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� Bacterial dark thermal inactivation
was modeled in the range of 10–
55 �C.

� Synergy between UV and mild-heat in
solar disinfection was proven.

� Mechanistic model of SODIS based on
UV and temperature synergy was
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� Model predictions were validated
with experiments at variable
temperature.
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A mechanistic model of inactivation of Escherichia coli by the action of solar UV radiation and simultane-
ous solar mild-heat occurring during solar water disinfection (SODIS) is proposed. Bacterial killing during
solar exposure of transparent bottles full of contaminated water for at least 6 h in full sunshine is attrib-
uted to the combined effect of, i) the UV photons absorbed by bacteria and producing intracellular reac-
tive oxygen species (ROS) that induce oxidative damages, and ii) a mild increase of water temperature
(commonly between 25 �C and 50 �C) that accelerates the bacterial inactivation process. This work pro-
poses a model based on a simplified approach of the kinetic reactions that explain the synergy between
UV radiation and temperature to successfully reproduce SODIS experimental results. The main factors
considered in this model are (i) the photo-induced formation of intracellular ROS from oxygen and
photo-sensitizers that takes into account the internal thermal and photo-Fenton reactions; (ii) the ther-
mal and photo-inactivation of catalase and superoxide dismutase and (iii) the internal damages due to
the action of these oxidative and thermal effects. The new model has been demonstrated to reproduce
the time-profile of E. coli concentration in clear water at different temperatures (10–55 �C) and under dif-
ferent solar irradiances (30–50 Wm�2 UV). The excellent fitting between model and experimental results
suggests that the mechanistic model considering the synergistic effect between UV radiation and temper-
ature is a realistic approach for the simulation of solar water disinfection process.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

It is widely known the effective application of solar radiation for
killing microorganisms. This bactericidal characteristic has been
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Nomenclature

SODIS solar disinfection
ROS reactive oxygen species
CAT catalase
SOD superoxide dismutase
CFU colony forming units
OM organic matter
B bacteria
NADH nicotinamide adenine dinucleotide
ea, LVRPA local volumetric rate of photon absorption

(Einstein cm�3 s�1)
j absorption coefficient (cm�1)
j⁄ specific absorption coefficient (M�1 cm�1)
G incident radiation (Einstein cm�2 s�1)
k wavelength (nm)
r reaction rate (M s�1 for intracellular species or

CFU mL�1 s�1 for bacteria)
k kinetic constant (units depend on the specific reaction

step)
d1 kinetic parameter (M s�1)
d2 kinetic parameter (M cm3 Einstein�1)
d3 kinetic parameter (s�1)
t time (s)

T temperature (K)
A pre-exponential factor (units depend on the specific

reaction step)
Ea activation energy (J mol�1)
R ideal gas constant (J K�1 mol�1)
NRMSLE normalized root mean squared logarithmic error (%)

Subscripts
0 indicates initial condition
v relative to viable bacteria
i relative to inactive bacteria
red reduced
ox oxidized

Special symbols
[ ] concentration of intracellular chemical species (M) or

concentration of bacteria in the bulk (CFU mL�1)
_ indicates an averaged valued in the UVA range

(300–400 nm)
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used for water disinfection since 1980 [1], which was defined as
solar water disinfection, or by its acronym SODIS. This is a house-
hold technique, appropriate as intervention measure for areas
where access to safe drinking water is very difficult, or for emer-
gency situations as a short-term, point-of-use water treatment
after natural or man-made disaster situations, as it was recognized
by the WHO and UNICEF since 2005 [2]. The main objective of
SODIS is the reduction of the water pathogen load that is achieved
due to the combined action of mild-heat and UV-photons over
microorganisms, which is recognized as a synergistic effect
between both factors [2]. UVB part of the spectrum is directly
absorbed by cells causing damages on DNA chain that may propi-
tiate the interruption of DNA replication or the generation of muta-
tions [3]. UVA also affects to the microbial reproduction by an
indirect route. UVA light is absorbed by some endogenous chro-
mophores that alter the electron transport chain and induce the
formation of reactive oxygen species (ROS) [4]. These species
induce oxidative stress that may modify the cellular functionality
by the formation of pyrimidine dimers, peroxidation of proteins
and lipids, losses in membrane permeability, or DNA rupture gen-
erating single strand breaks (SSBs) [5]. In addition, UV interfere in
the activity of some protective enzymes as catalase (CAT) or super-
oxide dismutase (SOD) that reduce or inhibit the action of ROS to
prevent oxidative damages [6].

Several factors affect the efficiency of SODIS, lengthening or
shortening the required sunlight exposure time to achieve a certain
log-reduction. Moreover, a 4-log reduction is required by the WHO
harmonized testing protocol for drinking water disinfection at
household level as a highly protective level measure for bacteria
[7]. Solar irradiance and energy dose, water temperature during
treatment, water turbidity, dissolved oxygen and dissolved organic
matter in the contaminated water, and nature of the microorgan-
isms are the most important factors that alter disinfection effi-
ciency [8–10]. Regarding the temperature effect, Solic et al.
studied the separated and combined effect of solar radiation and
temperature on the survival of faecal coliforms in seawater [11].
In the radiation:temperature combined experiments, the
temperature ranged 14.5–24.9 �C and solar irradiance ranged
510–830Wm�2 (spectral range was not mentioned). The authors
performed a statistical analysis based on the comparison of the
coefficients of partial correlation of radiation and temperature
respectively and an ANOVA analysis to determine the importance
of each effect. It was concluded that the effect of solar radiation is
much important than temperature and the effects of temperature
and solar radiation are not simply additive but are synergistic in
their effect [11]. Later, Wegelin et al. found that water temperature
between 20 and 40 �C do not affect the inactivation of bacteria by
UVA and visible light radiation. These authors observed that above
50 �C the fluences required for E. coli inactivation were more than
three times smaller compared to lower water temperatures [12].
In line with this, Berney et al. studied the thermal effect on E. coli
in dark and observed at slight rate of inactivation even at 48 �C
[13]. Due to this strong synergy, a number of enhancement meth-
ods have been proposed based upon water thermal increase for
SODIS acceleration. Some techniques usedwere: (i) black paint over
some sections of the bottles; (ii) absorptivematerials for SODIS con-
tainers; (iii) recirculation of water over a black surface in an
enclosed container transparent to UVA light; (iv) solar collectors
or solar reflectors to increment solar income in the container [2].

The beneficial effect of higher temperatures for solar disinfec-
tion has been widely demonstrated experimentally. Nevertheless,
the increase in the disinfection efficiency was directly attributed
to a synergy between temperature and radiation, but not any rig-
orous comparison of the single effects addition was performed. It
was not until 1998, when McGuigan et al. reported the evidence
of this synergy developing empirical models that predicted the
inactivation curves of E. coli by either thermal effect, or solar water
disinfection with no dependence of temperature, and the com-
bined effect [8]. Thermal inactivation was modeled with a first
order kinetics equation using a kinetic thermal constant as a func-
tion of temperature mediated Mancini equation:

NðtÞ ¼ N0 � e�kT �t kT ¼ hðT�aÞ ð1Þ

where N(t) and N0 are the instantaneous and initial bacterial popu-
lation respectively, kT is the thermal constant, t is the time, T is the
temperature and h and a are Mancini fit parameters. Optical inacti-
vation, with no dependence of temperature, was modeled assuming
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two groups of bacterial population, light resistant and light sensi-
tive bacteria:

NðtÞ ¼ Ns � e�ks �t þ NR � e�kR �t ð2Þ
where NS and NR are the initial light sensitive and light resistant
bacterial population respectively and kS and kR are the decay con-
stants for light sensitive and resistant population. The combined
effect between radiation and temperature was initially modeled
as the additive of the single effects:

NðtÞ ¼ Ns � e�ðksþkT Þ�t þ NR � e�ðkRþkT Þ�t ð3Þ
However, it was observed that this model underestimated the

measured inactivation, demonstrating a relationship between opti-
cal and thermal inactivation mechanisms is more than additive but
synergistic. To model the synergistic relationship the authors used
a ‘synergy term’, S that takes values larger than 1 when synergy
occurs:

NðtÞ ¼ Ns � e�S�ðksþkT Þ�t þ NR � e�S�ðkRþkT Þ�t ð4Þ
Literature accounts for very little research on modeling solar

water disinfection from the microbiological and solar radiation
point of view, including the complex intracellular reactions and
mechanisms that lead to bacterial inactivation under solar UV radi-
ation. Our previous work proposed a mechanistic model based on
the formation of ROS due to UV irradiation and the photo-
inactivation of CAT and SOD also under the action of solar UV pho-
tons. The model successfully reproduced the results at different UV
irradiance values (25, 30, 40 Wm�2) and at different initial concen-
trations of E. coli (103, 104, 105, 106 CFU mL�1) [4]. Nevertheless,
the mentioned work was developed without taking into consider-
ation the thermal effect since those experiments were performed
at temperatures below 30 �C. As mild-heat effect is an important
enhancement of the SODIS process, water temperature should be
considered as a key factor and included in the model.

The main objective of the present work is to develop a mecha-
nistic model of SODIS including the effect of temperature and to
demonstrate that only the synergistic effect between solar UV
and mild-heat may explain the results found at different irradiance
and water temperature values explored experimentally. Therefore,
the present model takes into account the intracellular processes
that lead to bacterial inactivation as a result of solar exposure con-
sidering water temperature in two manners, i) at individual level,
i.e. considering the mere effect of temperature over microorgan-
isms (in dark); and ii) temperature combined with radiation,
including the synergistic effect between solar UV and temperature
into the photo-induced reactions that occur during solar water dis-
infection. The new model proposed was demonstrated to describe
the time-profile of E. coli concentration in clear water at different
temperatures in the range from 10 to 55 �C and under different
irradiances (30 to 50 Wm�2 UV), thus proving the need of a syner-
gistic component between UV radiation and temperature to suc-
cessfully reproduce SODIS experimental results.

2. Materials and methods

2.1. E. coli strains, enumeration and quantification

E. coli strain K12 was obtained from the Spanish Culture Collec-
tion (CECT 4624) and used for experiments in distilled water
spiked with seeded bacteria. Fresh liquid cultures were prepared
in Luria-Bertani nutrient medium (LB Broth, Panreac) and incu-
bated at 37 �C with rotary shaking for 20 h. The bacterial stationary
phase concentration was 109 CFU mL�1. Bacterial suspensions
were harvested by centrifugation at 900 g for 10 min. Bacterial pel-
let was re-suspended in phosphate-buffered saline (PBS) solution
and diluted to different initial concentration depending on the
experiment done. The samples taken during the experiments were
enumerated using the standard plate counting method using Luria
Bertani agar. Serial 10-fold dilutions in PBS were performed and
then three 20 lL drops of each dilution were placed in the Petri
dish reaching a detection limit of 17 CFU mL�1. Colonies were
counted after incubation for 24 h at 37 �C.

2.2. Thermal inactivation experiments

The effect of several temperatures from 10 to 55 �C, commonly
reached during SODIS process [9], in the dark over the E. coli viabil-
ity was evaluated in autoclaved distilled water with sodium chlo-
ride (0.9%w/v) at different initial bacterial concentrations (103 and
106 CFU mL�1). Experiments were performed at different tempera-
tures, 10, 20, 30, 35, 37, 40, 42, 45, 50 and 55 �C using 3 replicates
of 2 mL sterile containers with the bacterial suspension and
exposed to each temperature in a cool-hotter dry bath incubator
(UniEquip GmbH) to maintain temperature constant during the
experiment. The temperature values of the experiments were
selected depending on the changes in the bacteria viability, being
E. coli more sensitive to temperature changes in the range between
35 �C to 45 �C. Samples were taken at regular times during 5 h to
enumerate the cultivable bacterial cells by the method described
above. Results of triplicated experiments were averaged and statis-
tically analyzed; the mean value is shown in the graphs with error
bars as the corresponding standard deviation.

2.3. Solar disinfection experiments

All experiments were conducted under controlled conditions of
solar UV irradiance and water temperature. For this purpose, a
solar simulator (Atlas Suntest XLS+, USA) equipped with a xenon
lamp and a combination of filters to simulate the solar global radi-
ation outdoors spectrum was used to warrantee constant UV irra-
diance values along the solar disinfection experiments (30 min) for
each irradiance value selected. UV irradiance was monitored using
a UV Solar Light (USA) detector. Water temperature was main-
tained constant using a thermostat recirculation bath (Frigiterm-
TFT-10, Selecta) into which the solar reactor (explained below)
was placed. Temperature was constantly monitored during the
30 min of solar exposure by a temperature probe. Experiments
were performed in an open stirred vessel of 19 cm diameter, total
volume of 700 mL that was completely illuminated. The water
matrix selected for this work was distilled water with sodium chlo-
ride (0.9%w/v) to avoid osmotic pressure over bacteria, and the ini-
tial concentration of bacteria was 106 CFU mL�1. Experiments were
performed three times for each condition, showing high repro-
ducibility (95% confidence level). The replicates average and error
bars calculated as standard deviation are shown in the graphs
(Figs. 2, 3, 4). Several solar water disinfection experiments series
were done with E. coli at 106 CFU mL�1 under simulated sunlight.
In order to study the effect of irradiance, temperature was main-
tained constant at 30 �C and different UV irradiances were tested,
30, 40 and 50 Wm�2. To evaluate the influence of temperature in
the solar disinfection, a series of experiments were performed at
30Wm�2 of UV, that is the averaged irradiance in a typical sunny
day, at differences temperatures, 30, 40 and 50 �C. Additionally,
other experiments were done at 30 Wm�2 of solar UV and variable
temperature (30–50 �C), varying as a similar rate than it changes
during a SODIS experiment under natural solar radiation.

2.4. Model regression

Mathematical expressions of the model are coupled system of
equations that was solved using the Dormand-Prince method that
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Fig. 3. E. coli inactivation in clear water exposed to simulated sunlight (30 Wm�2 of
UV) at 30, 40 and 50 �C. Experimental results (dots) and simulation of synergistic
SODIS-thermal model (lines).
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is a Runge-Kutta method for fourth and fifth order solution. The
regression of the model was solved using MATLAB� software by
the interior-point algorithm. The initial values of the parameters
were searched by a Monte Carlo approach. The regression was
run minimizing the normalized root mean squared logarithmic
error (NRMSLE) of the viable bacteria concentration obtained
experimentally and by the model.

3. Results and discussion: Modelling

3.1. Model of dark thermal effect on the E. coli survival

The effect of temperature in E. coli viability was experimentally
evaluated in the range of 10–55 �C. Fig. 1 shows the experimental
results of the concentration of cultivable E. coli exposed to different
temperatures for 5 h with an initial concentration of 106 CFU mL�1.
Other values, 10, 20 and 30 �C were also evaluated and no bacterial
inactivation was observed (data of 10 and 20 �C experiments are
not shown). At temperature values higher than 30 �C (from 37 to
55 �C) the viability of the bacterial cells was negatively affected
so that the higher temperature the lower viability was observed.
Similar inactivation profiles were obtained for 103 CFU mL�1 as ini-
tial concentration (data not shown). These results are to be
expected, in concordance with other results reported in literature
[8]. The objective of these experiments was to obtain experimental
data for the mathematical ‘thermal dark model’ fit. This model rep-
resents the E. coli inactivation due to the mere thermal effect.
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Fig. 1. E. coli thermal inactivation against time (in dark). Experimental results
(dots) and log-linear regressions (lines).
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The first signal of heat stress is the unfolded outer membrane
protein (OMP) in the periplasmatic space, precursor of the activa-
tion of the transcription factor rE (encoded by rpoE) to start the
transcription of the genes required for responding against the heat
stress signal. Another signal is the unfolded cytoplasmic proteins
(a)

(b)

0 5 10 15 20 25 30 35 40
101

102

103

104

105

106
30 W m-2

40 W m-2

50 W m-2

E
. c

ol
i (

C
FU

 m
L-1

)

t (min)

0 5 10 15 20 25 30
101

102

103

104

105

106 30 W m-2

40 W m-2

E
. c

ol
i (

C
FU

 m
L-1

)

t (min)

30

35

40

45

50

T 
(º

 C
)

Fig. 4. E. coli inactivation in clear water exposed to simulated sunlight at constant
irradiance values of 30, 40 and 50Wm�2 of UV. Experimental E. coli inactivation
results (closed dots), measured temperature (open dots), simulation of synergistic
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that activate the main heat shock sigma factor rH [14]. The bacte-
rial damages resulted from the heat stress were previously studied.
The permeability and the potential of the membrane, esterase
activity, intracellular pH and production of ROS increase due to
heat stress were observed [15]. All these injuries lead eventually
to a reduction of the bacterial population in water due to the ther-
mal effect.

The mere effect of the temperature on the bacteria viability is
represented by a simplified reaction that includes all the men-
tioned intracellular damages resulting into the transformation of
viable bacteria (Bv) to inactive bacteria (Bi):

Bv �!T Bi ð5Þ
This model represented by Eq. (5) is called from now on as ther-

mal model. Considering a first order kinetic for the above reaction
with a kinetic constant kT, the reaction rate is defined by the fol-
lowing equation:

rBv ¼
d½Bv�
dt

¼ �kT � ½Bv� ð6Þ

Integrating the above equation, the following expression is
obtained:

ln
½Bv�
½Bv�0

� �
¼ �kT � t ð7Þ

Thus, the kinetic constant kT for each temperature could be cal-
culated by linear regression as the slope of the line where t is the
independent variable and ln([Bv]/[Bv]0) is the dependent variable.
Using the experimental data shown in Fig. 1, kT values for each
temperature and for both experimental conditions, i.e. 103 and
106 CFU mL�1 as initial bacterial concentration, were fitted. kT val-
ues are shown in Table 1, showing that kinetic constant kT is tem-
perature dependant. The correlation between kT and T is defined by
Arrhenius law:

ln kT ¼ ln A� Ea
R � T ð8Þ

where A is the pre-exponential factor, Ea the activation energy and
R the ideal gas constant. For the determination of the Arrhenius
parameters, a linear regression was done showing, ln A = 79 ± 3
(A, s�1), and Ea = (23 ± 1) � 104 J mol�1.

3.2. Model of solar disinfection without considering temperature

Firstly, the solar disinfection model with no dependence on
temperature used in this work has been previously developed
and reported [4]. Briefly, it is based on the photo-induced over-
generation of ROS and the photo-inactivation of the protective
enzymes inside bacterial cells when exposed to prolonged
Table 1
Kinetic thermal constant values for dark thermal inactivation of E. coli at different
temperatures and initial bacterial concentration.

Temperature kT (min�1) Experiments
with [Bv]0 = 106 CFU mL�1

kT (min�1) Experiments
with [Bv]0 = 103 CFU mL�1

10 �C 0.0008 ± 0.0002 0.0003 ± 0.0003
20 �C 0.0011 ± 0.0001 0.0007 ± 0.0004
30 �C 0.0012 ± 0.0002 0.0014 ± 0.0004
35 �C 0.0030 ± 0.0002 0.0030 ± 0.0005
37 �C 0.0068 ± 0.0004 0.0074 ± 0.0002
40 �C 0.0151 ± 0.0005 0.019 ± 0.002
42 �C 0.0266 ± 0.0009 0.035 ± 0.005
45 �C 0.048 ± 0.004 0.080 ± 0.004
50 �C 0.182 ± 0.005 0.29 ± 0.01
55 �C 1.25 ± 0.05 –
sunlight. This model will be so-called from now on SODIS model.
The reactions that represent this complex mechanistic process
are summarized in Table 2.

The main intracellular species involved in photo-inactivation of
bacteria in water by solar radiation are: (i) ROS as superoxide rad-
ical (O2

��), hydrogen peroxide (H2O2), hydroxyl radical (HO�) and
hydroperoxyl radical (HO2

� ); (ii) free iron species in the form of fer-
rous (Fe2+) and ferric ions (Fe3+); (iii) enzymes as catalase (CAT)
and superoxide dismutase (SOD) and (iv) the susceptible targets
to be oxidized by ROS that are enclosed in a unique group called
OM, acronym of organic matter, which is presented in two states,
reduced (red) and oxidized (ox). Sunlight takes part in four reac-
tions: (i) in the formation of O2

�� from oxygen and free electrons
proceeding from the electron transport chain, (ii) intracellular
photo-Fenton reactions in which labile free iron is involved and
(iii) the photo-inactivation of the enzymes (CAT and SOD). The
reaction Eq. (T2.13) represents the bacterial inactivation as the
transformation of viable bacteria (Bv) to inactive bacteria (Bi) medi-
ated by HO� and O2

��.
Light intensity is introduced in the kinetic rate expressions by

the local volumetric rate of photon absorption (LVRPA, ea) that
could be calculated by the following equation:

eai ¼
Z k2

k1

jk;i � Gkdk ð9Þ

where jk,i is the absorption coefficient of the compound i at kwave-
length in terms of cm–1, and Gk is the incident radiation at k wave-
length in terms of Einstein cm�2 s�1. The estimation of the LVRPA
for each absorbent component in the reactor (CAT, SOD and the
photosensitizier NADH) is explained elsewhere [4]. In this work,
the assumptions and simplifications applied are explained in detail.
Briefly these are (i) one-dimensional light transport, (ii) LVRPA is
constant in the entire photo-reactor volume, (iii) LVRPA is constant
over time, and (iv) light parameters are averaged in the solar UV
range (300–400 nm).

3.3. Model of the combined effect of UV and mild-heat action

3.3.1. SODIS + thermal model
The two models explained above were combined by the simple

addition of Eq. (5) (thermal model) to the equations of Table 2
(SODIS model). The two models individually give account for cells
inactivation due to the mere action of temperature (in the dark)
and due to the action of only solar radiation (with no dependence
on temperature), respectively. This model is the simplest strategy
to explain the solar water disinfection at mild-heat temperatures
reached during SODIS, rising from 25 to 55 �C, since it is the addi-
tion of the two single effects with no consideration of any extra
beneficial action of temperature over SODIS [8].

It is necessary to notice that the mass balance of viable bacteria
has to be proposed for the entire reactor using the thermal model,
Eq. (5) and the reaction Eq. (T2.13) of the SODIS model. On the con-
trary, the rest of the reactions of the SODIS model are intracellular
reactions and have to be used for solving the mass balance at intra-
cellular level, for internal species in a single cell. According to the
isotropic hypothesis, the same internal reactions will occur in all
cells without population, time or space preferences. Consequently,
the changes over time on the concentration of the intracellular spe-
cies involved in the process could be considered the same in all
cells. The two following assumptions have been made to solve
the mass balances: (i) kinetic micro steady-state approximation
for concentration of iron (Fe2+ and Fe3+) and radicals (O2

��, HO�

and HO2
� ) inside a bacterial cell, and (ii) iron released from cluster

due to oxidative stress is neglected. The mass balance of the viable
bacteria is given by the following equation:



Table 2
SODIS model: proposed mechanism for the solar water disinfection of E. coli based on the photo-generation of intracellular ROS and photo-inactivation of protective enzymes (CAT
and SOD), adapted from [4].

Reaction Kinetic constant value

Eq. (T2.1) O2 þ e� ! O��
2 k1 = 2 � 1010 M�1 s�1

Eq. (T2.2) O2 þ e� �����!hm;NADH
O��

2
k2 = 4.22 � 1020 cm3 Einstein�1 M�1

Eq. (T2.3) O��
2 þ Hþ �!SOD 1

2H2O2 þ 1
2O2

k3 = 109 M�1 s�1

Eq. (T2.4) Fe2þ þH2O2 ! Fe3þ þ HO� þ HO� k4 = 70 M�1 s�1

Eq. (T2.5) Fe3þ þH2O�!hm Fe2þ þHO� þ Hþ

Eq. (T2.6) H2O2 þHO� ! HO�
2 þ H2O k6 = 2.7 � 107 M�1 s�1

Eq. (T2.7) HO�
2 ! 1

2H2O2 þ 1
2O2 k7 = 8.3 � 105 M�1 s�1

Eq. (T2.8) H2O2 �!CAT 1
2 O2 þ H2O

k8 = 9 � 105 M�1 s�1

Eq. (T2.9) CAT�!hm CATi
k9 = 1.5 � 107 cm3 Einstein�1

Eq. (T2.10) SOD�!hm SODi
k10 = 1.56 � 106 cm3 Einstein�1

Eq. (T2.11) OMred þ HO� ! OMox k11 = 2.04 � 104 s�1

Eq. (T2.12) OMred þ O��
2 ! OMox k12 = 1.36 � 105 s�1

Eq. (T2.13) Bv ���!HO� ;O��
2 Bi

k13 = 8.03 � 1015 M�2 s�1
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d½Bv�
dt

¼ �k13½HO��½O��
2 �½Bv� � kT½Bv� ð10Þ

Eq. (10) was solved simultaneously with the mass balances of
the rest of the intracellular species involved in the model, SOD,
CAT, H2O2, HO� and O2

�� (not shown).
Fig. 2 shows the E. coli inactivation by solar water disinfection at

different temperatures 30, 40, and 50 �C under 30Wm�2 of UV
radiation. The experimental results are represented (dots) together
with the predictions given by the SODIS + thermal model (lines).
Two types of simulations were run: (1) using the basal levels of
all the intracellular species involved in the process (solid lines)
and (2) with concentration of CAT equal to zero (dashed lines,
explained in next section). The profiles predicted by the model
with basal levels of catalase are significantly slower than experi-
mental data, underestimating the bacterial inactivation efficiency
that was really observed in the SODIS experiments at the three
selected temperatures. This result clearly suggests that the rela-
tionship between temperature and solar radiation mechanisms is
much more than the mere addition of the two single effects. This
is clear experimental evidence about the synergistic effect between
temperature and sunlight occurring during solar water disinfection
process. This result is in concordance with the reported by McGui-
gan et al. [8] that reached the same conclusion with empirical
regressions.
3.3.2. Is thermal inactivation of catalase a key point?
Catalase is an intracellular enzyme that plays a very important

role in the defensive action against cellular oxidative stress. Due to
the biological nature of this protein, it is one of the main targets
that are susceptible to be affected by temperature and solar radia-
tion. In fact, in SODIS model, the photo-inactivation of CAT is esti-
mated to be significantly fast. Photo-inactivation kinetic constant
of catalase is 10 times higher than SOD [4]. The kinetics of catalase
inactivation within the temperature range of 30–60 �C was previ-
ously investigated [16]. Catalase thermo-inactivation was charac-
terized by relative initial rates, which increased with incubation
time and temperature increase.

According to this, catalase is also expected to have a key role in
the E. coli inactivation by the synergistic effect of solar radiation
and thermal increase. With the aim of analyzing the importance
of catalase activity in the defense mechanisms of bacteria against
the oxidative stress, simulation of the SODIS + thermal model was
run in the absence of any catalase, i.e. [CAT]0 = 0. Fig. 2 shows
the predicted values for bacteria inactivation using the model
SODIS + thermal model with [CAT]0 = 0 (dashed lines). As expected,
since catalase is a bacterial defensive enzyme, simulations without
catalase result in a faster bacterial inactivation than with catalase
(solid lines, Fig. 2). It is also observed at 30 �C that the inactivation
profile simulated is faster than experimental E. coli behavior. This
fact indicates that catalase is still effective at 30 �C, which gets to
reduce the bacterial inactivation rate as shown in the experimental
results at 30 �C. However, at 40 and 50 �C, the simulation results
without catalase are closer to the experimental results, but they
still underestimated the bacterial inactivation experimentally
measured. Thus, although catalase is a susceptible radiation target,
when cells are exposed to oxidative stress, there must be other
intracellular targets participating in the process accounting for an
accelerated bacterial inactivation.

3.3.3. Synergistic SODIS-thermal model
According to previous results, we may conclude that mild-heat

improves solar disinfection efficiency and this factor must be con-
sidered as part of the solar process, i.e. taking part of some intracel-
lular reactions promoted by solar exposure as a synergistic factor.
Although catalase is a very important species in this process, it was
proven that is not the only compound affected by this effect. Thus,
the SODIS + thermal model was modified including this synergistic
effect, leading to a new proposed model that predicts the behavior
of the intracellular species and the concentration of viable bacteria
when they are exposed to solar UV radiation and taking into
account the thermal factor for mild temperature values (30 to 55
�C). The enhanced model is called from now on ‘synergistic
SODIS-thermal model’, that is summarized in Table 3. Each step of
the model is explained in detail below.

3.3.3.1. Intracellular ROS formation. Several ROS are formed in the
interior of the cells due to the sunlight and temperature actions:

I. Superoxide radicals: The intracellular molecular oxygen is
reduced to O2

�� by electrons that come from the electron
transport chain process. This reduction occurs by natural
ways in the inner cells by Eq. (T3.1). The thermal effect
was included in the model using the Arrhenius parameters
reported elsewhere [17]. O2

�� is also formed by photo-
inducted reduction of oxygen in presence of some photo-
sensitizers as NADH [4]. This reaction is represented by Eq.
(T3.2). Temperature was also considered in this reaction
through Arrhenius parameters that are unknown, so they
were taken as model’s parameters (k2 and Ea2).



Table 3
Synergistic SODIS-thermal model: proposed mechanism for the synergistic effect between mild-heat and solar water disinfection of E. coli

Reaction Rate Kinetic constant Arrhenius parameters

Eq. (T3.1) O2 þ e� �!T O��
2

k1½O2�½e�� k1ðTÞ ¼ A1 � expð�Ea1
R�T Þ A1 = 3.16 � 1012 M�1 s�1Ea1 = 1.3 � 104 J mol�1 [17]

Eq. (T3.2) O2 þ e� �����!hm;NADH;T
O��

2
k2½O2�½e��eaNADH k2ðTÞ ¼ A2 � expð�Ea2

R�T Þ
Eq. (T3.3) O��

2 þ Hþ �!SOD 1
2H2O2 þ 1

2O2
k3½O��

2 �½SOD� k3 = 109 M�1 s�1 [6]

Eq. (T3.4) Fe2þ þ H2O2 �!T Fe3þ þ HO� þ HO� k4½Fe2þ�½H2O2� k4ðTÞ ¼ A4 � expð�Ea4
R�T Þ A4 = 1.92 � 109 M�1 s�1Ea4 = 4.68 � 104 J mol�1 [18]

Eq. (T3.5) Fe3þ þ H2O�!hm;T Fe2þ þHO� þ Hþ k5½Fe3þ�½H2O�eaFe3þ k5ðTÞ ¼ A5 � expð�Ea5
R�T Þ

Eq. (T3.6) H2O2 þHO� ! HO�
2 þ H2O k6½H2O2�½HO� � k6 = 2.7 � 107 M�1 s�1 [17]

Eq. (T3.7) HO�
2 ! 1

2H2O2 þ 1
2O2 k7½HO�

2�2 k7 = 8.3 � 105 M�1 s�1 [19]

Eq. (T3.8) H2O2 �!CAT 1
2O2 þ H2O

k8½H2O2�½CAT� k8 = 9 � 105 M�1 s�1 [20]

Eq. (T3.9) CAT ! CATi k9½CAT�eaCAT k9ðTÞ ¼ A9 � expð�Ea9
R�T Þ

Eq. (T3.10) SOD�!hm SODi
k10½SOD�eaSOD k10 = 1.56 � 106 cm�3 Einstein�1 [4]

Eq. (T3.11) OMred þ HO� ! OMox k11½HO� � k11 = 2.04 � 104 s�1 [4]
Eq. (T3.12) OMred þ O��

2 ! OMox k12½O��
2 � k12 = 1.36 � 105 s�1 [4]

Eq. (T3.13) Bv ���!HO� ;O��
2 Bi

k13½HO� �½O��
2 �½Bv� k13 = 8.03 � 1015 M�2 s�1 [4]

Eq. (T3.14) Bv �!T Bi
k14½Bv� k14ðTÞ ¼ A14 � expð�Ea14

R�T Þ A14 = 1.30 � 1034 s�1Ea14 = 2.26 � 105 J mol�1(this work)
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The intracellular oxygen concentration is equivalent to extracel-
lular oxygen [21], i.e. the dissolved oxygen in water. This parame-
ter is temperature dependent ranging from 236 to 177 lM, at 30 to
50 �C, respectively. Nevertheless, the maximum intracellular oxy-
gen concentration permitted for bacteria is 210 lM, in air-
saturated bacterial cells [21]. We have considered in our model
the effect of the temperature on dissolved oxygen inside the cell,
at the range of temperatures evaluated in this work (data not
shown). Nevertheless, the little differences between these values
produce negligible differences in the model results, and it was
finally assumed the value of 210 lM for all the cases studied.

II. Hydrogen peroxide: Superoxide radicals are converted to
H2O2 in a reaction catalyzed by SOD (Eq. (T3.3)). Up to date,
this reaction has been widely studied although not thermal
dependence has been reported.

III. Hydroxyl radicals: HO� are formed by thermal Fenton and
photo-Fenton process that is a complex set of reactions with
high dependency on pH and temperature. The main reac-
tions are summarized [18]:

Fe3þ þH2O�!hm;T Fe2þ þHO� þHþ ð11Þ
Fe2þ þH2O2 �!T Fe3þ þHO� þHO� ð12Þ
Fe3þ þH2O2 �!T Fe2þ þHþ þHO�
2 ð13Þ
Fe3þ þHO�
2 ! Fe2þ þHþ þ O2 ð14Þ
Fe2þ þHO�
2 þHþ ! Fe3þ þH2O2 ð15Þ
Fe2þ þHO� ! Fe3þ þHO� ð16Þ
Farias et al. considered that thermal effect on the reactions Eqs.

(14) to (16) can be neglected [18]. For modeling purposes, some
simplifications were done: (i) reaction of Eq. (13) was neglected
because is a very slow reaction (2 � 10�3 M�1 s�1 [22]) in compar-
ison with Eq. (12) (70 M�1 s�1), (ii) reactions of Eqs. (14) and (15)
were also neglected due to HO2

� was not considered in this simpli-
fied model, and (iii) from the point of view of HO� reactivity, reac-
tion Eq. (T3.11) (2.04 � 104 s�1) is predominant over reaction Eq.
(16) (kapparent = 102 s�1 [23]); then reaction Eq. (16) was also
neglected. Thus, only reactions Eqs. (11) and (12) were considered
in this model (Eq. (T3.4) and Eq. (T3.5)). To include the thermal
effect in these reactions, the Arrhenius parameters reported by
Farias et al. were used [18].

ROS recombination: due to the high reactivity of ROS, there are
some important recombination reactions, also considered in other
kinetic models; these are Eq. (T3.6) and Eq. (T3.7) [18,22]. The
effect of temperature in these reactions was considered negligible
as previously studied by Farias et al. [18].

3.3.3.2. Hydrogen peroxide decomposition. H2O2 is naturally decom-
posed to water and oxygen by the catalytic action of CAT inside
cells (Eq. (T3.8)). Temperature has not been reported to affect this
reaction mediated by CAT.

3.3.3.3. Enzymes photo-inactivation. The activity of the enzymes
involved in the processes of ROS decomposition may be affected
by thermal and photon action (Eq. (T3.9) and Eq. (T3.10)). Thermal
effect was included in the kinetics of CAT photo-inactivation by
Arrhenius parameters. For modeling purposes, the following
assumption was done: the value of k9 obtained for the SODIS model
(1.5 � 107 cm3 Einstein�1) is valid for 25 �C, k9,25 �C. Then, the pre-
exponential factor A9 is obtained by the following equation, result-
ing in only one model parameter, Ea9:

A9 ¼ k9;25 �C � exp Ea9

R � ð25þ 273Þ
� �

ð17Þ

The thermal effect was not considered in SOD photo-
inactivation due to SOD has fair thermal stability with a maximum
activity in the range of 37–50 �C [24,25], being affected only by
temperature values higher than 70 �C [26]. Also, it was previously
observed that the role of SOD compared with catalase is nearly
negligible during the solar disinfection process [4].

3.3.3.4. Cellular damages and bacteria inactivation. The most reac-
tive ROS are HO� or O2

��. They are considered the main responsible
for cellular damages by ROS inside cells [27]. ROS’s attacks to sev-
eral intracellular targets were encompassed in the reactions Eq.
(T3.11) and Eq. (T3.12) that include the oxidation of the organic
matter susceptible to be oxidized (OMred) by HO� or O2

��. In this case
we have assumed that temperature has a negligible effect due to
the very high reactivity of ROS at this range of temperatures.

Finally, bacteria are considered to be inactivated due to the
action of either ROS (Eq. (T3.13)) or temperature (Eq. (T3.14)).
Eq. (T3.13) has a very high kinetic constant, and the effect of T
[10–55 �C] was considered negligible in relation to Eq. (T3.14).
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The reaction of Eq. (T3.14) represents the cellular inactivation due
to all of the direct damages caused by temperature with no effect
of light. This reaction corresponds to Eq. (5), with Arrhenius
parameters previously determined [4].

Mass balance for each species involved in the process can be
solved for a single cell volume while mass balance of viable bacte-
ria has to be solved in the whole reactor volume (details in the
appendix). To predict the change over time of the bacterial concen-
tration or the internal species concentrations, it is necessary to
solve simultaneously the differential equations that define the con-
centration of viable bacteria, ROS and enzymes. To do so, the three
regression parameters of the model, A2, Ea2 and Ea9 are correlated
minimizing the NRMSLE with the experimental data. The experi-
mental results used for this were obtained from solar disinfection
experiments performed at different temperatures (30, 40 and
50 �C) and 30Wm�2 of UV. Values obtained for these parameters
and the NRMSLE are:

Ea2 = 3.76 � 103 J mol�1

A2 = 7.07 � 1021 cm3 Einstein�1 M�1

Ea9 = 5.31 � 104 J mol�1

NRMSLE = 8.79%

Fig. 3 shows the experimental and model results in the different
evaluated conditions. This evidences that the model results using
the optimized parameters fit satisfactorily experimental results.
Even, the NRMSLE calculated for all the experiments is lower than
10%, which can be considered an excellent regression result [28].

It is important to note that parameters’ values obtained in this
work are specifically obtained for the operational conditions of the
experiments done, i.e. the type of microorganism and its growth
phase, the reactor setup that determine the inlet UV or the water
matrix that could have scavenger compounds or interfere the UV
absorption.
3.4. Validation of the synergistic SODIS-thermal model

This mechanistic model was obtained by regression with exper-
imental data of the inactivation of E. coli by simulated sunlight at
different temperatures and 30 Wm�2 of UV. The validation of the
proposed model was developed under different irradiances and
in two different scenarios: (i) keeping the water temperature con-
stant and (ii) increasing the temperature during the solar water
disinfection process to simulate the real conditions of the SODIS
process. Fig. 4 shows the experimental and the simulated data of
E. coli inactivation at different irradiances values. The experiments
represented in Fig. 4(a) were performed at a constant temperature
of 30 �C while experiments of Fig. 4(b) were carried out with vari-
able temperature ramped from 30–35 �C to 40–50 �C. It is observed
that model data fit accurately the experimental data, with a
NRMSLE for each experiment less than 10%.

The presented model is able to describe the E. coli inactivation
due to solar water disinfection under mild-heating conditions. This
is an important advance in the SODIS process modeling in order to
be applied for real field conditions as useful tool for predictive sim-
ulation of water disinfection and solar reactor design for SODIS.
4. Conclusions

The model of synergistic effect between solar mild heating and
solar UV radiation for SODIS presented in this work is a consider-
able advance for solar water disinfection over the previously
reported SODIS model, described for E. coli inactivation in clear
water. Temperature effect has been for the first time included in
a SODIS mechanistic model, to explain the well-recognized syner-
gistic effect between water temperature and UV radiation during
solar water disinfection. The new model is capable to reproduce
successfully the time-profile of viable bacterial concentration over
treatment time under different irradiances and temperatures. The
synergistic effect between UV&T was included in the model by
means of the temperature dependence of the kinetic constants.
The Arrhenius parameters for the photo-generation of O2

�� by the
reduction from oxygen (Ea2 = 3.76 � 103 J mol�1, A2 = 7.07 �
1021 cm3 Einstein�1 M�1) and the photo-inactivation of CAT
(Ea9 = 5.31 � 104 J mol�1, A9 = 3.05 � 1016 cm3 Einstein�1) were
determined. This mechanistic approach of the synergistic effect
between solar radiative and thermal effects over bacterial suspen-
sions will permit to use predictive results for real SODIS conditions
where irradiance and water temperature change through time, to
model new concepts of SODIS reactors and optimize their disinfec-
tion performance in terms of final disinfection result and total vol-
ume of water treated.
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Appendix

Derivation of the synergistic SODIS-thermal kinetic model
The model reactions that represent the E. coli inactivation due

to the synergistic effect between solar radiation and mild-heat
are shown in Table 3. It is necessary to notice that the mass balance
of viable bacteria has to be proposed for the entire reactor using
the reactions Eq. (T3.13) and (T3.14). On the contrary, the rest of
the reactions of Table 3 are intracellular reactions and have to be
used to solve the mass balances of the internal species for a single
cell. According to the isotropic hypothesis, the same internal reac-
tions will occur in all cells without population, time or space pref-
erences. Consequently, the evolution of the concentration of the
intracellular species that are involved in the process could be con-
sidered the same in all cells. The assumptions to solved the mass
balances are: (i) kinetic micro steady-state approximation for con-
centration of iron (Fe2+ and Fe3+) and radicals (O2

��, HO� and HO2
� )

inside a bacterial cell and (ii) iron released from cluster due to
oxidative stress is neglected.

The iron balances in a single cell are:

d½Fe2þ�
dt

¼�d½Fe3þ�
dt

¼�k4ðTÞ½Fe2þ�½H2O2�þk5ðTÞ½Fe3þ�½H2O�eaFe3þ �0

ðA:1Þ

k4ðTÞ½Fe2þ�½H2O2� ¼ k5ðTÞ½Fe3þ�½H2O�eaFe3þ ðA:2Þ
The superoxide radical balance in a single cell is:

d½O��
2 �

dt
¼ k1ðTÞ½O2�½e�� þ k2ðTÞ½O2�½e��eaNADH � k3½O��

2 �½SOD�
� k12½O��

2 � � 0 ðA:3Þ

½O��
2 � ¼ d1 � exp �Ea1

R�T
� �þ d2 � exp �Ea2

R�T
� �

eaNADH
k3½SOD� þ k12

ðA:4Þ

The hydroxyl radical balance in a single cell is:

d½HO��
dt

¼ �k6½H2O2�½HO�� � k11½HO�� þ k4ðTÞ½Fe2þ�½H2O2�
þ k5ðTÞ½Fe3þ�½H2O�eaFe3þ � 0 ðA:5Þ
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½HO�� ¼ 2 � d3 � exp �Ea4
R�T
� � � ½H2O2�

k6½H2O2� þ k11
ðA:6Þ

The hydroperoxyl radical balance in a single cell is:

d½HO�
2�

dt
¼ k6½H2O2�½HO�� � k7½HO�

2�2 � 0 ðA:7Þ

½HO�
2� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k6
k7

½H2O2�½HO��
s

ðA:8Þ

where

d1 ¼ A1½O2�½e��; d2 ¼ A2½O2�½e�� and d3 ¼ A4½Fe2þ� ðA:9Þ
The hydrogen peroxide is a compound that cannot be consid-

ered in a micro steady state inside the bacterial cell. The rate
expression of H2O2 is obtained by:

d½H2O2�
dt

¼ 1
2
k3½O��

2 �½SOD� þ 1
2
k7½HO�

2�2 � k4ðTÞ½Fe2þ�½H2O2�
� k6½H2O2�½HO�� � k8½H2O2�½CAT� ðA:10Þ

Introducing the Eqs. (A.4), (A.6) and (A.8) into (A.10) the final
expression for hydrogen peroxide concentration over the time is:

d½H2O2�
dt

¼ 1
2
� k3 � d1 � exp �Ea1

R�T
� �þ d2 � exp �Ea2

R�T
� � � eaNADH� 	½SOD�

k3½SOD� þ k12

� d3 � exp �Ea4
R�T
� � � k6½H2O2�2

k6½H2O2� þ k11

� d3 � exp �Ea4

R � T
� �

þ k8½CAT�
� �

½H2O2� ðA:11Þ

The enzymes are inactive over treatment time due to the pho-
ton action. Among this, CAT and SOD are species in not steady
state:

d½CAT�
dt

¼ �k9ðTÞ½CAT�eaCAT–0 ðA:12Þ

d½SOD�
dt

¼ �k10½SOD�eaSOD–0 ðA:13Þ

Introducing the expression of LVRPA of CAT and SOD deter-
mined by the Eqs. (9) into (A.12) and (A.13) respectively, the fol-
lowing expressions are obtained:

d½CAT�
dt

¼ �k9 � j�
CAT � G � ½CAT�2 ðA:14Þ

d½SOD�
dt

¼ �k10 � j�
SOD � G � ½SOD�2 ðA:15Þ

where j�
CAT and j�

SOD are the specific absorption coefficients of CAT
and SOD respectively, and G is the incident radiation averaged in
the UVA. Integrating Eq. (A.14) and (A.15) from time t = 0 (initial
concentrations of enzymes, [CAT]0 and [SOD]0) to an instant time
t ([CAT] and [SOD]):[

½CAT� ¼ 1
1=½CAT�0 þ k9 � j�

CAT � G � t ðA:16Þ

½SOD� ¼ 1
1=½SOD�0 þ k10 � j�

SOD � G � t ðA:17Þ

Finally, the reaction rate of the bacteria inactivation is obtained
from the mass balance of the bacteria in the reactor:

d½Bv�
dt

¼ �k13½HO��½O��
2 �½Bv� � k14ðTÞ½Bv� ðA:18Þ
The rate reaction of the bacteria inactivation (CFU mL�1 s�1) is
referred to the reactor volume while the apparent kinetic constant
k13 (M�2 s�1) is referred to the bacterial cell volume. This is due to
viable bacterial reaction rate in water is dependent on the intracel-
lular concentrations of HO� and O2

��. Introducing the expression of
the radicals concentration and reorganizing, the following expres-
sion is obtained:

d½Bv�
dt

¼� 2 � d1 �exp �Ea1
R�T
� �þd2 �exp �Ea2

R�T
� �

eaNADH
� 	 �d3 �expð�Ea4

R�T Þ �k13 � ½H2O2�
ðk6½H2O2�þk11Þ � ðk3½SOD�þk12Þ

 

þA14 �exp �Ea14

R �T
� ��

½Bv� ðA:19Þ

Finally, the model could be solved by the simultaneous solution
of the two differential equations, Eq. (A.11) and Eq. (A.19) with
the two expressions of enzymes concentrations, Eq. (A.16) and
Eq. (A.17).
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