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the rate of photon absorption has been developed. The application of the general kinetic expression to
limiting cases suggests that the interaction bacteria-catalyst can be considered to be weak. In contrast,
a complex dependence on the radiation absorption rate must be taken into account, as very different
radiation conditions may coexist inside the photoreactor, with high absorption rates in the region near

Keywords: . to the radiation entrance window and much lower values on the opposite side of the photoreactor. The
Photocatalysis . . . .
Kinetics model has been successfully validated by experimental data, being able to reproduce the evolution of

the concentration of viable bacteria in a wide range of values of TiO, concentration, irradiation power
and initial concentration of bacteria with a normalized root mean square logarithmic error of 5.3%. The
values of the kinetic parameters are independent of the specific reactor setup or the operating conditions
and therefore, the model can be used in a predictive way for photoreactor design and scaling-up, as well
as for the optimization of other reactor configurations.
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1. Introduction

Water disinfection using TiO, photocatalysis has attracted
increasing scientific interest during the last two decades, as shown
by the reviews published in this field [1-3]. This technology avoids
the formation of carcinogenic disinfection by-products (DBPs) such
as chloro-organic compounds in chlorination processes (generated
by the reaction of chlorine-based reactants with naturally occur-
ring organic matter) [4] or bromates in ozonation processes (by
reaction of ozone with dissolved bromides) [5]. Moreover, pho-
tocatalytic technologies have important advantages over other
advanced oxidation processes (AOPs) from the energy consump-
tion and environmental impact viewpoints, such as using air as the
oxidant reactant, working under ambient temperature and pres-
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sure, and including the possibility of using solar light to drive the
process [6].

Although Escherichia coli is, by far, the most studied organism
[1,2], literature reports on photocatalytic disinfection demonstrate
the feasibility of inactivation of different kinds of microorganisms
apart from bacteria, such as viruses [7,8], algae [9], fungi [10], yeasts
[11] or protozoa [12,13]. Operational parameters of the process
have been also deeply investigated, including light intensity and
titanium dioxide concentration [11,14,15], solar irradiation [16,17]
and the use of immobilized [18,19] or silver-modified TiO, with
biocidal power enhancement [20,21]. The influence of the chemi-
cal composition of water has also been studied [22,23], being this a
critical factor in real applications of this technology for drinking
water [24] and disinfection of effluents from wastewater treat-
ment plants [18,25]. Less efforts, however, have been devoted to
the rigorous kinetic description of the process. In most cases, the
disinfection profiles are described by very simple empirical mod-
els with parameters lacking physical or chemical meaning, whereas
the results reported in the literature usually show complex inacti-
vation profiles which cannot be successfully described, for example,
by the simple log-linear Chick’s Law. A recent review [26] sum-
marizes the main empiric and mechanistic models reported for
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Nomenclature

ay catalyst surface area per unit volume (cm~1)
Ay int bacteria—catalyst interacting surface area per unit
volume (cm~1)

B bacteria

C bacteria concentration (CFU cm—3)

Ceat catalyst mass concentration (gcm—3)

e? local volumetric rate of photon absorption (Ein-
steincm—3s1)

f fraction of bacteria-catalyst surface area (dimen-
sionless)

I radiation intensity (Einsteincm=2s-1sr1)

k kinetic constant (cm? mol~!s-1)

Kads equilibrium adsorption constant (cm3 g=1)

) stoichiometric coefficient

NRMSLE normalized root mean square logarithmic error (%)

PO irradiation power (Einsteins—1)

Tg superficial rate of electron-hole generation
(molcm=2s-1)

r superficial reaction rate for bacteria (CFUcm=2s-1)

R volumetric reaction rate for bacteria (CFUcm—3s~1)

Scel specific surface area of the bacterial cells (cm2 g=1)

Se specific surface area of the catalyst (cm%g=1)

t time (s)

1% volume (cm3)

X position vector in a 3D space (cm)

Greek letters

o kinetic parameter, units depend on the specific
kinetic model

o kinetic parameter (s 1)

a; kinetic parameter (cm? s Einstein~1)

o3 kinetic parameter (dimensionless)

oy kinetic parameter (dimensionless)

@ wavelength averaged primary quantum yield
(mol Einstein~1)

K napierian volumetric absorption coefficient (cm~1)

A wavelength (nm)

v stoichiometric coefficient

Q solid angle of radiation propagation about the direc-
tion 2 (sr)

Q unit vector in the direction of radiation propagation

photocatalytic disinfection, being the distribution of the radiation
absorption inside the photoreactor not considered in any of them.
In a previous work [23] we developed a kinetic model based on a
simplified inactivation mechanism that was able to fit the disin-
fection results data over a wide range of experimental conditions
using 3 kinetic parameters with well-defined physical meaning:
kinetic constant, interaction constant and inhibition coefficient.
This model is very useful to compare the effect of several opera-
tional variables and catalysts modifications on the reaction kinetics
[15], but does not explicitly consider the radiation profiles inside
the photoreactor, leading to equations that are only valid for the
experimental setup in which the parameters have been estimated.
Consequently, the mechanistic models reported in the literature
for photocatalytic disinfection are not valid for photoreactor design
and scaling-up purposes.

The dependence of the photocatalytic reaction rates on the
irradiation power is usually considered to be linear under low
irradiation conditions, but the exponent decreases to 0.5 under
moderate to high irradiation power, due to the increase of the rel-
ative importance of the second-order electron-hole recombination

Subscripts

0 indicates initial condition

ads relative to the adsorbed phase

bulk relative to the bulk suspension

cat relative to the catalyst

d relative to damaged bacteria

i relative to inactivated bacteria

int relative to bacteria—catalyst interacting surface

p relative to products of bacteria lysis

pi relative to products of bacteria lysis

Reactor relative to the reactor

tot relative to the total surface/sites of the cata-
lyst/bacteria

Total relative to the total recirculating system

Tank relative to the reservoir tank

u relative to undamaged bacteria

vac relative to vacant surface/sites of the cata-
lyst/bacteria

Vgeact  relative to the reactor volume

A indicates a dependence on wavelength

Q indicates a directional dependence

Superscripts

Calc calculated value

Exp experimental value

Special symbols

_ indicates a vectorial magnitude

[1 concentration of chemical species on the catalyst
surface (molcm—2), or concentration of bacteria
species in the bulk (CFU cm~3)

() indicates average value

processes [27-29]. Considering that the existence of radiation pro-
files inside photocatalytic reactors cannot be avoided due to the
intrinsic nature of the process, it should be expected a progres-
sive change in the dependence of the reaction rate on the radiation
intensity from values close to 0.5 near the photoreactor irradiated
surface to 1.0 in the darker regions. Consequently, equations that
correlate macroscopic reaction rate values with the incident irra-
diation power are only valid for the experimental setup in which
they have been developed. An intrinsic kinetic model suitable for
further applications in photoreactors design and scaling-up must be
based on the evaluation of the local values of the reaction rates and,
therefore, on the volumetric rate of photon absorption calculated
through the evaluation of the radiation field inside the reactor. This
important topic is the subject of investigation by several research
groups [30-40].

This work is focused on the development of a rigorous intrin-
sic kinetic model with explicit radiation absorption effects for
microorganism’s inactivation photocatalytic processes. The latter
approach has been successfully validated for the photocatalytic
oxidation of different chemical pollutants such as 4-chlorophenol
[39] and cyanide [40] but, to the best of our knowledge, there are
no references in the literature to the application of these kinds
of models to the inactivation of microorganisms. Despite the sig-
nificant differences existing between photocatalytic inactivation
of microorganisms and photocatalytic oxidation of pollutants due
to the microbiological aspects of disinfection processes, in both
cases the activation steps are obviously related to the radiation
absorption by the semiconductor particles and the subsequent
hydroxyl radicals (or other highly reactive oxygen species) gener-
ation [15,41,42]. A previous attempt with preliminary successful
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Fig. 1. Schematic representation of the experimental photoreactor setup (see text for details).

simulation results for experiments with different catalyst con-
centrations has been reported [43], but this model required a
modification with an empirical exponent and, what is more impor-
tant, was unable to reproduce the results of experiments carried
out under increasing irradiation power and/or with different ini-
tial concentrations of bacteria. For that reason, new efforts were
devoted to the development of a kinetic model based on an intrinsic
reaction mechanism without any empirical modification, with the
conviction that this approach is a more rational way to get kinetic
parameters that are independent of the reactor size and geometry
and, consequently valid for the design of large scale photocatalytic
disinfection reactors.

2. Experimental
2.1. Photoreactor

The experimental setup for the photocatalytic reactions is
schematized in Fig. 1. The annular photoreactor (15 cm long, 3 cm
inner diameter and 5 cm outer diameter) made of borosilicate glass
operates in a closed recirculating circuit driven by a centrifugal
pump; the system is completed with a well-stirred reservoir tank
having a device for withdrawal of samples. The total working vol-
ume is equal to 1L. The suspension flow rate was set at 2.5 Lmin~!,
being the estimated Reynolds dimensionless number of 663. That
means that the system is theoretically operating under laminar flow

regime. However, good mixing conditions are assured by the short
length of the reactor and the turbulence generated at the reactor
entrance (the inlet suspension impact directly against the reactor
wall). The small reactor volume and the relatively slow kinetics
of the process allow the assumption of differential conversion per
pass. Under these special conditions and in the absence of mass
transfer limitations, the flow regime has almost no effect on the
kinetics and, consequently, in the interpretation of the experimen-
tal data. Good aeration conditions were maintained in the reservoir
tank to provide the dissolved oxygen required for the reaction.

A Philips TL 6W/08 black light blue lamp with a maximum emis-
sionat370-375 nmwas placed in the axis of the annulus. The length
of the lamp is 21 cm, being both extremes outside the reactor to
avoid end-effects and allow the assumption of uniform superficial
emission. Radiation enters the photoreactor through the inner wall
after crossing a neutral filter that controls the irradiation power
(Fig. 1). Neutral filters consist of a polymeric substrate in which
a controlled black coverage level is achieved by high-quality laser
printing using CorelDraw® software. The reproducibility and sta-
bility of the filters after several hours of irradiation have been
positively verified by checking the intensity and spectrum of the
filtered UV radiation with a Gigahertz-Optik X97 irradiance meter
and a Varian Cary 500 Scan UV-vis-NIR spectrophotometer, respec-
tively. In all experiments, the lamp was switched on 15 min before
the reaction starts to stabilize its emission power and spectrum.
Fig. 2 shows the spectral distribution of the entering radiation and
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Fig. 2. Totalirradiation power and spectral distribution of the unfiltered and filtered
radiation entering the photoreactor, in comparison with the spectral distribution of
the volumetric absorption coefficient of a Degussa P25 TiO; suspension at natural
pH.

the neutral filters transmittance. The total irradiation power was
calculated from potassium ferrioxalate actinometry experiments.

All the components of the system are covered with black clothes
to avoid uncontrolled irradiation. A wet, dense black fabric is used
to maintain the temperature of the reservoir tank below 30°C, a
requirement to obtain a good reproducibility in microbiological
experiments.

2.2. Photocatalytic experiments

Disinfection experiments have been carried out using suspen-
sions of Degussa P25 TiO,. This photocatalyst has been widely
studied in the literature and its physicochemical and optical prop-
erties have been previously reported [44,45]. Fig. 2 shows the
spectral distribution of the specific volumetric absorption coef-
ficient of Degussa P25 TiO, suspensions at natural pH. To show
photocatalytic activity, this absorption spectrum must obviously
have a reasonable degree of overlapping with the spectrum of the
radiation entering the reactor (also shown in Fig. 2).

E. coli K-12 strains were provided lyophilized by the Span-
ish Type Culture Collection (CECT 4624, corresponding to ATCC
23631). This bacterium was selected as indicator microorganism
for disinfection experiments due to its wide use for detection of
faecal contamination of water. Fresh bacterial cultures of around
10° CFUmL! of stationary concentration were prepared by inocu-
lation of 20 mL of Luria-Bertani nutrient medium (Miller’s LB Broth,
Scharlab) and aerobic incubation at 37 °C under rotary shaking for
24 h. Reacting suspensions were prepared by centrifuging 5 mL of
the liquid culture at 3000 rpm for 15 min, rinsing twice the bac-
teria with 5 mL of sterile ultra-pure water (Milli-Q®, 18.2 M2 cm)
and finally diluting 1 mL of the aqueous E. coli suspension to 1L to
get an initial concentration of viable bacteria around 106 CFUmL-1.
Experiments with lower initial concentration of bacteria were pre-
pared taking the corresponding volume of the E. coli suspension.

The bacterial suspension and the catalyst were charged in the
reservoir tank and the recirculation pump was switched on 15 min
for the equilibration of the system. In the meantime, the lamp was
switched on outside the reactor to stabilize its emission power and
spectrum before the reaction starts. The evolution of the reaction
was followed quantifying the concentration of viable bacteria by
a standard serial dilution method using LB nutrient agar plates
(Miller’s LB Agar, Scharlab). Eight replicates of each decimal dilution
were incubated at 37 °C for 24 h before counting the number of bac-
terial colony forming units (CFU). Larger volumes (100 wLand 1 mL)

of the undiluted suspension were also plated for samples taken at
longer irradiation times, in which a very low bacterial concentra-
tion is expected, to reduce the limit of detection below 1 CFU mL~!.
Key experiments were repeated to test the reproducibility of the
disinfection results.

3. Kinetic modelling
3.1. Derivation of the kinetic model

The photocatalytic inactivation of bacteria can be modelled in a
simple way by a series events reaction mechanism in which bac-
teria require a number of incremental damages until they become
inactivated and finally lysed [23]. The kinetic model proposed for
the photocatalytic disinfection of E. coli suspensions is based on a
different concept as shown in the reaction scheme summarized in
Table 1.

Fig. 3 shows the main reaction pathway proposed for the
undamaged (B, ), damaged (By) and inactivated (B;) population of
bacteria, and for the biological structures and compounds released
after the bacterial lysis (Bp,;, with i=1 to n).

Appendix A shows the details of the derivation of the kinetic
model and the assumptions considered to obtain the following
kinetic expressions:

Ru(CFU/scm3)
= —ay ( KadsCeat ) [Bu]2
1+ KagsCeat / [Bu] + @4[Bg] + @3([Blo — [Bu] — [Ba])
aped
—1+4/1+ 1
* [ SeCt M
Table 1

Proposed reaction scheme for the photocatalytic inactivation of bacteria, based on a
hydroxyl radical generation photocatalytic reaction scheme [30] and a series-event
disinfection mechanism [23].

Step Reaction Rate
Activation TiO, iTiOz +e +h" re
Recombination e  +h' - heat vikz[e~][h*]
Electron trapping e~ +0; — *0y~ viks[e~][Oz]
Hole trapping h* +H,0 — *OH + H" viks[h*][H,0]
Hydroxyl attack By + £*OH — By viks[*OH]‘[By]
By + £*OH — B; viks[*OH] [Bq]
Bi+ £*OH — Bpi+ Bpo+.. . By ...+ Bpn  viks[*OH]‘[B]

viks1[*OH] [Bp1]
viksa[*OH]'[By2]

Bp1 + £*OH — Products
Bp2 + £*OH — Products
By + £*OH — Products viksil*OH][By;]

Bpn + £*OH — Products viksn[*OH]’ [Bpn ]

Adsorption cellsite + TiO puik <> TiO2,ads Kags

k)
Bpl —iLy

k,
B, —

> Products

Ky,
Bpn — oy ]

Fig. 3. Reaction pathway proposed for the photocatalytic inactivation of bacteria.
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where Ry and Ry are the reaction rate for undamaged and dam-
aged bacteria, respectively, [By]| and [By4] are the concentration of
undamaged and damaged bacteria, [B]g is the initial concentra-
tion of bacteria, e? the local volumetric rate of photon absorption
(LVRPA), S¢ the catalyst specific surface area, Ccat the catalyst mass
concentration, K,4s the equilibrium adsorption constant, and o1, a2,
o3 and a4 are kinetic parameters. It has to be highlighted that the
proposed kinetic model provides a general rate expression with
an explicit dependence of the photon absorption effects on the
bacterial inactivation rate.

3.2. Estimation of the kinetic parameters

Fig. 4 schematizes the procedure for the estimation of the intrin-
sic kinetic parameters. The calculation of the reaction rate is carried
out in every position of the reactor, which requires the prelimi-
nary evaluation of the local volumetric rate of photon absorption
(LVRPA, e?) in every position of the annular photoreactor as a
function of the incident irradiation power and the catalyst concen-
tration. Assuming that the optical properties of the suspension do
not vary during the reaction (there is no formation or disappear-
ance of absorbing species or significant changes in the pH value that
could modify the aggregation of the catalyst particles), the LVRPA
distribution evaluated inside the photoreactor can be considered
to be constant with time. The values of e? can be calculated by inte-
gration over the wavelength range in which there is overlapping
between the photocatalyst absorption and incident radiation spec-
tra, i.e. 340-400 nm according to Fig. 2 (the absorption of radiation
by bacteria in the wavelength range of 340-400 nm has been exper-
imentally verified to be negligible). The integrand is the product
of the monochromatic absorption coefficient and the total inci-
dent monochromatic radiation, calculated through the integration
of the monochromatic intensities over the whole spherical space of
directions:

Ag
€a=/ KA(&%/ I, o(x)ds2dA (3)
M 2=An

The value of the monochromatic radiation intensity for each direc-
tion of the spherical space and for each differential elementary
volume of the reactor can be calculated by the resolution of the
radiative transfer equation (RTE) that describes the transport of
photons through an absorbing and scattering medium such as a
TiO, suspension. A detailed description of the numerical procedure
for the resolution of the RTE using a 2-dimensional 2-directional
radiation model can be found elsewhere [40]. The main difference
with the procedure reported in the mentioned reference is the
determination of the radiation inlet boundary condition, because
diffuse inlet irradiation (equal intensities in all the directions) can-
not be assumed in the present lamp-reactor arrangement. In this
case, the radiation emitted by the lamp is discretized into the differ-
entdirections using a superficial diffuse emission model to take into
account the geometry of the system [46]. This model has been pre-
viously validated for a larger scale annular photocatalytic reactor
for the oxidation of cyanide [47].

Once the values of the reaction rate in every position of the reac-
tor have been computed, they can be used to solve the mass balance
of the system. Assuming that: (i) the system is perfectly mixed; (ii)
there are no mass transport limitations; (iii) the conversion per pass
in the reactor is differential; and (iv) parallel dark reactions can be
neglected, the mass balance of undamaged and damaged bacteria
in the reservoir tank can be expressed as follows:

d[Bu(t) VReactor

tHulre) = ——(Ry(x, t , t=0, B.1=1IB 4
dt Tank VTotal < U(i )> VReactor [ u ] [ ]0 ( )

d[Bd ](t) VReactor

—L1af/ = Rq(x, t , t=0, [By4]=0 5
de Tank VTotal < aX )> VReactor (Bal (5)

where V is the volume; Tank, Reactor and Total subscripts refer
to the reservoir tank, photoreactor and total recirculation sys-

tem, respectively; t denotes reaction time; and <R()g, t)>v is
Reactor
the reactor volume-averaged volumetric rate of undamaged and

damaged bacteria disappearance, referred by subscripts u and d,
respectively. This average reaction rate can be estimated from
the values of the local reaction rates calculated from the intrinsic
kinetic model (Egs. (1) and (2)).

The resolution of the mass balance equations renders the evo-
lution of both undamaged and damaged bacteria on the reservoir
tank. These values can be compared with the experimental results
obtained for viable bacteria according to the following definitions:

CI(t) = [By](t) + [Bal(t) (6)
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Calc
( o JCE [Bul () + [Bal (1) -

co [Blo

considering that both undamaged and damaged bacteria remain
viable and consequently are computed by the plating technique.
Using a nonlinear regression algorithm (Fig. 4), the values of the
intrinsic kinetic parameters that best fit all the different experi-
ments under varied operating conditions can be estimated.

4. Results and discussion

Experimental data for the verification of the kinetic model have
been obtained in a wide range of values of catalyst loading, irradi-
ation power and initial concentration of bacteria. The results show
the expected effect of each variable with increasing activity for
higher catalyst concentrations and irradiation power as well as
the longer irradiation times required for the inactivation of higher
initial concentrations of bacteria. Apart from these obvious exper-
imental conclusions, the goal of this work is to obtain the values
of the kinetic parameters that best reproduce the activity results
according to the model previously described under different exper-
imental conditions.

4.1. General kinetic model

Fig. 5 shows the good agreement between the prediction of
the model and the experimental data obtained in disinfection
reactions carried out under different catalyst concentrations, irra-
diation power and initial concentration of bacteria. The values of
the kinetic parameters and the normalized root mean square loga-
rithmic error (NRMSLE) are:

oy =(8.87+£5.11) x 10! 5!

oy = (3.59 + 1.57) x 10! cm? s Einstein ™
o3 =(2.45+3.02) x 107°°

a4 = (1.27 £ 1465) x 107!

Kygs = (8.92 £ 1472) x 10~ cm3 g1
NRMSLE = 5.3%

It can be noticed that although the model successfully reproduces
the experimental results, the values of the kinetic parameters are
affected by unacceptable large confidence intervals (especially o4
and K,4s), thus indicating the statistical interaction between some
of them and that at least one parameter could be eliminated from
the model, considering the following limiting cases: (i) low or
high bacteria-catalyst interaction and/or (ii) low or high irradiation
power.

4.2. Limiting cases for bacteria-catalyst interaction

The general kinetic model previously analyzed (Eqs. (1) and (2))
considers that the reaction rate is affected by the bacteria-catalyst
interaction through the expression: K,4sCcat/(1 + KadqsCeat), which
presents two limiting cases for low and high values of the K,gs
bacteria—catalyst interaction constant.

4.2.1. Low bacteria—catalyst interaction

For low values of K,q4s it can be assumed that the product K,qs
Ccat < 1,leading to the following simplification of the kinetic model
equations:

[By]?
[Bu] + cta[Bq] + o3([Blo — [Bu] — [Bal)

aped
x [=14+4/1+ 8
[ Schat:| (8)

Ru(CFU/scm3) = —aCeat
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Fig.5. Experimental results (symbols)and simulation with the 5-parameters kinetic
model represented by Egs. (1) and (2) (lines).

[Bu]® — cta[By]

Ry(CFUJs cm?) = oCeat (g1 1 T 2o (B, — [Bal = [BaD)

oped
Sgccat

x|:—1+ 1+

where o =1 Kyqs
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The values estimated for the kinetic parameters that best repro-
duced the experimental data are:

o1 =(7.82+0.35)x 10cm3 g-1s-1

oy = (3.66 + 0.43) x 10'" cm? s Einstein ™!
a3 =(2.44+0.51) x 107°

o4 =(1.28+£0.53) x 107!

NRMSLE = 5.3%

)
)
)
)

As shown in Fig. 6, this four-parameter kinetic model correlates
all the experiments with a very good agreement and the same value
of error (NRMSLE) that the original five-parameter kinetic model.
Moreover, the confidence intervals for the parameters are substan-
tially narrower, confirming the increased statistical significance of
the new kinetic equations. Finally, the residuals calculated as the
differences between the values predicted by the model and the
experimental data are randomly distributed against the absolute
value of the bacterial concentration and the three experimental
variables (see Fig. B1 in Appendix B), confirming that the error of
the model can be assumed to be homogeneously distributed around
the studied experimental range.

4.2.2. High bacteria-catalyst interaction

On the opposite limiting case, for high values of K,4s, it can be
assumed that K,qsCeat < 1, leading to the following simplification
of the kinetic model equations:

[Bu]?
Ry(CRUJsem®) = —e (g4 B T s (1Bo — [Bal = [Ba])
ape?
x {—1 +4/1+ Schat:| (10)

[Bu]® — cta[By]”
[Bu] + cta[Bq] + or3([Blo — [Bul — [Bal)

Ry(CFU/scm?) = oy

ape?
X { 1+ 1+SchaJ (11)
where K,4s disappears as kinetic parameter. This four-parameter
kinetic model is unable to reproduce the experimental data, espe-
cially in the case of experiments conducted under different catalyst
concentrations. In fact, it predicts that a higher value of Ccs¢ leads to
adecrease in the inactivation rate, a behavior opposite to the exper-
imental results. Although this trend could be possibly observed for
very high values of the catalyst concentration, it is unacceptable
for the moderate values of TiO, concentrations commonly used in
photocatalytic inactivation of bacteria.

4.3. Limiting cases for irradiation power

Concerning the influence of the irradiation power, the gen-
eral kinetic model considers that the reaction rate is explicitly
affected by the rate of radiation absorption through the expres-

sion: [—1 ++/1+ o:zea/Schat] which also presents two limiting

cases for low and high values of the local volumetric rate of pho-
ton absorption (e?). The application of these limiting cases to the
four-parameter kinetic model derived for high bacteria-catalyst
interaction also leads to senseless predictions of the effect of the
catalyst concentration. Consequently, the limiting cases for irradi-
ation power will be only considered on the four-parameter kinetic
model derived for low bacteria-catalyst interaction.
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Fig.6. Experimental results (symbols)and simulation with the 4-parameters kinetic
model represented by Egs. (8) and (9) (lines).

4.3.1. Low irradiation power

For low values of the irradiation power and therefore of the rate
of radiation absorption, it can be assumed that ae? /SgCear < 1
and consequently the square root can be approximated by the first
term of the Taylor series expansion (+/1 +x ~ x/2)[30], leading to
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the following simplification of the kinetic model equations:

1 [Bu]2 a
Ru(CRUJs cm?) = ~0t ot o (Bl — [Ba] —[Ba])
(12)
1 [Bu]? —014[Bd]2 a
Ry(CRUJsem?) = 0 gttt T arn(Blo — [Ba] —[Ba])°
(13)

K
where o = #1%2 ads

It can be noticed that this three-parameter kinetic model pre-
dicts a linear dependence of the reaction rate on the radiation
absorption rate, in agreement with the behavior reported by other
research groups for low radiation fluxes [27].

The values of the kinetic parameters that best reproduced the
experimental data are:

o =(4.02£0.18) x 10'? cm5 g1 Einstein ™
o3 =(9.82+£0.73) x 10°°

a4 =(1.76£0.77) x 107!

NRMSLE = 7.4%

As it can be noticed, the value of the error is higher than that
of the previously analyzed models. Fig. 7 shows that the experi-
ments carried out using different catalyst concentrations and initial
concentrations of bacteria are reasonably reproduced, especially
considering that Eqs. (10) and (11) do not show an explicit effect
of Ceat (the effect of the catalyst concentration is implicitly con-
sidered in the evaluation of the radiation absorption). However,
the effect of the irradiation power is clearly overestimated show-
ing a higher influence on the concentration of bacteria than that
experimentally observed. This is verified by the distribution of the
residuals against the irradiation power shown in Fig. B2 (Appendix
B), in which a deviation from a random clear trend is observed,
from positive errors for low irradiation power to negative errors
for higher values of PO,

4.3.2. High irradiation power

On the opposite limiting case, for high values of the irradia-
tion power and, therefore, of the rate of radiation absorption, it
can be assumed that ope?/SgCcar > 1, what leads to the following
simplification of the kinetic model equations:

Ru(CFU[s cm?)

Cear (B, Vei  (14)
Sg  [Bul+ a4[Bg] + a3([Blo — [Bu] — [Ba])

R4(CFU[s cm?)

G [Bu]® — au[Ba]? .
=\, BT+ @alBal + @By ~ TBa] ~[Ba]) ' © (15)

where @ = o1 /03K34s
The values of the kinetic parameters that best reproduce the
experimental data are:

o =(3.87£0.12) x 107 cm* g1 s~05 Einstein
a3 = (2.06 £ 0.54) x 1076

o4 =(1.62£0.55) x 107"

NRMSLE = 5.5%

In this case, despite the elimination of one parameter, the error
is only slightly higher than the ones obtained with Egs. (8) and (9).
The simulated results (Fig. 8) show that once again the model suc-
cessfully predicts the effect of the catalyst concentration and the
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Fig. 7. Experimental results (symbols) and simulation with the low irradiation flux
3-parameters kinetic model represented by Egs. (12) and (13) (lines).

initial concentration of bacteria, although it underestimates slightly
the effect of the irradiation power. This is again verified by the dis-
tribution of residuals shown in Fig. B3 (Appendix B), in which a
non random variation from negative errors at low values of the
irradiation power to positive errors for higher irradiation power is
observed.
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Fig. 8. Experimental results (symbols) and simulation with the high irradiation flux
3-parameters kinetic model represented by Egs. (14) and (15) (lines).

5. Conclusions

The kinetic model for the photocatalytic inactivation of bac-
teria developed in this work has been successfully validated by
experimental data, being able to reproduce the evolution of the
concentration of viable bacteria in a wide range of values of TiO,

concentration, irradiation power and initial concentration of bac-
teria with a normalized root mean square logarithmic error of 5.3%.

The application of the general kinetic expression to limiting
cases suggests that the interaction bacteria—catalyst can be consid-
ered to be weak, which allows the simplification of the model by
removing one parameter. This approximation is able to reproduce
all the experimental data with only 4 kinetic parameters.

In contrast, limiting cases for the irradiation power and radiation
absorption show that the process operates under an intermedi-
ate regime between the linear behavior with respect to the LVRPA
usually reported for low irradiation fluxes and the square-root
dependence typically observed for moderate to high irradiation
fluxes. Both approximations present some deviations in order
to reproduce the effect of the irradiation power. The reason is
that the photon absorption rate is generally a strong function of
position inside the photocatalytic reactor due to the high radia-
tion absorption generated by TiO, suspensions. Accordingly, both
kinetic regimes may coexist inside the same photoreactor, with a
high LVRPA in the region near to the radiation entrance window
and low values of LVRPA on the opposite part of the photoreactor.
Consequently, the general expression of the radiation term must
be used to successfully describe the global reaction rate.

The developed model, based on a rigorous reaction mechanism
and accounting explicitly for the local volumetric rate of photon
absorption, constitutes an intrinsic kinetic description of the pho-
tocatalytic disinfection process. The values obtained for the kinetic
parameters can be considered to be independent of the specific
reactor setup or the operating conditions. Therefore, the model
could be used in a predictive way for photoreactor design and
scaling-up, as well as for the optimization of any other reactor
configuration. The validation of this kinetic model in a larger pho-
toreactor will be addressed in future studies.
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Appendix A. Derivation of the kinetic model

The kinetic model proposed for the photocatalytic disinfection
of E. coli suspensions is based on the reaction scheme summarized
in Table 1. By applying the kinetic micro steady state approximation
for the concentration of electrons, holes and hydroxyl radicals, we
can derive the following expressions:

-1 Tg
)= T+ kal0a] (A
o Tg
)= ole T+ ka0 (A-2)
~OHI" kab*][H,0] a3

* Cks[Bu] + Lke[Bg] + Ck7[Bi] + €3 kgi[Bpi]

Introducing Eq. (A.1) into Eq. (A.2), the expression for the hole
concentration is obtained:

o k3[07] 4 kar,
=% {_1+\/1+k3’<4[1‘120g][02]} (A4)
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Besides, the superficial rate of electron-hole generation is given by
[30]:

b N Ped(x)
= — dr = —~¢
Tg(X) ay /AeA(X) Sgccat

where e?(x) represents the local volumetric rate of photon absorp-
tion (LVRPA) and @ is the primary quantum yield averaged over
the wavelength range.Then, from Egs. (A.3)-(A.5), results:

(A5)

['OH]K — Oll .
ks[Bu] + ks[Bal + k7[Bi] + > _;_ ksilBpil
x4 =1+,4/1+ xaet (A.6)
Sgccat '
where
O[/1 _ k3k4[H20][02] nd 4’(2@ (A.7)

20k, %2 = 15ka[H,0][05]
Introducing Eq. (A.6) into the superficial rate expression for the
undamaged bacteria (Table 1), we derive the following equation:

ru(CFU/scm?) = —ks[By][*OH]"
O[/lks[Bu]

n
ks[Bul + ks[Bal + k7 [Bi] + ) ksilByi]

i=1
ape?
14, /1+
* { sgccat}

The superficial disappearance rate of undamaged bacteria (ry) can
be transformed into the corresponding volumetric disappearance
rate (Ry) by the equation:

(A.8)

Ru(CFU/s C1‘1‘13) = I'uGy,int = Mufint@v = MufineScel [Bul (A.9)
where ay i, is the bacteria—catalyst interacting surface area per unit
suspension volume, f;,; the fraction of bacteria-catalyst interacting
surface area, ay the total bacteria surface area per unit suspension
volume, and S the specific surface area of the bacterial cells.

The adsorption equilibrium between catalyst particles and a cell
[11], can be expressed as:

Ccat,ads _ Ccat,ads
[Site]yacCeatbulk  [SitelyacCeat

Kags = (A.10)

Considering that [Site]rot, [Site]vac and [Site]cat are the total, vacant
and occupied sites on the external surface of the bacterial cell, we
can write:
[Site]ror = [Site]yac + [Site]car

= [Site]vac + [Site]vacKadchat

= [Site]yac(1 + KigsCeat) (A11)

Thus, the fraction of bacteria—catalyst interacting surface area is
given by:

cm?
fin CFUJscm®) = 1 fuac ( 2>

cm

1 Kads Ceat
- = A12
1+ Kadsccat 1+ Kads Ceat ( )

Finally, from Egs. (A.8), (A.9) and (A.12), we can write:

Ru(CFU[s cm?)
a ( Kads Ceat ) kslBul®
1+ KaasCeat / ks[Bu] + ke[Bal + k7[B;] + ks[Bp]
aped
a1 A13
* [ S¢Cat (A13)
where
a1 = & Scel (A.14)
n n
@: Zi:1k8i[Bpi] _ Zi:1k8i[Bpi] (A.]S)
er‘l:l (Bpil [Bp]

Following the same procedure for the volumetric disappearance
rate of damaged bacteria (Ry), the following expression is obtained:

ks[Bu]” — ks[Ba]®
ks[Bul-+ke[Bql+k7[B;]+ks[Bp]

ape?
x |=14+4/1+
|: Sgccat:|

R4(CFU/s Cm3) = ( KadsCeat )

1+ Kadsccat

(A.16)

Assuming that the bacterial lysis of the inactivated bacteria [B;] can
generate n molecules of organic compounds, [Bp] is estimated by:
n
By] = B,i] = n[B;] = n([B]g — [Bu] — [B A17
[Bpl=  [Byl =nlB;] = n([Blo — [Bu] - [Bal) (A17)
Substituting Eq. (A.17) into Eqs. (A.13) and (A.16), and rearranging

the resulting equations, the final expressions for the volumetric dis-
appearance rate of undamaged and damaged bacteria are obtained:

Ru(CFU/s cm?)
—051( KadsCeat ) [Bu]2
1+ KagsCeat / [Bul + ata[Bq] + @3([Blo — [Bu] — [Bal)
aped
—1+4/1+ A18
X[ SeCat (A18)

R4(CFU[s cm?)

—a ( Kadsccat )
! ]+I<adsccat

ape?d
x |=1+4/1+
|: Sgccat:|

[Bu]® — a[By]?
[Bul + aa[Bal + 3([Blo — [Bul — [Bal)

(A.19)

where

a3 = ("7“‘8"> and  ay= k6 (A20)

k 5

Limiting cases
CaseI: K,4sCear < 1
Equations (A.18) and (A.19) will take the form:

Ru(CFU/scm3)

[Bu]®

= ~C B T craTBal T 3(Blo — [Bul — [Bal)

oped

A.21
Sgccat ( )

><|:—]+ 1+
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R4(CFU/[s cm?)
— oCo [Bul” — cta[Bal”
“U[Bul + cra[Ba] + a3([Blo — [Bu] — [Bal)
aped
X [l +4/1+ Schat:|

where o = 1 K,qs

Subcase La: ape?/SgCeat < 1

Under this condition, and taken the first term of the square root

(A.22)

Taylor expansion, Egs. (A.21) and (A.22) will take the form:

(A.23)

Ru(CFU[scm?) = —« ! [Bul” el
u =0
Sg [Bu] + aa[Bg] + ct3([Blo — [Bu] — [Bq])
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Fig. B1. Distribution of the residuals for the 4 parameter kinetic model represented

by Egs. (8) and (9).
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R4(CFU[scm3) =

1

[Bu]® — Byl

a

S, [Bu] + @alBa] + a3([Blo — [Bul — [Bal)*

where o = 013K ,45/2
Subcase Lb: a3e?/SgCear > 1
Under this condition, Egs. (A.21) and (A.22) will take the form:

Ru(CFU/[s cm?)

Ceat

[By]?

R4(CFU/[s cm?)

Ceat

=\ "Sg [Bul+ calBql + 3([Blo — [Bu] - [Bql)

[Bu]® — cta[By]”

=%\ Sy [Bul+aalBal + a3([Blo — [Bul — [Bal)

Jea
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where a = o1 .,/03K;qs
Case II: K gsCeat > 1
Equations (A.18) and (A.19) will take the form:

[ByJ?

Ry(CRUJsem®) = —e (g4 1B Ty (1Bo ~ [Bal = [Ba])

aped
—1+4/1+ A.27
- [ sgcm] (A27)
[By]? — cta[By]?
R4(CFU/scm3) = «
a(CFUJs em”) = o [ TBal + @ ([Blo — [Bal — [Ba])
aped
—1+4/1+ A.28
) { SeCaat (A28)

Subcase ILa: o379 /SgCear < 1

Under this condition, Eqs. (A.27) and (A.28) will take the form:
Ru(CFU/s cm?)
1 [Bu]?

- _asgccat [Bul + cal[Bq] + a3([Blp — [Bu] — [Bd])ea (A.29)
R4(CFU[s cm?)
1 [Bul? — a4[Bq]?

B aSgCCat [Bu] + O[4[Bd] +O[3([B]O — [Bu] _ [Bd])e (ABO)

where o = o0y a2 /2
Subcase ILb: oze?/SgCcar > 1
Under this condition, Eqs. (A.27) and (A.28) will take the form:

Ru(CFU/s cm?)

— - [Bu]’ ;
— sgccat[Bu]+a4[Bd]+a3([B]0_[Bu]_[Bd])«/? (A31)
R4(CFU/s cm?)

! [Bul® — a[Bq)® Je  (A32)

= %\/ SgCeat [Bul + @alBa] + @3([Blo — [Bul — [Bq])

where o = o1 /a3

Appendix B. Distribution of the fitting residuals for the
different kinetic models

See Figs. B1-B3.
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