acid bath (1 M) with a holding time of
about half an hour and then rinsed with 20% solution of sodi-
um hydroxide (NaOH). Alkaline treatment increases by one
hand the density of surface OH groups, which react with the
hydroxyls on the TiO2 P25 surface, and secondly the rough-
ness of the support to facilitate the attachment of the
photocatalyst particles (Ismail 2011). The suspension was
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sonicated for 10 min to avoid agglomerations. The mixture
thus prepared is deposited on the glass plate by Bspray^ and
heated in an oven at 100 °C. The process was repeated 10
times during a day until a homogeneous layer was obtained.
Then the immobilized TiO2 layer was calcined at 475 °C for
7 h (Ismail 2011); subsequently, it was rinsed three times with
deionized water to remove unfixed particles before the photo-
catalytic experiment.

Photocatalytic inactivation of bacterial strains

After immobilization of TiO2-P25 on the glass plate, the pho-
tocatalytic reactor was inclined at 30 °C (Fig. 1) (Bousselmi et
al. 2002). Then 1 L of bacterial suspension (106 cfu/mL) was
recycled continuously from the tank by a pump (flow rate
12 L/h) to the surface of the glass plate where it is irradiated
by solar light and returned to the tank and recycled again
(Fig. 1). During experiments, the average of global accumu-
lated incident UV radiation energyQUV was equal to 134 kJ/L
for 60 min of solar UV irradiation. A control test was conduct-
ed with TiO2-P25 in dark condition. The photocatalytic exper-
iments with or without UV light were carried out under natural
conditions with pH = 7 and a temperature of the day around
25 °C.

Radiation evaluation

The incident solar irradiance in the photoreactor was mea-
sured with a pyranometer (Dr. Hönle UV-Meter Hand-held
Technology (UV-A (330–400 nm)). Since those experiments
were done in different days where solar intensity change from
day to other, bacterial inactivation was represented as a func-
tion of the accumulated UV (QUV) in the photoreactor per unit
of treated water volume for given periods of time during the
experiment: QUV (kJ/L).

Incident UV energy (QUV) was determined by the follow-
ing expression (Malato et al. 2000).

QUV;n ¼ QUV;n−1 þ Δtn UVn Sr=Vt;Δtn ¼ tn−tn−1

where QUV is the accumulated energy received by the reactor
per liter of solution for each sample taken during the experi-
ment, tn is the experimental time for each sample, UVn is the
average solar ultraviolet radiation measured during Δtn, Sr is
the surface area (0.8 m2), and Vt is the total volume of the
reactor (1 L). During experiments, the average of global ac-
cumulated incident UV radiation energy QUV was equal to
134 kJ/L for 60 min of solar irradiation.

Determination of viable and cultivable bacterial cells

Samples of bacterial suspension (1 mL) were taken at regular
times of the photocatalytic experiments. Serial dilutions were

performed in sterile saline buffer (NaCl 0.85%) and then
spread on Petri dishes containing Luria-Bertani medium (LB
agar Sigma-Aldrich) to count the viable cultivable bacteria.
After incubation for 24 h at 37 °C, the bacterial cells were
numbered. Three Petri dishes were used at each sampling
time.

Bacterial reactivation in dark conditions

To investigate the ability of bacteria to resuscitate or reactivate
after rest time in darkness, photo-irradiated samples were
transferred into separate sterile Petri dishes covered with foil
to examine the bacterial potential to dark repair at room tem-
perature. This part of experiment was carried out to verify the
ability of post-photo-irradiated bacteria in presence of fixed
TiO2 to restore their solar light/TiO2-P25-induced lesions by
molecular mechanisms and especially with dark repair sys-
tems such as excision-repair mechanisms and SOS system.

Results and discussion

Kinetics of photo-inactivation reactions

A series of experiments were carried out to highlight the ef-
fects of solar photocatalytic treatment on bacterial cultivability
and viability. The number of surviving bacteria was expressed
as the ratio (survival ratio) of the number of viable and

Fig. 1 Solar photocatalytic reactor with immobilized TiO2
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cultivable bacteria remaining after exposure to experimental
conditions (N) to the number of the initial viable bacteria (N0)
(log N/N0). Figure 2 shows the photocatalytic Gram-negative
bacilli: E. coli ATCC 25922, P. aeruginosa ATCC 4114, and S.
typhi ATCC 560 inactivation with immobilized TiO2-P25.

This figure shows that the bactericidal rates were enhanced
when we have combined the effect of TiO2-P25 with solar UV
and were increased by increasing irradiation time. The syner-
gic effect of TiO2 and solar UV irradiation had a remarkable
effect on bacterial cultivability. However, we cannot neglect the
bactericidal effect of TiO2 without solar UV irradiation. In addi-
tion, the result also showed that fixed TiO2-P25 induces low
bacterial inactivation in the dark (0.7 to 1 log unit)(Lifen et al.
2009) were reported that pure TiO2 had a high germicidal activity.
Indeed, from microscopy observations, it was found that yeast
cells on fresh TiO2 were deformed under specific experimental
conditions of pH, TiO2 concentration, and suspended TiO2.

The bactericidal effect of this semiconductor was highlight-
ed only in the presence of solar UV irradiation after of a con-
tact time of 60 min (QUV = 134 kJ/L) with solar UV/ TiO2-
P25.The bacterial strains E. coli, P. aeruginosa, and S. typhi
showed a cultivability inactivation superior to 5 log10.

The antimicrobial photo-biological activity of TiO2 on bac-
terial cells using solar UV irradiation has been attributed to the
generation of very active free radical species called ROS (re-
active oxygen species) (Acevedo et al. 2011). In fact, hydroxyl
radicals (HO·) and superoxide anions (O2

·−) are considered as
the main generated species in the anodic and cathodic path-
ways, respectively, of photocatalytic processes in the presence
of oxygen (Fujishima et al. 2000). Both species are known to
be highly reactive with biological samples. Other oxygen re-
active species have been also proposed, including hydrogen
peroxide (H2O2), hydroperoxyl radical (HO2

·), and singlet ox-
ygen (1O2) (Fujishima et al. 2000). Chromosomal aberration
by DNA lesion caused by photoexcited TiO2 was also
reported.

Moreover, during solar UV radiation, the combination of
indirect effect of UVA (320–450 nm) radiation with direct
germicidal action of UVB (290–320 nm) can be lethal to cells
respectively, through the photosensitization of endogenous
chromophores such as co-enzymes or cytochromes, which
could damage essential enzymes to bacteria growth and the
blockage of DNA replication and RNA transcription (Pigeot
et al. 2012). However, low solar irradiation can easily affect
solar disinfection causing bacterial regrowth by photorepair
mechanisms (Schuch et al. 2009).

In particular, some studies have demonstrated that the de-
crease of cultivability results from alteration in the bacterial
metabolism due to the deleterious action of solar UV light in
combination with TiO2. Indeed, the cell membrane is the pri-
mary site of reactive photogenerated oxygen species attack,
leading to lipid peroxidation (Kiwi and Nadtochenko, 2005).
The combination of cell membrane damage and further

oxidative attack of intracellular components ultimately lead
to cell death (Rincon and Pulgarin, 2004). Other studies have
suggested that the mode of action is the photooxidation of
coenzyme A, leading to the inhibition of cell respiration and
thus to cell death (Bonetta et al. 2013).

Knowing that the surface of TiO2 is amphoteric and con-
sequently, the charge of surface is pH-dependent (Piscopo et
al., 2001). For the TiO2-P25, the pH zpc is close to 6.3.
Degussa P-25 has a negative charge at pH = 7. Thus, bacterial
inactivation by the photocatalytic process may be due to free
radicals in solution, not to radicals on the surface of the
photocatalyst. This can be rationalized based on the electro-
static interaction between the TiO2 surface and the cell sur-
face. In fact, at pH 7, the surface of TiO2 (isoelectric point,
6.3) and the outer membrane of bacteria are negatively
charged (Cho et al. 2005) which lead to an electrostatic repul-
sion between the TiO2 surface and bacteria. Consequently,
adsorption of bacteria onto the surfaces of the TiO2 particles
is not favored at this pH, and the direct contact between the
cells and the illuminated TiO2 surface should be minimal. Cho
has reported that the photochemical removal of coliform bac-
teria was unaffected by the pH of the solution in the range of
6–8 pH units (Cho et al. 2005). Rahmani et al. have reported
that the electrostatic interaction at the TiO2/water interface
could be important in many cases of photocatalytic degrada-
tion of charged substrates (Rahmani et al. 2009); it is a rela-
tively weak force, which can be dominated by other factors
(Robertson et al. 2005). Thus, the initial pH of the water did
not play an important role within a range of 5.5–8.5 pH units
(Dheaya et al. 2009).

The performance of a disinfection system is directly relied
on the knowledge of the inactivation rate of a target or indi-
cator organism by the disinfectant. For photocatalysis, the
synergistic effect of catalyst concentration and solar light in-
tensity on the rate of the process determines the most efficient
combination of contact time and the dose to be employed.
Currently, most of these information were obtained from
bench-scale studies and extrapolated with a series of empirical
models which do not adequately describe photocatalytic
disinfection.

The most common application is the Chick-Watson (C-W)
model used primarily to fit inactivation data with first-order
decay or modified for data with an initial lag, and whose
general expression is given by this equation (Watson 1908):

N=N 0 ¼ Exp −k Cn tð Þ ð1Þ

where N/N0 is the reduction in the bacterial concentration, k is
the disinfection kinetic constant, C is the disinfectant concen-
tration with C = d ×QUV, d is the catalyst concentration (g/L)
(for our experimental condition (fixed-bed reactor), the disin-
fectant concentration (TiO2-P25) during photocatalysis was
supposed to be constant), and QUV is the accumulated UV
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energy (kJ/L), t is the time (min), and n is the threshold level of
series-event model; n is equal to 1 for the first-order C-W
model.

The C-Wmodel was modified to consider the initial reduc-
tion (A) in the contact with the disinfecting agent:

N=N 0 ¼ A Exp −k Cntð Þ ð2Þ

where A is the initial bacterial reduction rate in the contact
with the synergic action between cumulate solar UV radiation
(QUV) and the catalyst TiO2-P25.

A ¼ NC þ Ndð Þ=μ ð3Þ

where NC is the number of CFUs after the first contact with
solar UV radiation and catalyst TiO2-P25, Nd is the initial
number of CFUs in the dark condition in the presence of
semiconductor, and μt is the adsorption coefficient in the fixed
bed of TiO2 that is assumed to be negligent due to the negative
charge of TiO2-P25 at pH = 7.

In this C-W model, the reduction in enumerated bacteria
was proportional to the contact time. This correlation, howev-
er, cannot be applied for every instance, due to various factors
such as the reactor configuration, solar intensity change from
day to other, bacterial response (dose/response), inactivation

mode, and the bacterial resistance to disinfectant used which
might cause severe non-linearity characteristics. Thereby, the
incorporation of an additional empirical parameter was made
to accurately account the photocatalytic inactivation mecha-
nism.

N=N 0 ¼ A Exp −k Cn tmð Þ ð4Þ

m is the empirical parameter that controls the deflection of
the inactivation rate. Ifm is greater than 1, there is an increase
in the inactivation rate and vice versa. This variation depends
essentially of water quality and the photoreactor configura-
tion.

k ¼ k�
d
;
Quv

� kd þ kQUV
� � ð5Þ

where k is the disinfection kinetic constant, k(d,QUV) is the
global photocatalytic inactivation coefficient, kd and kQUV
are the disinfection kinetic constant related separately to the
catalytic action and solar UVeffects, d is the catalytic concen-
tration (g/L), and QUV is the accumulated UVenergy (kJ/L).

In the studied strains, the time required for bacterial inacti-
vation by photocatalysis depends of the type of microorgan-
ism. Indeed, the time required for the inactivation of nearly
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Fig. 2 Monitoring of bacterial cultivability in contact with immobilized TiO2-P25 in the dark and with solar UV irradiation/TiO2-P25 conditions. a E.
coli ATCC25922, b P. aeruginosa ATCC4114, c S. typhi ATCC560, and d comparison of the photocatalytic effect on the three strains
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99.99% of cultivable bacteria bacterial was estimated at
30 min of irradiation for the indicator of biological contami-
nation bacteria, E. coli, and about 40 min for pathogenic bac-
teria, S. typhi, against 45 min of exposure time for nosocomial
bacteria, P. aeruginosa.

Based on the kinetics parameters determined according to
the C-W model (Fig. 1; Table 1), the photocatalytic inactiva-
tion coefficient (k) that represents the slope of inactivation
curve was more important for E. coli ATCC 25922 (k = 0.19)
strain than for S. typhi ATCC 560 (k = 0.17) and P. aeruginosa
ATCC 4114 (k = 0.15). According to Pagan et al. (1999), the
greater the coefficient k, the lower the bacterial resistance to
the applied disinfectant. Thus, we can deduce the photocata-
lytic sensibility of E. coli followed by S. typhi and we can
estimate from Fig. 2d that P. aeruginosa is the most tolerant
to a solar UV with fixed TiO2-P25.

The results represented in Table 1 show that the reduction
of bacterial cultivability rate (A) in the initial contact with the
disinfecting agent was more significant for P. aeruginosa.
Thus, this strain was estimated to be the most sensitive bacte-
ria in the retention of cultivability in the initial contact with the
disinfectant. However, E. coli was qualified to be more resis-
tant in the retention of cultivability, followed by S. typhi.

Thus, based on photocatalytic inactivation, P. aeruginosa
was the most resistant or tolerant strain to photocatalytic ac-
tivities. This difference in bacterial behavior or response was
probably due to an inter-specific difference concerning the cell
growth strategy, the response to the environmental stress, the
metabolism activity, and the genetic regulation and flexibility.

To describe bacterial inactivation behavior, series-event
(SE) kinetic model with modification was used in addition
to C-W model with modification. The inactivation process
was modeled as a progression of discrete damage levels. The
microorganism was assumed to be inactivated at a threshold
level of damage (Fig. 3, Table 2).

Each step is characterized by first-order kinetics. Each
damage levelDi has a kinetic constant ki and n is the threshold
level of damage.

D0 →
k1

D1 →
k2

D2 →
ki
D3:…Dn−1 →

kn
Dn

By assuming that the kinetic constant is the same at each
level, the following generalized expression can be derived for
the series-event model (Severin et al. 1984).

N
N0

¼ A exp −K � Cntmð Þ þ ln
1þ ∑n−1

i¼0 � Cntm
� �

i
i!

ð6Þ

Table 2 illustrates the ability of the series-event model to
report bacterial response behavior. The results indicated the
absence of change in the kinetic constants (k and A) but the use
of this model can report the series-events undergone by tested
bacteria.

For example, to respond to solar UV with fixed TiO2-P25,
E. coliwas chosen to pass through different damage levels (D1

to D4), The accumulation of damages has been realized by
keeping the cultivability in initial contact with disinfectant
(solar UV/TiO2-P25). However, P. aeruginosa was adapted
to another strategy. Indeed, this bacteria strain was decreased
in the bacterial cultivability at the initial contact with the dis-
infectant (solar UV/TiO2-P25) as a response to stress.
Thereby, the damage level determined for this bacteria was
n = 1 (D1).

We can conclude that keeping or losing bacterial cultiva-
bility can be related to a bacterial adaptation to overcome the
stress effects. Thus, the loss of cultivability is not constantly
the synonym of sensibility and vulnerability and, in the same
means, the retention of cultivability cannot reveal the resis-
tance or tolerance of bacteria. The bacterial growthmodality is
directly related to the response of each species to the stress.

Post-irradiation events after the photocatalytic
treatment

To study the efficiency of the photocatalytic process UV/TiO2

(Degussa P-25) fixed on a glass plate, we studied the post-
irradiation events after the photocatalytic treatment.

To semi-quantify the reactivation level of post-irradiated
bacteria in dark condition, a log ratio was determined accord-
ing to a modified version of the Lindauer and Darby (1994)
equation with modification:

Cr ¼ LogNr=NQUV=TiO2 ð7Þ

where Cr is the coefficient of reactivation, Nr = number of
viable and cultivable bacteria after a rest time in the darkness,
UV irradiation and NUV/TiO2 is the number of viable and cul-
tivable bacteria after photo-disinfection process with
immobilized TiO2.

According to Lindauer and Darby (1994), the reported log
values have ranged from 1 to 3.4. When the Cr was inferior to
1, there was no reactivation; if Cr ranged between 1 and 3.4,
we can conclude that the reactivation occurred in the darkness
or/and in visible light; whenCr was superior to 3.4, there were
no disinfectant effects and the cells grew naturally without any
environmental stress. In effluents from the studied
photoreactor and according to the result of E. coli and P.
aeruginosa , a slight recovery was observed after

Table 1 Kinetic parameter for tested bacterial strains according to the
first-order Chick-Watson model (C-W) with modification

Bacterial strain A k

E. coli ATCC 25922 0.03 0.19

P. aeruginosa ATCC 4114 0.94 0.15

S. enterica typhi ATCC 560 0.07 0.17
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photocatalytic treatment during the subsequent 24 h in dark
conditions. Indeed, Cr was equal to 1.07 for E. coli and 1.22
for P. aeruginosa (Fig. 4), where Cr is the coefficient of reac-
tivation, Cr = Log Nr/NUV/TiO2; Nr = number of viable and cul-
tivable bacteria after a rest time in the darkness; UV irradiation
and NUV/TiO2 are the number of viable and cultivable bacteria
after photo-disinfection process with immobilized TiO2.

After solar UV/TiO2 treatment, the density of cultivable
bacteria (E. coli and P. aeruginosa) was increased. This en-
hancement can be explained by the fact that biological sys-
tems have evolved some molecular mechanisms to

appropriately respond to the environmental stresses which
have damaged proteins and DNA (Marugán et al. 2008). In
this case, to respond to UV damage, bacteria generally possess
molecular mechanisms to restore DNA lesions. Indeed, bac-
teria can evolve four main mechanisms in the repair of UV
radiation-damaged DNA, including photoreactivation,
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Table 2 Kinetic parameter for tested bacterial strain according to series-
events model (SE) with modification

Bacterial strain n A k

E. coli ATCC 25922 4 0.14 0.14

P. aeruginosa ATCC 4114 1 0.94 0.15

S. typhi ATCC 560 2 0.138 0.13
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nucleotide excision repair (NER), mutagenic DNA repair
(MDR), and recombinational DNA repair (Errol et al. 2006).
These results can affect the effectiveness and the durability of
solar photocatalytic treatment with fixed titanium dioxide
device.

Bacterial resuscitation after the photocatalytic treatment
could be explained by the fact that, under oxidative stress,
their cells can enter into a viable but non-cultivable (VBNC)
state.

The result of no cultivability after TiO2 photocatalytic treat-
ment under solar light does not always represent a total bac-
terial death. In fact, the ROS produced during the photocata-
lytic process can induce oxidative stress on the microorgan-
isms, causing the cells to enter a VBNC state.

Solar UV irradiation and attacks by oxidative species gen-
erate changes in the permeability of the lipid membrane and/or
modify the bacterial DNA, leading to the loss of cultivability
while viability remains unaltered (Ben Said et al. 2010).When
the oxidative stress ends (dark conditions), the microorgan-
isms recover their cultivability. In addition, the growth state
of bacteria (exponential or stationary) varies in time.
Depending on this parameter, some bacteria could persist un-
der photocatalytic conditions and consequently, their recovery
rate in the dark could also be influenced. This hypothesis can
explain the recovery of E. coli and P. aeruginosa after a rest
time in the darkness.

In addition, the decrease in the accumulated UV energy
(QUV) and the fluctuation of the visible spectral composition
of sunlight during exposed day can affect directly the solar
photo-inactivation, and photoreactivation as well as the bac-
terial behavior in the subsequent dark period.

We can also observe a reactivation of bacteria even during
photocatalytic treatment. Indeed, between t = 20 min and t =
30 min, P. aeruginosa presented a reactivation (Fig. 3). This
bacteria resilience during this period can be explained by the
cells’ ability to restore their UV-induced lesions by molecular
photo-dependent mechanism called photoreactivation. This

mechanism repair was thought to be an important component
of the bacterial arsenal in the repair or reversal of UV-
mediated DNA damage (Ben Said and Otaki, 2012).
Photoreactivation in bacteria involves a single enzyme called
photolyase which binds CPDs and, in a light-dependent step,
monomerizes the CPD and dissociates from the repaired le-
sion (Ben Said and Masahiro, 2013). Indeed, UVA is essential
for photoreactivation, although it also has lethal and sublethal
effects on microorganisms (Oguma et al., 2001). Thus, when
the value of log ratio (Cr) was inferior to 1, we can deduce that
the lethal effects of QUV radiation take over its beneficial ef-
fects but when Cr was superior to 1, the inactivation effect of
photocatalytic can be slowed down, and thereby, we can inte-
grate this log ratio in the inactivation equation as well:

N=N 0 ¼ A 1−1=Crð Þ
h
Exp

�
−k Cn tmð Þ

i
ð8Þ

Figure 5 shows the bacterial kinetic of P. aeruginosa and E.
coli after integration of Cr in the kinetic model. We can note a
modification of the initial bacterial reduction rate in the con-
tact with solar UV radiation and TiO2-P25 for both tested
bacteria that showed a reactivation after photocatalytic treat-
ment where, for E. coli, A′ was equal to 0.082 instead of 0.14
determined with SEmodel and for P. aeruginosa, A′was equal
to 0.38 instead of 0.94 determined with C-W model. The
difference between the two kinetic values (A–A′) represents
the potential bacteria rate able to resuscitate after photocata-
lytic treatment.

The purpose of Cr rate integration in the photocatalytic
inactivation equation was to consider an eventual reactivation
after photocatalytic treatment in real scale and to find a solu-
tion to overcome the inconvenient related to this interesting
technology.

According to Fig. 4, no recovery was observed for the
tested S. typhi after 24 h in the darkness (Cr equal to 0.52).
In this case, only S. typhi completed loss of viability and
cultivability; other tested bacteria were not affected. Thus,
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Chick-Watson model (C-W) and series-events model (SE)
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the behavior in the dark of S. typhi suggests that during pho-
tocatalytic disinfection, radicals and other oxidative species
produced by illuminated TiO2-P25 induced damage that can
in certain cases get worse in the dark, generating a Bresidual
effect^ of the photocatalytic treatment. For this reason in post-
treated S. typhi suspension, bacterial cells continued to de-
crease in the dark. In this case, the DNA repair mechanism
became less active rendering the irreversible S. typhi inactiva-
tion. In other words, the bacterial injury generated by photo-
catalytic treatment continued to enhance in the dark.

For this delayed process, we have applied the term of
Bresidual effect^ but it is not necessarily induced by the resid-
ual presence of any active oxidative compound. In a previous
article, we have reported that this Bresidual effect^ in the dark
was dependent on the light intensity previously applied
(Marugán et al. 2008).

Conclusion

The photocatalytic solar UV/TiO2 system was tested for its
bactericide action against three bacterial strains:

E. coli ATCC 25922, P. aeruginosa ATCC 4114, and S.
typhi ATCC 560. The comparison of different kinetic param-
eters determined according to the C-W model and series-
events model (k, A) for the studied bacteria showed a differ-
ence in each tested bacterial response to a disinfectant agent.
This difference in bacterial behavior or response was probably
due to an inter-specific difference concerning the cell growth
strategy, the response to the environmental stress, the metab-
olism activity, the genetic regulation and flexibility, etc.

After solar UV/TiO2 treatment, bacterial strains (E. coli and
P. aeruginosa) showed an ability to overcome photocatalytic
stress, determined by the reactivation coefficient (Cr). This
reactivation can be related to the fact that the biological sys-
tems have evolved mechanisms to appropriately respond to
environmental stresses. These results can affect the effective-
ness and the durability of solar photocatalytic treatment with
fixed titanium dioxide device. However, no recovery was ob-
served for tested S. typhi after 24 h in the darkness. In this
case, only S. typhi complete loss of viability and cultivability.
Thus, the behavior in the dark of S. typhi suggest that during
photocatalytic disinfection, radicals and other oxidative spe-
cies produced by illuminated TiO2 induce damage that can in
certain cases get worse in the dark, generating a Bresidual
effect^ of the photocatalytic treatment.

Enhancing the photocatalytic process efficiency remains a
challenge and a subject of extensive research. In the end of this
paper, we can propose many solutions such as (i) the increase
of retention time, (ii) the change of photoreactor conception,
and (iii) the addition of supplement step applied before or after
solar UV-TiO2.
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