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A study was carried out to develop a kinetic model of the photocatalytic inactivation of Escherichia coli using different
TiO; catalysts. The model developed is based on a reaction scheme that involves effectively coupling mass-transfer
fluxes between bacteria and catalyst surface on one hand and bacterial degradation reaction on the other. The photoca-
talytic results were derived from experiments led in a batch reactor under both dark and Ultra Violet (UV) irradiation
conditions. Using a reference catalyst, the robustness of the developed model was tested under solar conditions. The
experimental data validated the model as successfully able to reproduce evolutions in the viable bacteria concentration
in the range of parameters studied without any further adjustment of the kinetic parameters. The model was used to sim-
ulate the bacterial degradation kinetics under different working conditions to describe the partitioning of both bacterial
adhesion and photocatalytic reaction in the solution to be treated © 2015 American Institute of Chemical Engineers
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Introduction

Among the processes currently in development, semicon-
ductor photocatalysis has emerged as a very attractive envi-
ronmentally friendly water disinfection technology, especially
as it can use solar power to drive the process.l_4

From a sustainable development perspective, the possibil-
ity of combining solar ultra violet (UV) irradiation and a sta-
ble semiconductor makes photocatalysis one of the most
promising advanced oxydation treatment (AOT) for water
disinfection.’ However, sunlight is a discontinuous resource,
which is a major constraint to factor into efficient design and
running of the operating process. The industrial design and
scale-up of photocatalytic disinfection technologies, there-
fore, needs a simulation tool capable of predicting how the
process works on variable time and irradiation scales.

Literature reports on photocatalytic disinfection have
focused on modeling the inactivation of different kinds of
microorganisms,® including Escherichia coli which is, by
far, the most studied organism in the world.>'% In most

Additional Supporting Information may be found in the online version of this
article.

Correspondence concerning this article should be addressed to M. Kacem at
majdi.kacem@promes.cnrs.fr

© 2015 American Institute of Chemical Engineers

2532 August 2015 Vol. 61, No. 8

cases, disinfection profiles are successfully described by
empirical models that are mathematical expressions aimed at
replicating the observed behavior of inactivation curves''™?
or by mechanistic models such as “Langmuir-type” interac-
tion models'*'* that tend to be more robust than empirical
models. However, a major challenge when applying such
models to disinfection is the difficulty in resolving microbe—
catalyst interactions, particularly given their relative sizes
and bacterial complexity. This means that even mechanistic
models are simplifications that often require empirical
approaches to complete them. To the best of our knowledge,
few studies have been specifically performed to determine
the kinetics of adsorption or, to use a more appropriate term,
adhesion of microbes to the photocatalyst used.'> Moreover,
while a straightforward modeling approach may be desirable,
simplistic formulations tend to neglect key process factors
such as light intensity. Thus, it would appear that bacterial
adhesion on the catalyst used as well as the light intensity at
the catalyst surface should be an integral part of the bacterial
inactivation model. In this context, this work focused on the
kinetic modeling of the photocatalytic inactivation of Gram-
negative E. coli bacteria using three titanium dioxide cata-
lysts differing in size, structure, and other characteristics.
The developed model is based on effectively coupling the
mass transfers between bacteria suspended in the liquid bulk
and the catalyst surface on one hand and the photocatalytic
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degradation reaction on the other. For each of the solids
used, the first step was to derive the reaction rate parameters
and show how they can be measured from experiments car-
ried out in a batch reactor under variable controlled light
flux densities. To test the robustness and the fitness of the
developed model, additional experiments were carried out
using a reference catalyst under variable total treatment vol-
umes and under real solar conditions. The aim of this second
step was to demonstrate the ability of the kinetic model to
simulate the performance of a large-scale reactor working
under variable solar light flux densities without any further
adjustment of the kinetic parameters, and thus, to demon-
strate its suitability for use as a scale-up tool. Finally, the
validated model was used to simulate the kinetics of bacte-
rial degradation under different working conditions. The
emphasis was on describing the partitioning of both bacterial
adhesion and photocatalytic reaction in the solution to be
treated and on gaining deeper insight into the contribution of
each of solid and liquid phase to the total decrease in bacte-
ria during the photoprocess.

Experimental
Materials

The media tested here have been studied in earlier
works.'®!'7 Two different TiO, aeroxides and a supported
TiO, catalyst were investigated. The two aeroxides were (1)
Degussa P25 (20-30 nm primary particle size by transmis-
sion electron microscopy (TEM); 54 m? g71 specific surface
area by Brunauer, Emmett and Teller (BET); 78% anatase,
22% rutile by x-ray diffraction) and (2) VP Aeroperl P25/20
(20-30 pm primary particle size by TEM; 46 m* g~ ' spe-
cific surface area by BET; 80% anatase, 20% rutile by x-ray
diffraction). The supported catalyst consisted in Millenium
PC-500 immobilized on a flat cellulosic fiber support (98 m?
g71 specific surface area, 38 g m 2 cellulosic fibers, 16.7¢g
m~? TiO,, 2 g m™ 2 Zeolite and 13.3 g m ™2 SiO,).

Bacterial strain and growth

E. coli strain DSM 30083 was used for the full bacterial
inactivation study. This widely studied lab strain with a
sequenced genome is a nonpathogenic primary model orga-
nism for lab research. E. coli cells were grown in sterile condi-
tions in 0.1 L of Luria Bertani (Miller’s LB Broth) medium at
37 °C.'"® Bacterial growth was monitored by optical density
(600 nm) in a spectrophotometer (UVmini-1240, Shimadzu).
Cultures in stationary phase were appropriately diluted in a
buffer solution (buffered sodium chloride peptone water, pH
7.0, Oxoid) to obtain targeted initial bacterial concentrations.

For all studies, the efficiency of photocatalysis treatment
on E. coli inactivation was evaluated, using a culture tech-
nique, the 4-méthylumbelliféryl-f-D-glucuronide (MUG)/
Ecoli microplates, in accordance with the requirements of
standard NF EN 9308-3-1999.'° The bacterial inactivation,
evaluated in most probable number per unit of volume
(MPN Lfl), refers then to the loss of the cells culturability,
which means the loss of their capability to grow on the cul-
ture media used.

Photoreactors and photocatalytic treatment

The model developed in this article involved effectively
coupling photon flux density at the surface of the semiconduc-
tor and mass-transfer fluxes between the suspended bacteria
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Figure 1. Laboratory set up.

and the catalyst surfaces. Thus, it was essential to investigate
bacterial adhesion on the catalyst surfaces under dark condi-
tions and to know the influence of UV flux density on the bac-
terial degradation reaction to simulate the bacterial profile as a
function of irradiation time. Hence, two experimental installa-
tions were used. The first process is to carry out investigations
under controlled conditions (dark and artificial irradiation) to
establish the kinetic models representative of the inactivation
of the target bacteria. The second process is to validate the
simulations done with solar radiation.

The first laboratory set up shown in Figure 1 has been
detailed previously.’®*' The reactor was a cylindrical borosili-
cate glass tube (external diameter=0.012 m, wall
thickness = 0.0015 m, length =0.8 m) operating in a closed
recirculating circuit with a stirred reservoir tank, giving a total
working volume of 1 L. Radiation source was a ultra violet A
(UVA) lamp (VL-330) emitting at wavelengths centered at
365 nm. The radiation flux at the reactor axis was controlled
at between 5 and 35 W m™ % To illuminate the total surface
of the reactor, an aluminum compound parabolic collector
(CPC) was positioned just behind the reactor.”? This parabolic
mirror (concentration ratio = 1) comprised an aluminum sheet
polished to deliver 95% reflectivity in the UV window. Both
dark and photocatalytic experiments were carried out in the
first laboratory set up. Under dark conditions, the adhesion
experiments were investigated at different initial bacterial con-
centrations in the range 10* to 10" MPN L™'. Under UV
light conditions, bacterial concentration was fixed at 10" MPN
L~" and the experimental data were obtained under variable
light flux densities in the range 5-35 W m 2 corresponding to
solar UV irradiation. Whatever the working conditions, the
bacterial suspension exposed to the powdered catalysts flowed
through the reactor by means of a volumetric pump and was
continuously mixed in the recirculation tank.

Using the immobilized catalyst, the material was wrapped
around a rod (diameter 0.005 m) and positioned at the axial
center of the reactor, giving a total working surface of
0.02 m?. The bacterial suspension flowed under laminar con-
ditions through the annular space of the reactor, which corre-
sponds to the ring-shaped space between the internal wall of
the reactor tube and the glass rod fitted in place. Temperature
and pH values were almost constant over time, at 25 °C and
6.9, respectively.
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Throughout all experiments, samples of 18 mL volume
were taken at regular intervals to monitor the time-course
drop in bacterial concentration irrespective of the catalyst
used. Thus, the catalyst first had to be separated from the
samples to be analyzed. When using supported material, the
samples were obviously catalyst-free. When using catalysts
in powder, under the working pH (6.9 mostly neutral), the
catalysts and microbes particles adhered, coflocculated and
rapidly settled out of solution. In fact, the TiO, particles
were close to the point of zero charge23 and did not, there-
fore, experience significant repulsion from the mostly nega-
tive bacterial surface. '’

To confirm the bacterial adhesion aspect relative to the
catalysts used, samples from dark experiments were taken
within 30 min of catalyst contact, fixed on hydrophilic poly-
propylene supports, washed with Milli-Q water, and dehy-
drated at room temperature. The samples were then sputter-
coated with a 60% gold/40% palladium mixture, and ana-
lyzed under a Hitachi S-4500 model scanning electron
microscope (SEM).

It was essential to study photocatalysis in experiments
using the small-scale pilot set up in the lab to develop a gen-
eral kinetic law representing the functioning of photocata-
Iytic media in controlled irradiation conditions. Hence, the
subsequent solar experiments carried out in real-life condi-
tions were essential to verify whether the modeled kinetics
really does account for the responses of bacterial photocatal-
ysis when working (1) under larger scale (different residence
time of the solution to be treated) and (2) under discontinu-
ous solar irradiation.

To check model validity and robustness under these condi-
tions, additional experiments were undertaken using the pow-
dered P25 catalyst, which is widely considered as the
benchmark for photocatalytic processes. The first additional
experiment was conducted in the indoor experimental set up
and carried out with different total volumes to be treated in
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the range 0.5-5 L, which corresponds to residence times
ranging from 18 to 1.8% of total treatment time. The photo-
catalysis started at a fixed bacterial concentration equal to
10’ MPN L' under 35 W m™? of light flux density. Tem-
perature and pH were kept constant over time, at 26 °C and
6.8, respectively.

Like the indoor experiment, the second additional experiment
was operated in a batch mode and conducted outdoors in a
solar set up. The pilot is shown in Figure 2 and detailed else-
where.'® It was composed of a tubular CPC reactor made up of
10 borosilicate glass tubes (external diameter = 0.032 m, wall
thickness = 0.002 m, and length=1.5 m). The CPC-type
reflectors made of polished aluminum were placed under the
tubes forming the reactor to ensure that light reaching the tube
surfaces was homogeneous.24 The exposed surface of each
CPC was 0.14 m?, thus providing 1.4 m> of total surface area
exposed to solar radiation. The volume of the irradiated reactor
was 10 L and the total volume of the fluid loop equaled 15 L.
The solar investigations were carried out under UVA irradiation
condition. The light flux density in the UVA spectral range I,
(W m™?) was measured through a UV probe, which recorded
the spectral range from 310 to 400 nm. In fact, this spectrum
corresponds to the irradiation range effective for photocatalytic
reaction. The global irradiation measurements were made with
a pyranometer (Kipp & Zonen type CMP 6) covering a spectral
range from 310 to 2800 nm. The solar experiment was per-
formed in Perpignan (42°41’N, 2°53'E). The pilot, tilted at 42°,
was faced south. The experiment started on a cloudy day with
a maximum UV flux density of 23 W m ™~ and at an initial
concentration of 10’ MPN L', The bacterial suspension
exposed to the TiO, slurry was mixed continuously in the tank,
fed into the reactor with a pump, and recirculated to the storage
tank. The same sampling and bacterial analysis protocols were
maintained throughout this experiment. Temperature was moni-
tored over time in the range between 20 and 40 °C, and pH
was constant at around 7.
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Figure 3. SEM images of suspended E. coli cells under dark conditions.

(a) without catalyst particles, (b) within 30 min of contact time with the P25 catalyst, (¢) within 30 min of contact time with the
VP Aeroperl catalyst. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Results and Discussion
Adhesion experiments

This article presents a theoretical model for photocatalytic
disinfection that accounts for bacteria—catalyst interactions.
The literature has already demonstrated the feasibility of E.
coli  photoinactivation by heterogeneous photocataly-
sis™'®2326 and E. coli adhesion on solid materials.'>?7-®
The aim here was essentially to obtain experimental data
under different controlled working conditions to identify the
unknown parameters involved in the kinetics of bacterial
degradation and to validate the model (presented in the next
section) under real solar conditions. Hence, quantitative anal-
ysis of the bacterial adhesion on the catalysts surfaces and
subsequent chemical photocatalytic degradation reactions are
important to model the overall bacterial disinfection process.
To confirm the bacterial adhesion aspect relative to each cat-
alyst, samples taken during adhesion experiments were ana-
lyzed within 30 min of catalyst contact time by SEM.

The SEM pictures obtained using each of the catalysts are
shown in Figure 3. The pictures were representative of the
samples observed on the microscopic sampler-holder. The
rod-shaped morphology of the approximately 3 pm long and
0.7-0.8 um wide E. coli cell in absence of catalyst is shown
in Figure 3a as control. The cell displayed a smooth continu-
ous outer membrane appearance and was shown to be intact
in the buffer solution used. Within 30 min of contact time
with the TiO, nanoparticles (Figure 3b) and microparticles
(Figure 3c), the cells retained their general morphology,
which is interesting in that it highlights that TiO, has a neu-
tral catalytic effect on bacteria under dark conditions.

From a particle-size perspective, the interaction between
the catalysts used and the target bacteria was viewed in two
ways. In the first case, the P25 particles with a large 20-nm
diameter were much smaller than the cell, and several catalyst
particles were attached to the single cells. However, in the
second case (c), VP Aeroperl particles were almost 10-folds
bigger than E. coli cells, and a large number of microbial
cells were attached to external particle surfaces. The same
phenomenon was seen when using the supported catalyst.
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In this work, we admit that the bacterial adhesion is due
essentially to a physisorption of the cells membranes to the
catalysts surfaces. In fact, under the pH condition of interest
(6.9, i.e., mostly neutral), the TiO, surface is dominated by
noncharged surface hydroxylated species, while the cell sur-
face is mostly negative. Thus, it is easy to see that under the
given conditions, TiO, would not experience significant
repulsion from the bacterial surface because the particles are
close to the point of zero charge. Therefore, adhesion
between the TiO, and the bacterial cells will mostly be gov-
erned by short-range van der Waal forces.

Once the bacteria—catalyst interaction aspect was con-
firmed, the next step was to quantify colloidal bacterial adhe-
sion. Results of adhesion experiments were obtained under
dark conditions and at different initial concentrations in the
range 10% to 10' MPN L™, The profiles obtained for each
of the catalysts depict the decrease in bacterial concentration
in the liquid bulk (MPN L") as a function of catalyst con-
tact time (min), and were closely mirrored. Figure 4 illus-
trates the case of the powdered P25 catalyst used in the first
instance. Results obtained using the microparticles and the
supported catalysts are shown in Figures Al and A2, respec-
tively (see Appendix).

Using the P25 catalyst, and in the range of concentrations
studied, the obtained kinetics displayed almost the same pro-
files, with a low initial bacterial decrease in the fluid bulk
due to bacterial adhesion, then reaching an asymptotic limit
(C.) at the end of the experiment. This steady state, at which
point the net change in concentration is practically zero
(<107Y), corresponded to an equilibrium state taking place
between the solid and the liquid bulk.? In the case of the
supported material, the constant concentration observed in
the liquid bulk at the equilibrium stat traduces obviously the
constant bacterial density on the material surface. This result
is interesting so far as it highlights the neutral effect of the
catalyst as well as the cellulosic matrix constituting the two-
dimensional (2-D) material under dark condition.

At the equilibrium state, and in the range of concentra-
tions studied, the bacterial mass balance made it possible to
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Figure 4. Adhesion kinetics of E. coli over residence
time using the suspended P25 catalyst and
for different initial bacterial concentrations.

determine density of the bacteria attached on the catalyst
surfaces, ¢.. Given the different shapes and sizes of the cata-
lysts used, it was decided to select the total surface of the
photocatalytic solids as reference to express the amount of
attached bacteria. Hence, g. was expressed as number of
attached cells per unit of total catalyst surface (MPN m ).
For each of the catalysts used, the adhesion equilibrium
curves plotted, which express g. (MPN m™?) as a function
of C. (MPN L"), are shown in Figure 5.

In the range of concentrations studied, the obtained pro-
files corresponded to the following slightly modified Freund-
lich Eq. 1

qo = F-Car (1

where F' and n are model parameters (dimensionless). The
obtained parameters of this Freundlich equation are given in
Table 1.

Following Eq. 1, the adhesion equilibrium profiles pro-
duced by the two powder-suspension catalysts showed simi-
lar curve profiles, indicating that they deliver practically
identical performances in terms of bacterial adhesion. These
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Figure 5. Adhesion equilibria of E. coli using P25 cata-
lyst in suspension (CJ), VP Aeroperl catalyst
in suspension (O), and 2D material (J).
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Table 1. Parameters Identified for the Freundlich Model

Media F n

P25 0.014 0.74
Aeropert 0.1 0.92
Supported catalyst 31 0.78

two suspension-format media shared the same type of cata-
lyst submitted to the same fluid flow conditions, and their
only distinguishing factor was their specific surface area
which was shown to be a nonimpacting factor since cells
attached were expressed per unit of total surface of catalyst.
In contrast, as illustrated in Figure 5, the suspended catalysts
adhesion capacities were outperformed by the 2-D media
(factor >100), most probably due to its nanocrystallite com-
position and its different cellulosic structure. These results
confirm how structure and nanocrystallite composition of the
catalyst inside the photoreactor volume are defining factors
shaping the ultimate bacterial adhesion performances of a
given material.

Photocatalytic experiments

Results of photocatalysis using each of the catalysts were
recorded under variable irradiation conditions corresponding
to the solar UV range. The photocatalytic disinfection
kinetics were experimentally established for each media pre-
configured to reach 99% absorption of available light.?! This
means that the amount of light energy absorbed by the media
equates to 0.99-folds the amount of light energy incident on
the photoreactor surface. The aim here is to define an opti-
mal configuration for each catalyst that ensures the maxi-
mum absorption of UV irradiation entering the reactor, the
geometry of which defines the optical path length of the
emitted light. Based on a previous study,”' this configuration
ensured the highest bacterial degradation reaction rate.

The profiles obtained depict the decrease in bacterial con-
centration in the liquid bulk (MPN L") as a function of res-
idence time (18% of total treatment time [min]).

As for the above dark experiments, Figure 6 presents the
case of the powdered P25 catalyst used in the first instance.
The results obtained using the microparticles and the sup-
ported catalysts closely mirrored those obtained by the P25
catalyst and are shown in Figures A3 and A4, respectively
(see Appendix). The bacterial degradation was monitored
only in the liquid phase irrespectively to the catalyst used.
Thus, beforehand each analysis, a separation of the catalyst
from the solution was carried out. Hence, the detected bacte-
rial decrease under dark condition (Figure 6) is due to the
transfer of the cells from the liquid phase to the solid one
which is referred to the bacterial adhesion phenomenon.
Under irradiation condition, this decrease was enhanced even
more by photocatalytic reaction.

The presence of the attached bacteria on the catalyst sur-
face did not seem to inhibit the light absorption by the cata-
lyst and so its reactivity. This, could principally be due to
(1) the well transmission of UV light of the bacteria in the
spectral range studied (result not shown) and (2) to the low
recovery rate of bacteria on the catalyst surface. In fact, the
total surface of bacteria initially present in the liquid (1077
m?, which is calculated as the product of the average surface
of one E. coli cell and total bacterial cells) equates only
10~ %-folds the total active surface of the catalyst introduced
into the reactor.
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Figure 6. Experimental and simulated results of the
photocatalytic inactivation of E. coli over
irradiation time using the suspended P25
catalyst under variable artificial irradiation
flux densities.

OWm?2@A),5Wm?(©),10Wm?2 (), 20W
m~2 (X), and 35 W m~2 ().

The profiles obtained showed the effect of increasing
activity for higher irradiation power. In fact, the plots
showed two different bacterial inactivation regimes: a log-
linear inactivation regime dependent on radiation flux den-
sity, and a final deceleration process. Using data from the
first region of the inactivation curves, the calculated Ty,
which stands for the time for 90% decay showed a maxi-
mum value of 60 min whatever the light flux density is.

However, the catalyst was unable to achieve total bacterial
disinfection over treatment time, and reached an asymptotic
limit of inactivation. This is known by the tail, and could be
related, as reported in literature,'**° to target bacteria devel-
oping resistance during the disinfection treatment or to an
inhibition phenomenon produced by competition with

Bacterial concentration (MPn L *1)

0 50 100 150 200 250
Residence time (min)

Figure 7. Experimental and simulated results of the

photocatalytic inactivation of E. coli over

irradiation time using the suspended P25

catalyst for different total volumes to be

treated.

0.5L (O), 1L (), 3L (X),and 5L (A).
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Figure 8. Experimental (O) and simulated (continuous

line) results of the photocatalytic inactivation

of E. coli over time under solar light flux den-

sities and using the suspended P25 catalyst.
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organic products released to the medium, as explained
elsewhere.”’

Conversely, additional photocatalytic experiments carried
out under variable total treatment volumes (Figure 7) and
under solar irradiation (Figure 8) showed an expected effect
of increasing activity for higher irradiation time and longer
times required to treat higher volumes. Moreover, in the
range of the total volumes to be treated (from 0.5 to 5 L),
the residence time parameter did not seem to be an impact-
ing factor on bacterial degradation kinetics as the obtained
profiles had almost merged. This suggests that the bacteria
did not develop resistance to the photocatalytic treatment
during its dark-phase stay in the storage tank. Moving on
from these conclusions, the next step—and the main goal of
this study—was to obtain the values of the kinetic parame-
ters that best reproduce the photocatalytic activity results
with the model developed (see the next section) and to vali-
date it under real-world conditions.

Derivation of the kinetic model

There have been few attempts to define specific models
for photocatalytic disinfection, as most of the current appli-
cations are based primarily on chemical disinfection. Water
disinfection modeling began as a purely empirical science
based on the principles expressed in Chick’s law."' Chick
observed that under certain conditions, microorganism inacti-
vation kinetics closely mirrored chemical reactions. The fun-
damental laws governing chemical reaction kinetics were
thus applied to reactions involving microorganisms and a
chemical disinfectant. The kinetic law most frequently used
is the pseudofirst-order law relating to contaminant concen-
tration in which the value of “constant” k is directly propor-
tional to irradiation 1> Some authors have suggested
generalizing the pseudofirst-order kinetics by establishing a
power function of the irradiation intensity.>*** However, at
the present time, there is no universal kinetic law able to
represent the complex photocatalytic mechanism that is basi-
cally dependent on local irradiations that dictate the speeds
at which radicals are formed. The most simplified mecha-
nism described so far in literature is that the photocatalytic
reaction proceeds at the semiconductor surface and is the
result of three steps: (1) production of electron-hole pairs by
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irradiation of TiO, with photons whose energy is higher than
the band gap energy of the semiconductor; (2) formation of
highly reactive radicals, and (3) reaction between the photo-
generated radicals and the target bacteria. Thus, even there
is still much debate over which process leads to the inactiva-
tion of E. coli once exposed to photocatalytic action, it is
admitted that the destruction of the cell membrane due to
the oxidative radical attacks is the most important process.
Consequently, the degradation of the bacterial membrane,
main actor in the bacterial adhesion process, might lead to
the desorption (detachment) of the cell from the catalyst
surface.

Although there is still some debate over whether radicals
react with bacteria in the fluid bulk phase or with bacteria
attached at the photocatalyst surface, both options are
acceptable mechanisms.*>’ In fact, during the illumination
of TiO, particles, radicals are produced at the catalyst—water
interface. The generation of the radicals is central to the
overall photocatalytic process.

Looking at the literature, there are two theories on the
nature of the radicals at the catalyst surface: (1) radicals
remain surface-bound to the catalyst during reaction with
adsorbed species38’39 and (2) radicals diffuse away from the
surface to react with compounds in solution or on the cata-
lyst surface.? %" Therefore, radicals could potentially dif-
fuse into a bacterial membrane if they get very close to a
catalyst surface. Hence, it could be accepted that once the
target bacteria is transferred to the catalyst surface, the pho-
tocatalytic reaction would likely degrade the bonded bacteria
as well as the bacteria in very close proximity to the catalyst
surface. Consequently, the couplings between mass transfer
of bacteria from the liquid bulk to the catalyst surface, the
adhesion phase, and the “intrinsic” photocatalytic degrada-
tion reaction all have to be taken into account in any model
of global bacterial decrease during the photochemical treat-
ment process.

Considering that the surface adhesion rate for physical
adhesion is rapid enough to be assumed as instantaneous
relative to transfer across the fluid film around the particle,
the flux density of bacteria transferred to the very close
proximity of the catalyst surface could be expressed by
Eq. 2%°

N=-K; .(g.— q) (2)
where N is flux density of bacteria transferred (MPN m™ 2
s 1) from the bulk solution to the solid surface, K, is fluid
film mass-transfer coefficient (s~ '), ¢ is attached phase con-
centration and ¢. (given by Eq. 1) is attached phase concen-
tration in equilibrium with the bulk solution phase, both of
which are expressed as number of attached bacteria per unit
of m? of catalyst surface (MPN m ).

Conversely, as described elsewhere, “intrinsic”
degradation rate “t” could be considered a first-order
kinetic law according to the amount of target contaminant
(e.g., bacteria) to be degraded. Moreover, it has been dem-
onstrated in the literature™-** that the photocatalytic reac-
tion constant “k” could be generalized by establishing a
power function of the irradiation intensity. Considering that
this dependence is regardless of whether the target contami-
nant it a chemical molecule or bacterial cell, the reaction
rate for the inactivation of both bacteria transferred to the
very close proximity of the catalyst and bacteria bounded
to the catalyst surface could be expressed via Eqgs. 3 and 4,
respectively

20,41,42 the
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i=k.C= (x.1/)C 3)
(a/ . 1,.f’). q &)

where k and ¥’ are bacterial degradation rate constants (s~ ')
dependent on the production of the oxidative radicals, which
in turn is assumed to be dependent on the UV irradiations
absorbed into the reactor volume, C is bacterial concentra-
tion in the fluid bulk phase (MPN LY, q is bacteria bonded
to the catalyst surface (MPN m %), o and o (m> I )77 are
energy constants related to semiconductor activity, and f, f
(dimensionless) are coefficients that reflect the influence of
the light on the bacterial degradation rate.

Assuming that the optical properties of the suspension do not
vary during the reaction (no formation or disappearance of
absorbing species nor significant changes in pH value that could
modify the aggregation of the catalyst particles), the averaged
irradiation /. (W m73) into the reactor can be considered to be
constant over treatment time and could thus be used to evaluate
the average reaction rate inside the reactor total volume.

To represent the dynamic behavior of the recirculation
reaction system under variable irradiation conditions and
using the P25 catalyst in the first instance, the species bal-
ances have to be considered for both suspended bacteria
transferred to the very close proximity of the catalyst sur-
face (Eq. 5) and bacteria bonded to the catalyst surface
(Eq. 6).

Considering that (1) the mass transfer occurs in the overall
volume of the loop and (2) the photocatalytic reaction occurs
only in the irradiated volume V, (L), and taking into account
the equivalent surface of the catalyst per unit of total volume
to be treated Sy (m2 Lfl), the material balances yield the
following differential Eqgs. 5 and 6

dC V,

@ = Ks e (gemq)m ok € ®)
dq Vr / fl
L Ke-(go—q)— =L -a -1 . 6
a K l@ema) =y e dvg (6)

The bacterial inactivation by photocatalysis is described in
the liquid phase (Eq. 5) as well as in the solid phase (Eq. 6) by
coupling the mass transfer of the bacteria (Eq. 2) and the subse-
quent photocatalytic reaction depending on the irradiation
(Eq. 3 in the liquid phase and Eq. 4 in the solid phase). The
material balances work to the assumption that the axial concen-
tration gradient inside the tubular reactor can be considered
negligible.

Basically, solving the system of differential equations
regardless of the irradiation conditions provides the concen-
tration profiles of bacteria in the liquid phase C (MPN L)
and the density of bacteria ¢ (MPN m~?) in the solid one as
a function of the residence time (irradiation time) of the
solution to be treated in the photocatalytic reactor #, (s)
(expressed by Eq. 7).

The in-dark experiment (e.g., bacterial adhesion) corre-
sponds to the special case of an irradiation /; equal to 0 W
m~ 2 (shown in Figure 6). The differential equations corre-
sponding to both cases of microsized and supported catalysts
are shown in the Supporting Information

Vi
L=t _— 7
r v, (N

where 1 is total treatment time (s).
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Table 2. Kinetic Parameters Identified for Photocatalytic Inactivation Modeling

Matériau Seat (M> L7h K, (1076571 a (107 m*y ™ f f o (10°°mP I ™" Vi MRE (%)
P25 82 0.61 12.5 1.2 3.02 0.36 8.5
VP aeropert 116.2 1.6 12.7 1.4 34 0.0013 10
Supported catalyst 0.013 2.16 10.2 1.2 19.47 0.064 9.8

Kinetic parameters

Apart from the experimental conclusions obtained, the
goal of this work was to obtain the values of the kinetic
parameters that best reproduce the photocatalytic activity
results with the model developed and to better describe the
intrinsic bacterial inactivation process under variable irradia-
tion conditions. These parameters were identified using an
optimization method (Optimization via Matlab) based on the
minimization of the mean relative error via Eq. 8

1 i ‘ Cexp-Ci
n =l Cep

where n is number of data points and C; and Cey, are the
values predicted by the model and the experimental data,
respectively.

For each of the catalysts used and in the range of bacterial
concentrations studied, the value of the mass-transfer coeffi-
cient K was optimized to provide the best fit to the bacterial
adhesion kinetics under dark conditions shown in Figures 4,
Al, and A2. Figure 4 presents the result using the Degussa
P25 catalyst with continuous line being the simulated con-
centration profile as function of the contact time.

The direct comparison of K values between the supported
catalyst and the TiO, particles is tricky. Mass transfer of the
bacteria arises in very different conditions, that is, a mass
transfer between a liquid that flows in a laminar regime in
an annular space and a cylindrical surface, which is taken as
reference in the mass balance; a mass transfer from a liquid
toward suspended particles that are agitated under different
conditions (stirred tank and tubular reactor). In addition and
in agreement with the linear driving force formalism
adopted,” the K, values could be also considered as the
result of the coupling phenomena between mass transfer in
the fluid film and adhesion at the surface or in the few pores
near the surface of the catalyst. Finally, in the case of TiO,
particles, it is necessary to keep in mind that mass transfer
occurs between microorganisms and particles while the
numerous studies and correlations available in the literature
are established in the case of particles in contact with dis-
solved chemical species. Then, direct use of such correla-
tions is not obvious. Nevertheless, with reference to one of
the most complete and very often cited work performed by
Barker and Treybal,44 the mass-transfer coefficient, in the
case of solids suspended in agitated liquids, has to be inde-
pendent of particles size. The mass-transfer coefficients
obtained for the Degussa P25 and Aeroperl VP do not
strictly respect this constraint but it can be outlined that they
are of the same order of magnitude with a ratio limited to
2.5 between the two identified values.

For a given catalyst, once the value of K determined exper-
imentally, the values of o, o, f, and f were subsequently opti-
mized to provide the best fit to data obtained under variable
irradiation conditions (Figures 6, A3, and A4).

Using each of the catalysts, it can be seen that the kinetic
model fits the experimental results with a reasonable degree
of accuracy, even though small deviations are observed (MRE

MRE (%) = X 100 (®)
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<10%). Table 2 reports the identified parameters of the kinetic
model. Based on the results obtained, parameters o and f were
found to yield almost the same values. Using each of the cata-
lysts, optimized values of o and f (~1) for the evolution of the
kinetic “constant” k (I;) as a power function of the light flux
density indicates the direct proportional effect of this operat-
ing parameter on the photocatalytic degradation reaction in the
fluid bulk. However, the optimized values of o’ and f now
yielded significantly different values. In this case, the model
showed the limiting effect of light flux density on the catalyst
surfaces. This dependence of the kinetic constant k on the
level of irradiation /; in accordance with an irradiation power
law (f < 1) could be linked to recombining processes of the
electrical charges, or a limitation due to the transfer of byprod-
ucts of photocatalysis on the catalyst surface.

Once we were able to complete the parameter identification
stage using the results obtained under our different controlled
conditions, the additional experiment led on different total vol-
umes to be treated (Figure 7) and the solar experiment (Figure
8) were essential to test the robustness and reliability of the
kinetic model. Taking into account the characteristics of the
different set up, tank, and reactor volumes and irradiated cata-
lyst surface, calculations were performed with the same
kinetic formula. Note that no supplementary adjustment of o,
o, f, and f was done—the values previously determined for
the four parameters involved in the kinetic law were directly
used in the simulation. Once again, as clearly shown in Fig-
ures 7 and 8, the kinetic model fits the additional experimental
results with a reasonable degree of accuracy. Hence, the agree-
ment between the calculated and experimental concentration
profiles during the entire course of the reactions under variable
artificial irradiation, variable total residence time of the solu-
tion to be treated, and discontinuous solar irradiation validates
the model for the photoprocess simulation and substantiates
the necessity of including the coupling between both bacteria—
catalysts interaction and photocatalytic reaction rate.

Intrinsic kinetic description

The results highlight that bacterial decrease in the fluid bulk
can be governed by two main phenomena, that is, bacterial
adhesion on the catalyst surface and the photocatalytic reac-
tion rate which is dependent on the quantity of energy
absorbed by the material. Accordingly, both kinetic regimes
may coexist inside the reactor at more or less different order-
of-magnitude rates. The objective of these simulations was
thus to highlight the partitioning of these two phenomena in
the suspension to be treated, that is, to describe the relative
contribution of each phase (liquid phase and solid phase) to
total bacterial decrease during the photodegradation process.

The profiles shown in Figure 9 deviated from the numeri-
cal integration of the Eqs. 5 and 6 led under both dark
conditions and 35 W m ™2 of irradiation power using the P25
catalyst in the first instance.

The numerical integration of the Eqs. 5 and 6 was per-
formed for a total volume to be treated equal to 1 L, with
the following conditions:
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Figure 9. Simulated results of the photoinactivation of

E. coli over irradiation time under dark condi-

tions on the solid phase (1) and on the liquid

bulk (2) and under 35 W m~2 light flux density

on the solid phase (3) and on the liquid bulk (4).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Atr=0
C = Ciiy = 10/(MPN L") 9)
4= G = 0 (MPN m~?) (10)

with Cj,;; and ¢;,; are the initial values of bacterial concen-
tration in the liquid phase and the density of attached bacte-
ria on the catalyst surface, respectively.

To depict the bacterial evolution in the liquid phase as
well as in the solid one, the profiles were reported in bacte-
rial MPN as function of the residence time. Curves 1 and 2
depict the MPN of bacteria under dark condition in the solid
and liquid phase, respectively. Under light condition, the
profiles of bacteria MPN in the solid and liquid phase corre-
sponded to Curves 3 and 4, respectively.

Results under dark conditions showed a non-negligible inter-
action between target bacteria and catalyst used. In fact, 90%
of total bacteria initially present in the liquid phase had bonded
to the catalyst surface within only 10% of total catalyst contact
time (Curve 1). In parallel, this adhesion induced a decrease in
bacterial count in the bulk liquid until reaching a stationary
phase (Curve 2) corresponding to equilibrium state. In this
case, the calculated sum of both bacteria in the liquid and solid
phases throughout the catalyst contact time corresponded to the
number of bacteria initially present in the suspension.

Under UV irradiation conditions (black curves), the profiles
obtained comprised two elementary steps. Up to 10% of total
photocatalysis time (first step), there was almost a 1-log
decrease in total bacteria initially present in the liquid phase
(Curve 4). In parallel, there was a slight bacterial adhesion
activity on the solid phase that represented almost 10% of total
bacteria initially present in the suspension (Curve 3). These
results tend to demonstrate that at the start of the treatment, the
photocatalytic reaction activity in the liquid phase was of a
higher magnitude than the adhesion activity. Then, beyond
10% of total photocatalysis time (second step), the bacterial
decrease in the liquid phase proceeds in a one-way manner
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until reaching a stationary phase representing the tail phenom-
enon. In the same period, the degradation of the cells in the
solid phase seems to be inhibited. In this case, it has to be cau-
tioned that the log scale gives the impression that the number
of bacterial cells is constant, whereas it actually varied from
10° cells to 2 X 107 cells over the 200 min of simulation time,
recording thereby a degradation rate of 20%. Thus, although
degradation is partially inhibited in the solid phase, it still pro-
ceed slowly during the photocatalytic process.

Given the results of this simulation, the partitioning of
both photocatalytic activity and bacterial adhesion phenom-
ena highlight that (1) the contribution of bacterial adhesion
to global bacterial decrease in the bulk liquid generally has a
lower magnitude than photocatalytic activity and (2) photo-
catalytic activity was of significantly lower magnitude on the
solid phase than on the liquid phase.

We believe that the low impact of the photocatalytic reac-
tion in the solid phase compared to the solution phase could
be related to (1) a high recombining processes of the electri-
cal charges formed at the catalyst surface, (2) a limitation
due to a potential transfer of byproducts of photocatalysis on
the catalyst surface, (3) a restrained mass transfer of oxida-
tive radicals into microbial cells membranes at the direct
contact of the catalyst surface, and (4) radicals diffusing in
the liquid phase can combine with other chemical products
to form additional reactive oxidative species that enhance
the photocatalytic reaction, as reported elsewhere.*’

However, although degradation was inhibited on the solid
phase, it can still proceed slowly during the adhesion process.
These results are interesting as they highlight the presence of a
significant amount of viable bacteria on the catalyst surface at
the end of the experiment and strongly suggest that the effi-
ciency of heterogeneous photocatalysis for bacterial disinfec-
tion could be dangerously overestimated.

Conclusion

This study developed a kinetic model of the photocatalytic
inactivation of Gram-negative E. coli using three titanium
dioxide-based catalysts differing in size, shape, and other
characteristics. This choice associated with an adapted reac-
tor design enables effective coupling between two basic phe-
nomena that coexist in the suspension to be treated—that is,
bacteria—catalyst interaction and the photocatalytic reac-
tion—to model the overall bacterial disinfection process. Our
aim was not to develop an exact phenomenological model,
which would need, among other requirements, the definition
of a local rate provided by the resolution of the partial dif-
ferential equation based on a radiation balance (to take into
account the irradiation profiles inside the reactor). However,
the objective was to build on the many studies already
undertaken on the subject to suggest a global approach that,
with reasonable simplifications and assumptions, would ena-
ble the development and validation of a simple, robust, but
nevertheless representative model of the disinfection process.

The model has been successfully validated by experimen-
tal data, as it is able to reproduce the evolution in concentra-
tions of viable bacteria in a wide range of artificial UV flux
densities corresponding to solar irradiation. Next, the robust-
ness and suitability of the model were validated under real
solar irradiation conditions. The simulations of bacterial deg-
radation given here, highlight a partitioning of the two stud-
ied phenomena in the suspension to be treated. This made it
possible to understand the relative contribution of each phase
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(liquid phase and solid phase) to total bacterial decrease dur-
ing the photodegradation process. We anticipate this model

to

be a starting point for the development of a numerical

tool for scaling up efficient photocatalytic reactors using
immobilized photocatalytic media and solar light. Moreover,

as

photocatalytic bacterial inactivation is a promising tech-

nology for tertiary treatment of wastewaters, the optimization
of bacteria—catalyst interactions, and the subsequent disinfec-
tion process is a critical issue.
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Appendix

See Figures A1-A4.
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Figure A1. Adhesion kinetics of E. coli over residence
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Figure A2. Adhesion kinetics of E. coli over residence
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time using the supported catalyst and for
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A3. Experimental and simulated results of the

photocatalytic inactivation of E. coli over
irradiation time using the suspended VP
Aeroperl catalyst under variable irradiation
flux densities
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Figure A4. Experimental and simulated results of the

photocatalytic inactivation of E. coli over
irradiation time using the supported cata-
lyst under variable irradiation flux densities

0Wm?(A),5Wm?(@©),10Wm? (), 20 W
m~2 (x), and 35 W m~? (O).
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