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HIGHLIGHTS

® Mechanistic modelling of E. coli inactivation by photo-Fenton at circumneutral pH.
® Radiation transport considering optical properties of iron hydroxide precipitates.

® Reversible serial n-event kinetic model successfully describes solar inactivation.

® Photo-Fenton cycle mediated by precipitated iron reproduces photosaturation effect.

® Multiple target — multiple hit model reproduces synergy of photons and radicals.
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This work focuses, for the first time, on the mechanistic modelling of wastewater disinfection by the solar photo-
Fenton process using controlled solar simulated radiation. At circumneutral pH, iron precipitates forming hy-
droxides and significantly affecting the optical properties of the water. In this regard, radiation transfer in the
reactor has been taken into account. The proposed model considers that the solar inactivation of bacteria follows
a serial n-event mechanism with n reversible steps of photonic attacks leading to the bacterial inactivation. Dark
Fenton cyclic process of hydroxyl radical formation from hydrogen peroxide is considered to be mediated mainly

by precipitated iron species, prevailing at circumneutral pH. Finally, the photo-Fenton process was modelled
using a multiple target — multiple hit mechanistic approach that accounts for the synergistic effect between the
photonic and the hydroxyl radical attacks to the bacteria. Model predictions successfully reproduce experimental
data of solar disinfection, hydrogen peroxide consumption, and photo-Fenton disinfection at circumneutral pH.

1. Introduction

The discharge of municipal wastewater treatment plant (MWWTP)
effluents is a serious environmental problem due to, among other is-
sues, the high load of microorganisms, including pathogens that can
provoke infections in plants, animals and humans. Therefore, the dis-
infection of these effluents is absolutely required to avoid environ-
mental problems and/or for water reclamation purposes. Solar photo-
Fenton is a disinfection technology effective against microorganisms
due to the combined effect of the direct action of solar photons and the
photoactivated generation of hydroxyl radicals from hydrogen peroxide
catalysed by iron species. Although it is well-know that the optimal pH
for Fenton processes is around 2.8 [1], when large volumes of water,

* Corresponding author.
E-mail address: javier.marugan@urjc.es (J. Marugan).

https://doi.org/10.1016/j.cej.2020.126335

such as MWWTP effluents, have to be treated, operation at neutral pH is
proposed to avoid costs related to pH conditioning. Therefore, as these
effluents present near neutral pH, the addition of iron salts leads to its
fast precipitation, being the iron hydroxides the initiators of the het-
erogeneous photo-Fenton process in water disinfection processes at this
pH range [2].

Since the early works of Chick [3] and Watson [4], various rate
expressions have been proposed for the kinetic modelling of disinfec-
tion processes. The simple Chick-Watson model considers a first-order
inactivation process that predicts a log-linear decrease of viable mi-
croorganism with time. Therefore, this model is not able to describe
different regions in experimental disinfection curves, such as an initial
delay or shoulder, or a final deceleration or tail at the end of the
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reaction, being required further mechanistic considerations [5-8]. More
complex mathematical models were developed to represent the dose-
response behaviour observed when a microbial population is exposed to
a disinfectant [9], representing disinfection as a permanent variation in
the population resistance. Some examples are the use of: i) empirical
probabilistic models [10] based on the use of probability functions to
describe the distribution of inactivation times for a population of or-
ganisms considering specific sensitivities to a certain level of disin-
fectant exposure; ii) the serial n-event model [11,12], in which the in-
activation takes place through a sequence of discrete damage levels and
the organism is assumed to be inactivated after a threshold level of
damage; iii) the multi-target model [11], similar to the series-event model
but assuming that each organism contains a finite number of discrete
critical targets, each of which must be attacked for full inactivation; and
iv) the Hass model [13], formulated on chemical reaction principles,
but assuming the existence of an intermediary organism-disinfectant
complex.

Despite the extensive literature on the evaluation of photo-Fenton
processes for the inactivation of microorganisms at circumneutral pH
[14-21], most of these studies focused on the qualitative analysis of
experimental data, and only few of them include some basic kinetic
analysis, usually by fitting the results to the semi-empirical Chick-
Watson model, whose prediction capabilities outside the exact experi-
mental setup and operational conditions in which has been calculated is
very limited. Some mechanistic approaches have been reported for the
kinetic modelling of TiO, photocatalytic disinfection [22] or solar
water disinfection [23,24] processes. However, to the best of the au-
thors’ knowledge, there are no reports in the literature about the me-
chanistic modelling of photo-Fenton disinfection processes, either in
acidic or circumneutral conditions. Some kinetic modelling approaches
have been applied to the photo-Fenton oxidation at acidic pH of che-
mical pollutants such as paracetamol [25], acetamiprid (ACTM) and
thiabendazole (TBZ) [26], and for the determination of the intrinsic
kinetic constants of the photo-Fenton reaction at circumneutral pH
using the soluble complex Fe®*-EDDS [27].

The aim of this work is the rigorous mechanistic modelling of the
photo-Fenton inactivation of microorganisms at circumneutral pH, in
which the activation takes place in the heterogeneous phase constituted
by the iron hydroxides precipitates. To determine the intrinsic kinetics
parameters of the radiation activation step, the optical properties of the
suspension have been calculated from spectrophotometric measure-
ments. The estimated absorption and scattering coefficients of the
suspensions have been used for the resolution of the radiation transport
in the water media, allowing an accurate calculation of the incident
radiation profiles. An innovative multiple target — multiple hit mechan-
istic modelling approach has been applied for the successful description
of the synergistic effect of the direct solar inactivation and the hydroxyl
radical mediated Fenton process during the photo-Fenton disinfection
of MWWTP effluents.

2. Materials and methods
2.1. Reagents and analytical determinations

Two different concentrations of iron were used (10 and 20 mg L!
of Fe), with ferrous sulphate heptahydrate (FeSO47H,0, 99%, Panreac,
Spain) as source of iron. The concentration was analysed by the o-
phenantroline standardized method according to ISO 6332 with a limit
of detection of 0.5 mg L~ !. Hydrogen peroxide (33%, w/v aqueous
solution, Panreac, Spain) concentration was analysed by a colouri-
metric method (DIN 38 402 H15) using titanium (IV) oxysulphate
(98%, Sigma-Aldrich, Spain) with a limit of detection of 0.3 mg L™ 1.

2.2. Bacterial enumeration and quantification

Escherichia coli K-12 ATCC 23631 was inoculated from a stock
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suspension into Luria broth nutrient medium (Miller’s LB Broth,
Sigma-Aldrich, USA) and incubated at 37 °C with constant agitation in
a rotary shaker under aerobic conditions. Bacteria were collected after
20 h of incubation, corresponding to the initial bacterial stationary
phase, yielding a concentration of 10° CFU mL ™. E. coli suspensions
were harvested by centrifugation at 3000 rpm for 10 min. Finally, the
bacterial pellet was re-suspended in phosphate buffer saline solution
(PBS) and diluted in the reactor to the required 10° CFU mL™" cell
density initial concentration. Colonies were counted after incubation of
24 h at 37 °C, as described elsewhere [28]. The concentration of E. coli
in water was measured using the plate counting technique.
50-100-250-500-1000 pL of samples were plated out to reach the
detection limit (DL), 1 CFU mL ™.

2.3. Water matrix

To avoid the variability in real wastewater effluent, the experiments
were carried out at pH 7 using a simulated MWWTP effluent
(SMWWTPE) with 15 mg L~! of total inorganic carbon (TIC) added as
sodium bicarbonate (NaHCOs) [21,26]. The constituents of the
SMWWTPE were: CaSO42H,0 (60 mg L™ %), MgSO, (60 mg L™ 1), KCl
(4 mg L), (NH,)-2804 (23.6 mg L™ 1), beef extract (1.8 mg L™1),
peptone (2.7 mg L™ 1), humic salts (4.2 mg L™ 1), sodium lignin sulfo-
nate (2.4 mg L™ 1), sodium lauryle sulphate (0.9 mg L~ 1), acacia gum
powder (4.7 mg L™Y, arabic acid (5.0 mg L™Y and NaHCO; (105 mg
L™1Y). The dissolved organic carbon concentration (DOC) was 9 mg L™~ 1

2.4. Experimental setup

2.4.1. Disinfection

Photo-Fenton experiments were carried out in a jacketed cylindric
stirred tank reactor (10 c¢m internal diameter) which allowed to control
the water temperature at 25 °C using a thermostatic bath (Thermo
Scientific Neslab RTE 7), placed inside a solar simulator (SunTest CPS +
from Atlas). Fig. S.1 compares the emission of the solar simulator with
the ASTM G173 AM 1.5 standard solar spectrum. The total working
volume was 0.35 L (5 cm of liquid depth). The irradiation on reactor
surface was monitored during the experiments by a spectroradiometer
(AvantesAvaSpec-ULS204).

The selected operation conditions were: 30 mg L™ of initial con-
centration of hydrogen peroxide, 10° CFU mL ™! of E. coli initial con-
centration, two initial iron concentrations (10 and 20 mg L™Y and
several UVA irradiation levels (between 10 and 50 W m ~2) adjusted by
the intensity control in the front panel of the simulator and measured
with the spectroradiometer. All the experiments were carried out in
triplicate.

The reactor was filled with the SMWWTPE. The heterogeneous
photo-Fenton reaction started when both, reagents and bacterial sus-
pension, were added in the reactor and were exposed to simulated
sunlight. Water samples were taken at short time intervals to evaluate
H,0, consumption and E. coli inactivation, in the latter case upon ad-
dition of catalase to remove H,O, from the samples. Besides, control
tests were performed evaluating the individual effects of radiation,
hydrogen peroxide, mechanical stress and iron. Experiments of direct
solar inactivation were carried out under the same experimental con-
ditions without addition of iron and H,05.

2.4.2. Optical properties determination

To study the optical properties of iron precipitates, a spectro-
photometer (Varian Cary 500 Scan UV-VIS-NIR) with an integrating
sphere diffuse reflectance accessory was used. The calculation of the
optical properties is a complex task when both absorption and disper-
sion phenomena occur simultaneously. While the extinction coefficient
can be calculated easily through the normal use of a spectrophotometer,
additional measurement of diffuse transmission and reflectance are
required to obtain both the absorption and dispersion coefficients
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[29,30]. An integrating sphere of 110 mm in diameter coated with
PTFE and a cell of 1 cm of optical pathway were used. A schematic
representation of the experimental setup can be found elsewhere [30].
The spectral absorption and scattering coefficients in the UV-A wave-
length range were calculated by fitting the experimental data of direct
and diffuse transmission of the suspensions to the transmitted and re-
flected radiation fluxes. These fluxes were calculated by resolution of
the radiative transfer equation in the cell using a 1-D discrete ordinate
method assuming an isotropic scattering phase function by means of a
nonlinear multiparameter regression algorithm. Duplicated experi-
mental data were obtained for different initial concentrations of Fe (10,
15, 20 and 25 mg L™') in SMWWTPE with 30 mg L™ of hydrogen
peroxide in a recirculated well-mixed system.

2.5. Calculation of kinetic parameters

Rigorous kinetic description of the photo-Fenton process requires
the explicit inclusion in the model of the photon absorption rate. The
value of the incident radiation (G, W m™2) was first calculated con-
sidering the spectral distribution of absorption, scattering and emission
in the UVA range by solving the radiative transfer equation as follows:

dILQ _ oL ’ ’
o -l o — oo+ i A,=4”P(Q = Q) dQ a
Q=41
Giw = [ L(Q)dQ
W @
Amax H
Jo Gawy-dh
G = (Gipy) = Z OHi
Amin /(') dH (3)

where I, o is the intensity of photons with wavelength A propagated
along the direction Q;x; is the volumetric absorption coefficient, g; is
the volumetric scattering coefficient and p(Q' — Q) is the phase func-
tion that describes the directional distribution of scattered radiation. A
spatial step of 0.025 cm was used to discretise the 5 cm of water depth
in the reactor. Bacterial absorption can be neglected from the radiation
transport viewpoint.

The rate of an elementary photoactivated reaction (r, mol L™ ! s~ %)
can be expressed as the product of the quantum yield of the reaction (¢,
mol Einstein~!) and the volumetric rate of photon absorption, VRPA
(e?, Einstein L™ ! s71), i.e:

AE;B rq = ¢ ez

The averaged volumetric rate of photon absorption (VRPA) for each
experiment can be calculated by multiplying the spectral averaged
absorption coefficient by the incident radiation.

VRPA, = e = k4G = x4 [A]G 4

where «j is the spectral averaged specific volumetric absorption coef-
ficient of reactant A. As the quantum yield and the specific absorption
coefficient are constant, they can be grouped into a new kinetic para-
meter to simplify the rate expressions as:

A% B ra = k[A]G

where the kinetic constant k (m? J~1) acts as a second-order kinetic
constant with regards to the concentration of the reactant and the in-
cident radiation.

Calculation of the kinetic parameters was carried out by minimizing
the normalized root mean squared logarithmic error (NRMSLE) be-
tween the experimental and predicted concentration of viable bacteria
concentration (for bacterial inactivation) and the normalized root mean
squared error (NRMSE) for H,O, consumption profiles. The sequential
quadratic programming (SQP) optimization method from GNU Octave
was used to minimize the objective error function. The system of dif-
ferential equations was solved using explicit Euler. An independence
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Fig. 1. Optical measurements for different suspension of iron in SMWWTPE
with carbonates at neutral pH: A) Direct transmittance, B) Diffuse transmit-
tance.

analysis was carried out to achieve a value of the time step low enough.

3. Results and discussion
3.1. Optical properties

Experimental data of direct and diffuse transmittance for the
SMWWTPE with different concentrations of Fe are shown in Fig. 1.
Results of direct transmittance in Fig. 1A clearly show the existence of
two different sets of curve trends depending on the iron concentration
level. Up to 7.5 mg L™ 1, a clear decrease in transmission is observed as
the concentration increases, as expected for the higher radiation ex-
tinction by these low-turbidity suspensions. In contrast, above this
value a second region starts in which iron hydroxide becomes the
predominant species, leading to much higher turbidity in the suspen-
sion. In fact, the massive formation of solids at 10 and 15 mg L™' of
iron decreases the extinction of the suspensions with regards to 7.5 mg
L™, especially for shorter wavelengths. This effect suggests that the
increase in scattering by the particles in suspension does not counteract
the decrease in absorption due to the disappearance of the homo-
geneous iron species from the solution. For higher concentrations of
iron, the expected decrease in transmission takes place again, showing
two different shapes of the spectra depending on the iron concentration
range that can be concluded to be related to the predominance of
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Fig. 2. Optical properties of the iron suspensions as a function of irradiance

wavelength. Spectral specific extinction ($*,), scattering (0*,) and absorption

(x*») coefficients. The numerical values of the coefficients are available in
Table S.1.

soluble or insoluble iron species. A similar effect is also observed in the
diffuse transmittance results (Fig. 1B), although in this case, the dif-
ferences between both regions are less pronounced. The net effect is
that the radiation transmission observed with 5 mg L™ ! and 10 mg L ™!
of Fe is very similar, with a significant contribution of the diffuse
transmission. In contrast, diffuse reflectance values (data not shown)
were very small, below 5% in all measurements and without clear
trends, being neglected in the calculations.

Fig. 2 shows the calculated spectral extinction (f3,), scattering (o»)
and absorption (k;) coefficients in the wavelength range from 325 nm
to 405 nm for the suspension in the region of higher concentration of
iron where iron hydroxides are the predominant species. The reason is
that this is the iron concentration range where the photo-Fenton pro-
cesses for the treatment of MWWTP effluent usually operate [31,32].
Whereas the scattering coefficient remained essentially constant in-
dependently of the wavelength, the absorption coefficient diminished
as the wavelength increased, as occurred with the extinction coefficient.

3.2. Modelling of direct solar inactivation of microorganisms

Fig. 3A presents the results of the effect of UV irradiance, Iyy (W
m™2), on the bacterial inactivation in a simulated MWWTP effluent at
circumneutral pH by direct solar disinfection. After 120 min of reaction,
a 3-log decay was obtained with the higher irradiance of 50 W m~2 and
2.5-log for 30 W m~2 For irradiance values below 30 W m~?
(25-10 W m ™2, negligible bacterial inactivation was observed under
the studied conditions of controlled temperature at 25 °C and no ad-
ditional stress factors. Fig. 3B shows these results plotted as a function
of the UV dose. It can be noticed that the curves do not overlap,
meaning that the results depend on the power and not only on the
accumulated energy as happens for the removal of chemical con-
taminants. For instance, for the same dose of 1100 kJ m™2, higher
damage in bacterial population is obtained when high UV irradiance
values are applied in shorter times. Although solar photo-inactivation
processes for water disinfection have proven to be more efficient when
a higher solar energy dose is received in the system [33], there is not a
simple relationship between microorganism photo-inactivation rate and
solar exposure time, energy received, or dose applied [15]. In the
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Fig. 3. Experimental results of bacterial inactivation in SMWWTPE at cir-
cumneutral pH by direct solar disinfection as a function of UV irradiance versus
time (A) and dose (B). The arrow indicates the order in which the data series
appear in the figure.

context of solar disinfection, it has been reported greater effectiveness
of applying a higher intensity for a short time than a lower intensity for
a longer period of time, indicating that the action of repair enzymes in
the cell is favoured at lower UV intensities [34].

Direct solar disinfection is considered a complex process with multi-
steps acting simultaneously that result in the inactivation of the mi-
croorganisms. Induced by UVA light [35,36], internal reactive oxygen
species (ROS) are produced inside the cell and it is the accumulation of
ROS attacks what leads to bacterial death [37]. Additionally, the photo-
inactivation of two essential enzymes of the defence system against
intracellular oxidative stress takes place. The role of these enzymes is
acting as scavenger of ROS against the photo-oxidative damage: cata-
lase (CAT) for hydrogen peroxide, and superoxide dismutase (SOD) for
superoxide radicals [24]. It is accepted that UV-B causes damages in
DNA by direct absorption of light by endogenous chromophores [38].
Temperature also affects the solar disinfection process inducing a sy-
nergetic effect with sunlight that shortens the treatment time with
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increased temperature values [8], but strongly when temperatures are
above 45 °C [39].

Taking into account the mechanistic features mentioned above, our
approach for the kinetic modelling of the direct solar inactivation of
microorganisms was based on the consideration of a minimum photonic
energy needed to reach a lethal effect through a sequence of reversible
damage that can be reverted by the cell repairing mechanisms.
Therefore, low irradiance level can damage the cell, but not enough to
overcome self-repair mechanism. The proposed model, based on the
threshold or multi-hit concept of the serial n-event model, considers that
the effect of radiation is a process of accumulation of hits or reversible
structural damages in the cell and that inactivation occurs when n
unrepaired hits have accumulated. A model with 3 kinetic parameters is
proposed, in which the inactivation of undamaged bacteria (B,) takes
place through a reversible sequence of damaged steps (Bg;) until
eventually become inactivated (Bj,qc) corresponding to the n level of
damage (Bg,n):

E;)lar ’E;)lar ‘S;rlur ksolar kmlfr
B, & Bin < Bix o v Byi o & Ban-2 & Bin-a

ksolar,repair ksolur,repuir ksolar,repair ksolar, repair ksolar, repair

where kg, is the rate constant of direct solar inactivation (m? J 1),
krepair is the first-order self-repairing constant (s™Y) and n is the
threshold level of damage. Based on this scheme, the balance of the
microorganism B at the event-level i can be expressed as:
1) Kty [Ba, -] + Kiolarrepair [Baia1] — Ksotar [Ba, i
— ksotar,repair [Ba, i] (5)

The total concentration of surviving microorganisms is the sum of
the concentration of all the microorganisms from B, to Bg,.;, corre-
sponding to the last damage level before the inactivation threshold.

Fig. 4 shows the best fit of the experimental data, achieved for
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Fig. 4. Correlation between experimental data (dots) and model predictions
(lines) with the serial n-event kinetic model for direct solar inactivation of E. coli.
The arrow indicates the order in which the data series appear in the figure.
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threshold value of n = 5. The values of the kinetic constants are shown
in Table 1. The presence of the reversible repairing process combined
with the concept of a threshold makes possible to predict the non-linear
behaviour of the bacterial inactivation with respect to the irradiance,
although the model slightly overestimates the bactericidal effect for
25 W m~2 This low irradiance region of negligible inactivation is
better adjusted with an n = 6 model, although with a higher global
error due to the worse correlation for the experimental data at higher
irradiance in which significant inactivation takes place.

The threshold number of attacks (n = 5) is lower than the value of 9
reported by Severin et al. [11] for UVC inactivation of E. coli disinfec-
tion. The reason is that our experimental data show almost negligible
shoulders (the presence of a long shoulder is indicative of a higher
number of threshold damages). On the other hand, the kinetic constant
reported here is considerably lower, as expected for solar UV (UVA and
UVB), in comparison with UV-C. Apart from the obvious differences in
the UV-C vs solar UV inactivation mechanisms, this indicates that the

ksolar

Binact

quantum yield of the solar process is significantly lower (most of the
absorbed photons are harmless).

3.3. Modelling of the photo-Fenton inactivation of microorganisms

3.3.1. Hydrogen peroxide consumption

H,0, concentration was monitored during the photo-Fenton ex-
periments. Fig. S.2 shows the results of H,O, consumption for in-
creasing irradiance values and two initial concentration of iron of 10
and 20 mg L™ . For low irradiances values the system operates under
irradiance limitation, whereas for high irradiances the concentration of
iron limits the process, and the system works under excess of radiation,
reaching a photosaturation limit. These results are in agreement with
previous studies [19]. Fig. 5 shows the first-order rate constant of hy-
drogen peroxide consumption calculated from the 0-40 min irradiation
period (dark reduction of Fe** at this temperature was not significant).
For the optical pathway of 5 cm used in the present work, the iron
limitation is achieved above 20 and 25 W m ™2 for 10 and 20 mg L. ™! of
iron, respectively. Above 25 W m ™2, the rate constant of hydrogen
peroxide consumptions is essentially constant.

The photo-Fenton process at acidic conditions is usually represented
by R1’ to R3’". The main reaction in Fenton process is the Haber Weiss
R1’ reaction [1]:

Fe? + H,0, — Fe** + OH™ + HO (RY) (k{ = 50 — 70 Lmol~'s™1)

Fe®* reduction through R2’ also occurs, but the rate is considerably
slower and is usually not considered [1]:
Fe’* + H,0, — Fe?* + HO, + H* (R2) (k; = 3.1 x 1073 Lmol~Is™)

The production of HO is greatly increased upon UV illumination by
the photo-Fenton reaction R3’ that closes the iron catalytic cycle:

Fe3* + H, O— Fe?* + HO' + H* (R3)

Since Fe®* is regenerated via R3’ with decomposition of water ra-
ther than H,0, (R2’), the photo-Fenton process consumes less H;O, and
requires only catalytic amounts of Fe?* [26].
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Rate Values for E. coli
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Kotlar = 1.54 x 107 *m?J 'n =15

Table 1
Serial n-event kinetic model proposed for direct solar inactivation of microorganisms.
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Fig. 5. First-order rate constants of hydrogen peroxide consumption as a
function of iron concentration and irradiance.
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Fig. 6. Schematic representation of the proposed mechanism for the photo-
Fenton process at circumneutral pH.

Modelling of the photo-Fenton process at circumneutral pH in-
cluding the existence of a photosaturation region, requires the eluci-
dation of the role of the precipitated iron species. Our approach con-
siders that the photo-Fenton process is mediated by the iron species in

the heterogeneous solid phase, as represented in Fig. 6. After the initial
R1’ reaction (transformed now to R1 to consider the precipitation of the
oxidized Fe**, due to the negligible concentration of soluble Fe®*
species, both R2’ and R3’ can be neglected. The process in then con-
trolled by the equivalent heterogeneous processes to R1” and R3’, that
would be R3 and R2, respectively.

Table 2 summarizes the proposed reactions for the photo-Fenton
process. In the first Fenton reaction (R1) it is assumed that the aqueous
iron precipitates as iron hydroxides at neutral pH. This process only
takes place in the initial stages of the process when fresh Fe?™ is sup-
plied to the reaction bulk. Once the Fe(zafv is consumed, Fe can be
photoreduced to FelJ, both in the solid phase by R2. Fel} can be re-
oxidized to Feljj by hydrogen peroxide. When R3 controls the global
process, photosaturation occurs. As the concentration of iron is higher
working at 20 mg L™, a higher absorption of photons takes place and,
consequently, a higher hydrogen peroxide decomposition rate is ex-
pected, as long as irradiance is the limiting factor. Then, the photo-
reduction reaction of Fe>* becomes faster and the reaction rate is
controlled by oxidation of precipitated Fe>* by hydrogen peroxide.
This last reaction is independent of light intensity, leading to the pho-
tosaturation effect.

The resolution of mass balances of the different species assuming
the kinetic micro steady-state for the hydroxyl radical leads to the
calculation of the concentration of the 3 iron species, Fe(z.;a), Felt and
Fe(z;)r and H,O, concentration. The derivation of the kinetic model is
detailed in Appendix A. A first fitting of the experimental data of H,O5
consumption was carried out independently on the bacterial inactiva-
tion. This simple model is proved to be accurate enough for re-
presenting the experimental photosaturation effect as well as the pho-
tolimited region at low irradiance, successfully fitting the experimental
results with a NMRSE of 8.51% (Fig. 7). Saturation effect is sa-
tisfactorily reproduced for a concentration of iron of 10 mg L™, al-
though for 20 mg L ™! of Fe the model predicts the saturation effect for
30 W m 2 whilst the experimental data reveals this effect at 20 W m ™2,
Globally, we consider that the model is a good compromise between a
very complex rigorous mechanistic approach considering all possible
reactions taking place in the system and a simplified empiric approach,
providing acceptable predictive modelling of the photo-Fenton process
at circumneutral conditions.

The value obtained for k; of 19.95 M s~ ! is in the order of the
classical values reported in the literature for k;” at acidic conditions,
between 50 and 70 M~ ! s™1 [31,32]. Fenton rate for precipitate Fe?*
species is slower than the soluble phase, as expected. Predicted FeZ;
and Fe}; by the kinetic model used in this research are presented in
Fig. 8. Fefa) is quickly consumed during the first minutes by reaction
R1, forming Fely. The difference between the initial total iron that
remains constant, and the sum of the two solid species corresponds to
Fe(zaJch-
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Table 2
Reactions included in the direct solar inactivation model and obtained parameters values.
Reaction Rate Kinetic constant Units
— -1 .1
R1) Fegatp + Hy0, — Fel + HO ks [Fe%;[v] [H,0,] k; = 19.95 M~ 's
h : 347 ~ 3+ = -5 2 5-1
R2) Felf + H,0 = FeZi + HO- + H' kz [H0] G [Fegj] = k2 G [Fe(§ ke = 3.92 %10 m*J
R3) Feg;; + H,0, — Fe§5 + HO +H" ks [Fefs“;] [H,0,] ks = 7.66 M ts!
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Fig. 7. Correlation between experimental data (dots) and model predictions
(lines) for H,0, consumption during photo-Fenton process at circumneutral pH
with A) 10 and B) 20 mg L™ " of Fe.

In the cases where the system works under photolimitation condi-
tions (up to 25 W m™2), the predominant oxidation state is Fe] be-
cause the rate-limiting step is the photoreduction of Fel) to FeZ} (re-
action R2 in Table 2). This also occurs during the first hour of reaction
in experiments at 30 and 50 W m™2, but as H,O, is consumed, the
oxidation reaction from FeZ} to Felj slows down (reaction R3 in
Table 2), approaching an equilibrium that corresponds to the photo-
saturation region.
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Fig. 8. Model results for Fe oxidation state distribution during photo-Fenton
reactions at circumneutral pH. A) For an initial Fe concentration of 10 mg L~ !
B) For 20 mg L~ ! of Fe. The arrow indicates the order in which the data series
appear in the figure.

3.3.2. Bacterial inactivation

Results of the photo-Fenton inactivation of E. coli at circumneutral
pH are shown in Fig. 9. For the higher irradiance values, both iron
concentrations lead to a 6-log decay within 60 min of illumination.
Negligible E. coli inactivation is observed for the lowest irradiance of
10 W m™2, and a relatively low inactivation level in the range 15 to
20 W m ™2 what can be attributed to a low generation of hydroxyl ra-
dicals in comparison with the efficiency of the self-repairing bacterial
processes. It can be observed that despite the photosaturation effect
observed in the consumption of H,O,, the bacterial inactivation is
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Fig. 9. Experimental results of E. coli inactivation with the photo-Fenton pro-
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Fig. 10. Comparison of the disinfection rates calculated for the direct solar
disinfection process and the estimated contribution of the process during the
photo-Fenton experiments as a function of the average incident radiation con-
sidering the absorption of photons by the iron species.
significantly improved for 50 W m~2 in comparison with 30 W m ™2,
In comparison with the direct solar inactivation, the photo-Fenton
process provides a significantly higher disinfection efficiency, leading
to a 6-log inactivation in 50 min for 10 mg L' of iron (30 min for
20 mg L™ 1), while only 3-log decay was obtained after 120 min of the
direct solar process, in all cases for 50 W m ™2 of irradiance. The reason
is that in addition to the direct photonic damages, the photo-Fenton
process proceeds simultaneously through the hydroxyl radicals’ in-
activation route. In fact, the effect of direct solar inactivation is ex-
pected to be low in the global photo-Fenton disinfection process, since
the radiation absorbed by iron is quite high and there is not much light
available for the direct absorption of photons by the bacteria. Fig. 10
shows how the values of the disinfection rates predicted by the direct
solar inactivation model are below the observed threshold level.
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It has been previously reported that bacterial inactivation is sig-
nificantly higher when the cells are exposed to different stress sources
[40]. In photo-Fenton processes, two different stress sources have to be
considered: HO" oxidation of the bacteria vital constituents, and direct
photonic effect. Therefore, even if the theoretical contribution of the
direct solar inactivation could seem negligible (Fig. 10), the potential
synergy between both processes have to be considered. To develop a
mechanistic modelling approach of the process, some aspects must be
considered to get consistency whether both agents are simultaneously
present or not:

e To allow reversibility and synergy, single hit models cannot be

considered, as the bacteria need the first attack to activate defence

mechanisms.

The kinetic constant for the attack by each individual mechanism

should keep its value in both single-stress and multiple-stress sce-

narios, because elementary kinetic constant value could depend on

the chance of a clash, the required energy, steric effects, etc., and

none of this should be affected by the other stressing agent.

e The number of serial attacks required by a single agent to inactivate
a bacterium must remain constant if the bacterium does not receive
any attack from the other agent.

On the one hand, radiation and radicals may be attacking the same
target in the bacteria, and their effects should stack. In this single target —
multiple hit scenario, there would be several levels, with both effects
going forward at the same or different rates. A single repairing constant
would be considered, being impossible to determine at a given level if
the bacteria reached this point through one type of attack or the other.
The synergy comes from the possibility of replacing attacks from one
source by attacks from the other. On the other hand, each agent may be
attacking a different target in the bacteria. In this multiple target —
multiple hit scenario, each bacterium keeps a record of the number of
attacks of each type, building a matrix of two dimensions, one per stress
agent. The attack of an agent moves the bacteria one step forward in its
dimension, while there are independent regenerations, moving the
bacteria one step back. There are two new regeneration constants, with
lower values, for bacteria that have already received both types of at-
tacks. This decrease in regeneration rate is the synergistic effect. Both
models were studied and used for fitting the experimental data but the
multiple target — multiple hit model was the only one provided mean-
ingful results.

Based on the preliminary results from the direct solar inactivation
process, it was possible to quantify that 5 levels of photonic attack need
to be considered to reach the bacterial inactivation. Therefore, this was
the level of damage considered for the photonic effect on the photo-
Fenton matrix. In the case of the absence of the hydroxyl radical me-
chanism (absence of iron and H,0,) the values of the kinetic parameters
would be those previously reported (n, ksoiars Ksolar,repair)- On the con-
trary, in the presence of the HO" inactivation route, the kinetic constant
of the self-repairing process for from a combined damage would be
lower (Ksotar,repair2) to account for the synergy between both inactivation
mechanisms. Similarly, the bacteria could be inactivated after a
threshold level of HO™ damages (kz;0) and could be recovered also from
the intermediate levels of damage (ko repair) but will do it less effec-
tively from combined damages states (ko repairz)- Fig. 11 schematizes
the proposed mechanism for the multiple target — multiple hit kinetic
model.

The total concentration of surviving organisms can be calculated as
the sum of all organisms below the threshold damage levels, i.e., over
the last row, before the last column.

In addition to the bacterial inactivation process, the high reactivity
and non-selectivity of HO® towards both organic and inorganic
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Fig. 11. Schematic representation of the proposed multiple target — multiple hit kinetic model for the inactivation of bacteria by the photo-Fenton process.

Table 3
Additional reactions included in photo-Fenton disinfection model and values of the kinetic parameters (see Tables 1 and 2 for the direct solar inactivation and Fenton
reactions).
Reaction Rate Value Units
R4) HO' + HO" — H,0, k4 [HO? 3.98 x 10° M'sT!
R5) OMggp + HO™ — OMoy ki [OMggp] [HOT =~ ks [HO] 1.12 x 10° st
R6) B ; + HO" = Biyg ; kio [B;, ;1 [HOY 8.98 x 10° m = 27 M~ ls7?
R7) Bio = Bi1,0 kt10,repair [Byol 6.26 x 1073 st
R8) B, j0 = Biyj=0 kb0, repair2 [By, j=0l 3.16 x 10~8 s~ !
R9) Bi-o, j = Bizoj1 Ksotar,repair2 [Bi=o, j1 1.31 x 107* st

substrates (k > 10% M~ 's™! [41]) results in various competitive
processes that negatively affect the global oxidation process [42].
Therefore, these competitive processes have to be considered also for
the accurate calculation of the concentration of hydroxyl radicals
available for the disinfection process. Moreover, in the presence of
carbonates, the CO®~ " radical can play an important role in the con-
sumption of HO™ radicals [43]. In the present model, for the sake of
simplicity, the scavenging of HO" radicals by organic and inorganic
substances has been included in the same reaction. Table 3 summarizes
the additional reactions included in the final model, together with the
direct solar inactivation and Fenton reactions shown in Tables 1 and 2,
respectively. The concentration of the HO" radical was calculated as-
suming kinetic micro steady-state approximation.
Summarising, model regression was carried out in three steps:

- The experimental data for E. coli inactivation by direct solar disin-
fection were fitted first to the proposed solar inactivation kinetic
model, being calculated the values of n, kyor and ksoiar, repair-

- The experimental data for H,O, consumption during photo-Fenton
inactivation were then fitted to the photo-Fenton reactions R1 to R3,
being calculated the values of k;, k2 and k3.

- The global model for photo-Fenton process is finally fitted using as

error function a weighted sum between the NRMSLE of bacterial
inactivation and the NRMSE of H,0, consumption. Previously cal-
culated parameters were used as seed values for this final fitting in
which the concentration of HO" also takes into account the radical
consumption reactions in Table 3.

Fig. 12 shows how the model successfully predicts the experimental
data of bacterial inactivation with a low NMRLSE value of 2.74%. The
values calculated for the kinetic parameters of the photo-Fenton model
are shown in Table 3. As expected, the self-repairing constants from
combined damages levels are lower than those from the individual
mechanisms  (Ksolarreparz. =~ = 131 x  107% s7' s
Ksotar,repair = 4.79 x 1072 s7%, and kyo,repairz = 3.16 x 107357 s
Keio,repair = 6.26 X 10~3). As previously discussed [44], the high value
of the kinetic constants involving the HO" radicals suggests that they
are reaction limited by diffusion, with almost null activation energies,
and no dependence on temperature. This fact, combined with the short
life of a hydroxyl radical, raises the importance of the proper reactor
design to ensure optimal mixing and contact between radical sources
and bacteria.

The estimated threshold number of HO" attacks (m = 27) is 5.5
times higher than the threshold number of damages by the direct
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Fig. 12. Correlation between experimental data (dots) and model predictions
(lines) for the bacterial inactivation with photo-Fenton process at circumneutral
pH for UV irradiance values between 10 and 50 W m ™ and iron concentrations
of A) 10 and B) 20 mg L™ .

photonic process, giving a reasonable comparison between the potential
damage produced by radicals or photons. Moreover, the synergistic
constant for self-repairing of radical damages is much lower than the
solar one, and it must also go through a higher number of levels to
completely heal the bacteria. This is the reason for the pronounced
curvature of the curves in Fig. 12A, where the available radiation after
iron absorption is higher. With no regeneration to straighten the curves,
the effect of series events prevails.

Appendix A

Derivation of the kinetic model
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4. Conclusions

The proposed multiple target — multiple hit kinetic modelling has been
proved to be a successful approach for photo-Fenton disinfection pro-
cesses. This model represents a suitable compromise between a sim-
plified engineering description and the impractical attempt to describe
rigorously the very complex microbiological and chemical processes
involved in the inactivation of the microorganisms. The application of
the model has been successfully validated with experimental data on
inactivation of E. coli bacteria at circumneutral pH. Both mechanisms of
photonic direct solar inactivation and hydroxyl radicals based oxidation
are properly described both individually and in their synergistic com-
bination.

For the direct solar inactivation, the non-linear dependence of
bacterial inactivation with dose has been successfully described by a
serial n-event kinetic model in which the required inactivation threshold
is achieved through 5 reversible events of incremental damages than
can be reverted by the self-repairing mechanism of the cells. This model
can explain why the use of irradiance values below 20 W m ™2 led to
almost negligible inactivation results for E. coli at circumneutral pH.

Regarding the Fenton-based process, a modification of the classical
homogeneous reaction scheme has been proved to be capable of re-
producing the H,O, consumption in the heterogeneous process that
takes place at circumneutral pH, including the limiting conditions of
photolimitation and photosaturation. These limiting situations have
been successfully predicted based on the radiation transport in the re-
actor, for which the optical properties of the precipitated iron hydro-
xides suspensions have been calculated and the VRPA estimated.

Future studies should focus on the challenging integration in the
model of the effect of temperature and water composition, as the kinetic
parameters reported here are limited to the specific conditions used for
the experimental data. In any case, the developed model contributes
significantly to the mechanistic understanding of the process and can be
easily extrapolated to other indicator microorganisms or operational
conditions just recalculating the values of the rate constants.
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The kinetic model proposed for the photo-Fenton disinfection is based on the reaction schemes summarized in Tables 1-3. The concentration of
total iron is constant during the experiments, and Fe{;} concentration is calculated from the balance between the initial concentration of iron and the

concentration of the reduced species:

[Fe§}] = [Fe] — [Fel3] — [Fe(%:;)]

(A1)

The concentration of the rest of iron species and hydrogen peroxide are calculated using Euler explicit method with a time step of 0.1 s (optimized
after a preliminary independence study) using the time derivatives of each compound:
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d[Fe(h]

T = -k [Fe(zaZ)][Hzoz] (A2)

e kG [Fel}] — ks [Fel|[H, 0] (A3)
Where the concentration of water has been assumed constants and included in the value of the kinetic constant k, = k; [H,0]
Introducing Eq. (A1) in Eq. (A3):

e koG ([Fe] — [Fed}] — [Feiuny]) — ks [Feli 1[H 0] (A4)
The reaction rate of H,0, is expressed as:

d[H,0; |

a4 = -k [Fe(i;)][Hzoz] -k [Feé;'] [H,0,] (A5)
By applying the kinetic micro steady-state approximation (MSSA) for the concentration of HO', the following expression can be derived:

d[HO- .

% = ki [Felst)| [H>05] + koG [Fe] + ks [Fel1[Hy0o] — 2ks [HO-P — ks[HO-] — Zkyo [Bi, jI[HO-] ~ 0 (A6)

Both the kinetic constant ko and the HO' concentration can be taken out of the summation in Eq. (A6). Grouping terms and solving the
resulting quadratic equation, the concentration of hydroxyl radicals takes the following expression:

_ ks + kuo 3 [Bi, j1 — \/(ks + kio Y, [Bi, j1)? + 8 ka(ky [Feli)1[H20,] + ko G[Feii] + ks [Fed1[Hy04])

[HO] —4ky (A7)

The concentration of the organic matter and other possible scavenger species was considered constant and included in the value of the kinetic
constant ks = k; [OMgepl.

The concentration of all levels of bacterial damage considering both stress sources are tracked using a 2D matrix. All the values of the matrix are
initialized at zero, except the undamaged bacteria By o, where the initial concentration is set. Each position is then calculated using the Euler explicit
method with the same time step of 0.1 s using Eq. (A8):

d|[B;;]

dt = kHO [Bi—IJ] [HO] + kSolarG[BiJ—I] + kHO,repair [Bi+1J] + kSolar,repair [BIJ+1] - (kHO [HO] + kSolarG + kHO,repair + kSolar,repair)[BiJ]

(A8)

The first two terms on the right-hand side of Eq. (A8) represent the increase in the concentration of bacteria at a given level of damage due to
attacks to bacteria at the previous levels of damage by HO" and photons, respectively. Therefore, the first term is not present in the balance of
bacteria that have not received any HO" attack yet (i = 0). The same applies to the second term in bacteria levels with no solar attacks (j = 0). None
of these two terms are present in the balance of undamaged bacteria.

Similarly, the third and fourth terms on the right-hand side of Eq. (A8) represent the bacteria repaired from levels above the current one. The
third term is not present in the balance of bacteria in the last column of the matrix (i = m-1), because bacteria with m HO" attacks are already
inactivated. The same happens to the fourth term in the last row (j = n-1). Finally, the fifth term is the reduction of bacteria concentration at the
current level due to attacks to the next one or repairing processes to the previous one. Bacteria with no damages of any specific stress agent lacks the
repair term of this type of damage. Bacteria with both types of damage (i = 0 and j = 0) use the synergistic kinetic constant of the repairing
processes.

The total concentration of viable bacteria, corresponding to the values that can be compared with the experimental data, is calculated by the
summation of bacteria concentration in all matrix levels before inactivation.

Appendix B. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.cej.2020.126335.
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