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ABSTRACT

This contribution investigates the effect of solar activated persulfate and solar mild
thermal heating for water disinfection (PS/solar). The basic effects of solar ultraviolet
(UV) and thermal increase were separately studied for the inactivation of E. coli and E.
faecalis. The process was studied in isotonic water (IW) and synthetic urban wastewater
(SUWW) at bench and pilot scale (60 L-solar compound parabolic collector reactor). The
thermal inactivation at 40 ºC and 0.5mM-PS shows a 3 log reduction value (LRV) for E.
coli without lag phase and 5-LRV for E. faecalis with a lag phase of 1h, in 4 h of exposure.
At 50 ºC the mere effect of temperature, overlaps the thermal activation of PS, being
markedly fast. Effective accelerated disinfection effect by PS/solar (UVA and thermal)
was observed. 6-LRV in E. coli and E. faecalis was determined for solar exposure periods
of 20 min (solar dose), using 0.5 and 0.7 mM of PS in isotonic water, respectively. Longer
solar exposure times were required to attain similar LRV in synthetic urban wastewater,
in the presence of 25 mg/L of organic matter, i.e. 80 and 100 min (solar dose) for E. coli
and E. feacalis, respectively. These results were confirmed at pilot scale, where 60 L of
isotonic water were treated with 0.5 mM of PS in 50 min (solar dose). The PS/solar uses
low cost chemical reagents (0.5 mM-PS) and a free source of energy (solar) to treat
wastewater and achieve the high removal (6-LRV) of two model faecal indicators of water
contamination, which opens a clear alternative to treat polluted water with organic matter
and pathogens with implications in water-energy reclamation field.

Keywords: Compound Parabolic Collector; Persulfate; Solar UVA; Solar thermal;
Sulfate radicals; Water disinfection.
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1. INTRODUCTION

Today the world is suffering one of the worst crises in relation to fresh water sources, in
terms of scarcity and quality. Usually water pollutants are organic contaminants, nutrients
and waterborne pathogens, which have to be removed using conventional or new
technologies to reduce health and environmental risks. The waterborne diseases triggered
by pathogenic microorganisms pose a high threaten to human health and the environment.
Therefore, water disinfection is a critical step to improve the quality of our water
resources for a number of applications, i.e. irrigation, domestic and even, more
importantly, for drinking. In the case of low income countries, the lack of clean and safe
(free of pathogens) water is the major cause of the spread of waterborne diseases and of
high incidence of water related mortality and morbidity [1,2].
Microbiological assessment of water quality is usually carried out through the
measurement of indicator microorganisms’ concentration. Escherichia coli is the most
commonly indicator of faecal contamination studied in wastewater disinfection. E. coli is
a Gram-negative coliform bacterium frequently present in untreated surface waters and
in faecal contaminated water. Moreover, E. coli is recognised as the third most important
pathogen responsible for childhood diarrhoea [3]. It is one of the most sensitive pathogens
to disinfection techniques. Another frequently recognised indicator of faecal
contamination is the Gram-positive bacterium Enterococcus faecalis, which is the most
predominant intestinal enterococci [4]. This bacterium is highly present in the excreta of
warm blooded animals and in polluted wastewater, while it is not present in clean waters
or any other sources that have not been in contact with human or animal life. Therefore,
the WHO recommended the monitoring of E. faecalis as an indicator of faecal pollution
in contaminated water. E. faecalis is usually more resistant than E. coli to most of the
disinfection techniques or processes [5,6].
3

A number of conventional disinfection processes have been traditionally used such as
chlorination, UV treatment (meaning UVC lamps) and ozone. These processes offer a
strong capacity for the inactivation and killing of a wide range of pathogens in water, but
they may also generate carcinogenic disinfection by products such as trihalomethanes and
haloacetic acids by chlorination of water with a given content of natural organic matter.
UV and ozone systems are very effective for a number of pathogens but, unlike chlorine,
they do not have a residual disinfection capacity after treatment. They usually require
high capital, operational and maintenance costs, which are associated to the complexity
of the technology. Proposing alternative water disinfection solutions that overcome these
drawbacks have been recently arisen via novel disinfection photo-chemical processes.
Some of these processes use photons from lamps or the sun for the photoexcitation of
specific molecules and catalysts to the generation of a number of oxidising species
(hydroxyl radicals, singlet oxygen and hydrogen peroxide) that will compromise the
viability of water microorganisms mostly via oxidative routes. Most of these studies
belong to the so-called advanced oxidation processes (AOPs), including H2O2/UVC,
heterogeneous photocatalysis, photo-Fenton and H2O2/O3 [7-12]. Interestingly, some of
these processes can be promoted by harvested solar radiation, with the corresponding
advantages of cost and energy saving by using lamps. These are solar photo-induced
processes [13], like solar water disinfection [14], solar photocatalysis or solar photoFenton [15].
Sulfate radical-based advanced oxidation processes (SR-AOPs) have been described as
an efficient treatment to inactivate pathogenic microorganisms in water [16-19].
Persulfate (S2O82-, PS), is one via of sulfate radicals (SO4•−) generation, characterized by
being stable at ambient temperature, having high solubility and non-toxicity [20-22]. The
redox potential of SO4•− is between 2.5 and 3.1 V (pH dependent), being near to the
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hydroxyl radical potential (E0= 1.8-2.7 V), which suggests a good behaviour in water
treatment [22-25].
The activation of PS with heat or UV radiation ends in the homolytic cleavage of the
peroxide bond and the formation of SO4•− (equation 1) [26]. As the molecular structure
of PS is symmetric regarding the peroxide bond, then the heat/UV activation results in
two sulfate radicals.

ℎ𝜈/∆𝑇

𝑆2 𝑂82− →

2 𝑆𝑂4●−

(1)

As this process is temperature dependant, a decrease in the production of sulfate radicals
is noticed below 20 ˚C when applied to in situ chemical oxidation [27]. Thermolytic
generation of sulfate radicals was demonstrated at 30 and 37 °C for the degradation of
microcystin-LR [26]. Huang and Huang (2009) reported the mineralization of bisphenol
A by heat activated PS oxidation, showing that increasing the temperature from 25 to
50 ˚C, higher degradation rates were obtained [28]. Potakis et al. (2017) demonstrated
that the activation by temperature appears to be the single most important parameter, i.e.
a temperature increase from 40 to 70 ˚C results in an 80-fold rate increase in the oxidation
of bisphenol A [29].
The UV activation of persulfate has been extensively explored with UVA-vis and UVC
lamps. In fact, the generation of sulfate radicals increases by decreasing the wavelength.
This can be explained by the high extinction coefficients of PS activated by low UV
wavelengths (λPS = 248 nm, εPS = 27.5 M−1 cm−1; λPS = 308 nm, εPS = 1.18 M−1 cm−1; λPS
= 351 nm, εPS = 0.25 M−1 cm−1) [30]. As for other photo-activated processes, the
wavelength dependence of absorptivity is reported. Sulfate radicals are known to yield
low absorption in the UV–vis spectra (λ𝑆𝑂4 = 450 nm, ε𝑆𝑂4 = 1100 M−1 cm−1; λ𝑆𝑂5 =
5

260 nm, ε𝑆𝑂5 = 1030 M−1 cm−1; λ𝑆𝑂3 = 250 nm, ε𝑆𝑂3 = 1380 M−1 cm−1) and brief half-life
time (t1/2=30 to 40 µs). The highest absorption rate occurs in the UVC range, between
200 and 254 nm, yet PS can be activated between 193 and 351 nm, being possible to
attain even higher absorption values when the oxidant concentrations are above mM
levels [26,31]. Despite the low absorbance values, radiation is able to activate PS due to
the high quantum yield at low wavelength values. Hermann and co-authors (2007)
confirmed this statement through the calculation quantum yields formation of SO4•− by
the photolysis fission of PS (λ = 248, Փ = 1.4 ±0.3; λ = 308, Փ = 1.1 ±0.2; λ = 351,
Փ = 0.5 ±0.1) [32].
SR-AOPs efficiency in disinfection has been reported by several authors with different
activation pathways [6,17,25,33,34]. Bianco and collaborators (2017) described PS (0.5
mM) activation with Fe3+/EDDS (S,S- Ethylenediamine-N,N´-disuccinic acid trisodium
salt solution, 0.1 mM) and visible light, in which Enterococcus faecalis is eliminated after
180 minutes [6]. A slightly different approach using a catalyst and a white LED lamp for
PS activation is the ilmenite/PS/vis system (1 gL-1/0.5 mM/3 mWcm-2). In this case, the
faecal pathogen, E. coli, was completely removed in 20 minutes (6-LRV) [34]. Heat, solar
UV (Xenon lamp with infrared and UV-C, 900 Wm-2) and Fe2+ (1 mg/L) in PS activation
were evaluated using MS2 bacteriophage and E. coli K12 as targets. In E. coli K12, the
solar UV-C activation was the best activator de per si (6-log decay in 180 minutes), while
the combination of heat/solar UV-C/Fe2+ could attained the higher synergistic factor
(2.21) with 6-LRV in 60 minutes, using 0.09 mM of PS and T= 40˚ C. Heat activation
(30, 40 and 50˚ C) by itself revealed that only the higher temperature was able to properly
inactivate the microorganism [25].
This work presents for the first time, the effect of natural solar radiation and solar mild
thermal heating at bench and at pilot scale for the disinfection of natural water and
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synthetic urban wastewater (SUWW), as can be confirmed by Xiao and co-authors (2019)
[35]. This work investigates both, i) the optical activation of PS by solar photons (PS/solar
UVA), and ii) the thermal activation of PS via solar heating (PS/solar thermal). The basic
effects of solar UV wavelengths and thermal increase have been separately studied for
the inactivation of E. coli and E. faecalis. The process has been studied in isotonic water
(IW) and synthetic urban wastewater (SUWW) at both laboratory and pilot scale (60 Lsolar CPC reactor) under natural solar radiation.

2. MATERIAL AND METHODS
2.1 Enumeration/quantification of bacteria
E. coli (CECT 4624) and E. faecalis (CECT 5143) strains were obtained from the Spanish
Type Culture Collection (CECT). Fresh liquid cultures were prepared in Luria-Bertani
nutrient medium (LB Broth) and incubated at 37 ˚C with rotary shaking for 20 h (109
CFU/mL). The bacterial suspensions were centrifuged at 2500 rpm for 10 minutes and
the pellets were re-suspended in a phosphate-buffered saline (PBS) solution. The initial
bacterial concentrations in the reactors were 106 CFU mL-1. Samples were evaluated by
the standard plate counting method using Slanetz Bartley agar for E. faecalis and Endo
agar for E. coli. Serial 10-fold dilutions in PBS were made dropping 20 µL (3 replicates)
of each diluted sample over the corresponding agar medium. The detection limit was 17
CFU/mL (1 CFU per 60 µL). The plates were incubated at 37 ˚C during 24 h for E. coli
and 42 h for E. faecalis, prior to viable colonies count and enumeration calculations with
statistical analysis.
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2.2 PS determination
Sodium persulfate (Na2S2O8, Panreac) was measured according to an adapted
spectrometric procedure described by Liang et al. (2008) using a T60 spectrometer, PG
instruments [36]. In summary, 0.5 mL of sodium hydrogen carbonate (NaHCO3, Sigma)
was added to 1 mL of sample, 3.5 mL of potassium iodine (KI, Panreac) was also added
at the same time; 15 minutes later, the optical absorption of the solution was measured at
352 nm. The concentrations of PS used in this work were 0.01, 0.05, 0.1, 0.2, 0.5, 0.7 and
1 mM. This spectrophotometric method permits to differentiate between persulfate anion
and sulfate radicals simultaneously. In order to evaluate the accuracy of this method, and
considering that the ferrous iron is able to activate PS [25], we made an experiment of
adding persulfate and ferrous sulfate to water and then expose it to solar radiation during
1 hour. Simultaneously, the same experiment was made without ferrous sulfate (Figure
S1). The concentrations were used in a proportion 1:5 as reported elsewhere [25]: 0.1
mM of ferrous sulfate and 0.5 mM-PS. An additional dosage of 0.2 mM of ferrous sulfate
was also tested. The results clearly showed the activation of PS by ferrous sulfate when
the values of persulfate anion are lowering during the experiment. In the case of UVA PS
activation, the generation of radicals cannot be confirmed, once there was no difference
in the values measured.

2.3 Water matrices
The disinfection experiments were performed in two water matrices: isotonic water (IW)
made of distilled water with sodium chloride (0.9% w/v) and synthetic urban wastewater
(SUWW) which was prepared as described elsewhere [37]. This model wastewater was
used to investigate the process under more realistic conditions.
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2.4 Disinfection experiments
The experiments were carried out at Plataforma Solar de Almería, Southeast of Spain,
located at 37˚84N and 2˚34W. Solar tests were performed in sunny days, in consecutive
days during summer in 2 months, between 10:30-15:30, local time.
The reagents and the pathogens suspension were diluted into the reactor covered to obtain
106 CFU/mL prior to solar exposure according to the following procedure. An appropriate
dose of persulfate, when used, was added to the water matrix with the stirring on, followed
by the bacterial suspension which was maintained under continuous stirring for 5 min.
After the collection of the first sample, the experiment started by exposing the reactor to
solar light. The water temperature was monitored directly in the reactors using a
thermometer (Checktemp, Hanna instruments).
Samples collected from the reactor at regular intervals during the 5 h were immediately
diluted and analysed according to the aforementioned bacterial quantification methods.
Each operational condition was tested in triplicate in consecutive days for similar solar
irradiance. Results obtained from the replicates had high reproducibility (95 %
confidence level), and bacterial inactivation in each graph is represented as the average
of the replicated with their corresponding standard deviation as error bar.

2.4.1 PS-thermal experiments (dark)
A dark test of bacteria with PS was done in order to determine the mere effect of PS over
bacteria viability at room temperature (25 ºC). Moreover, the thermal effect of PS was
studied using a cool-hotter dry and dark incubator with 2 mL sterile containers (UniEquip
GmbH). The PS concentration used was for thermal tests was 0.5 mM as it was preselected due to the high inactivation rates obtained under solar radiation (see results and
discussion). Temperatures of 30±0.5 ºC, 40±0.5 ºC and 50±0.5 ºC were evaluated.
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2.4.2 Solar stirred tank reactors
The bench scale solar experiments were performed in multiple 250 mL transparent vessels
(DURAN-glass) magnetically stirred (150 rpm) covered with Duran glass lids. A range
of PS concentrations, 0.01, 0.05, 0.1, 0.2, 0.5, 0.7 mM in IW and 0.2, 0.5, 0.7 and 1 mM
in SUWW, were evaluated. The reactors were exposed to natural solar radiation for 3
hours.

2.4.3 Solar Compound Parabolic Collector (CPC) reactor
The pilot scale solar experiments were carried out in a re-circulated batch system, a
Compound Parabolic Collector (CPC) reactor of 60 L (total volume) and 4.5 m2 of CPC
area exposed to the sun, as described elsewhere [38]. The recirculation flow rate was
30 L/min and the water temperature was controlled and maintained constant for the
duration of the experiments using a heating-cooling system adapted to this reactor.

2.5 Solar radiation measurements
A solar UV pyranometer (CUV4, Kipp & Zonen) recorded every second the irradiance in
the range 300-400 nm horizontally and at 37 º (same inclination as the CPC module). The
data was collected in terms of UV irradiance (Wm-2) (Figure S2). The horizontally
collected data were used for the evaluation of solar energy dose received in the stirred
vessel reactors, and the inclined (37º) UV radiation data were used for the CPC reactor,
which is inclined at 37º over the horizontal.

2.6 Disinfection kinetics
The inactivation kinetics of E. coli and E. faecalis followed a typical two phase behaviour
and were fitted to a simple model commonly used for disinfection with AOPs as reported
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elsewhere [38-40]. In summary, the kinetics curve obeys to a first lag phase, also called
‘shoulder’, in which the concentration of viable bacteria remains stable, followed by a
log-linear decay phase, which can be described by the classical Chick’ Law widely used
in disinfection in a wide range of bacterial inactivation processes. Table 1 shows the
analysis of the experimental data with the corresponding kinetic constants in the linear
phase (k, min-1) and shoulder length in the initial lag phase (SL, min).

3. RESULTS AND DISCUSSION
3.1 Effect of temperature on inactivation of bacteria by PS in the dark – bench scale
The thermal effect of a range of temperatures reached during solar tests, 25, 30, 40 and
50 ºC, was analysed in the presence (0.5 mM) and absence (control) of PS (Figure 1). The
PS concentration and temperature values remained constant during 5 h of exposure
(Figure S3). The present results show that E. coli thermal profiles at 30 ºC, 40 ºC and
50 ºC obey the expected behaviour for this bacterium [14]. Similar behaviour was
observed for E. faecalis. The thermal inactivation of both bacteria at temperatures
between 25 and 30 ºC is negligible, while it is significant at temperatures above 40 ºC,
being markedly fast at 50 ºC.
The results in Figure 1 and the kinetic constants (Table 1) at 30 ºC show that the presence
of 0.5 mM-PS in the dark does not produce any significant bacterial decrease in both, E.
coli and E. faecalis. At 40 ºC the thermal effect over E. coli produced a 1.7-LRV in 5 h,
while in the presence of 0.5 mM-PS a 3-LRV is observed in 4 h; and both described a
first order kinetics without any lag phase (Table 1). On the other hand, E. faecalis shows
a 3.5-LRV at 40 ºC in 4 h, while the presence of 0.5 mM-PS at 40 ºC leads to 5-LRV in
4h. Although the presence of PS makes the inactivation faster, both kinetics are very
similar though and with an initial lag phase of 1 h. This clearly confirms that for
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temperature rising from 30 to 40 ºC the presence of PS has a marked effect on E. coli
(Figure 1a) and less effect on E. feacalis (Figure 1b). The results at 50 ºC revealed that
the mere thermal effect of 50 ˚C has a dominant role, with a fast bacterial decay for both
bacteria, which overlaps the effect of a possible thermal activation of PS at such
temperature.
PS has been known to be thermally activated at temperatures between 40 and 70 ºC [41].
For each mole of PS, two moles of sulfate radicals are generated, therefore increasing
temperature might produce faster inactivation [42]. Nevertheless, the results in figure 1
cannot confirm the thermal PS activation as at temperatures above 50 ºC bacteria easily
die and the effect of PS is hardly differentiated. The concentration of PS measured during
these experiments (Figure S3) showed stable values, suggesting that there is not
significant dissociation of PS in any of the temperatures evaluated. Despite the PS stable
concentration measured in all the experiments, for 40 ºC the data revealed an increase in
the inactivation rate in comparison with the experiment without PS, what may also
suggest that PS is being dissociated.
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Figure 1. Influence of temperature on E. coli (a) and E. faecalis (b) inactivation and PS activation in the
dark. 0.5 mM of PS, bench scale reactor.

3.2 Solar UVA PS activation – bench scale
The effect of different concentrations of PS (0.00, 0.01, 0.05, 0.1, 0.2, 0.5, 0.7 mM) on
bacteria inactivation was investigated in IW (Figure 2).
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Figure 2. Inactivation of E. coli (a) and E. faecalis (b) in IW within several concentrations of PS under
natural sunlight: 0.01, 0.05, 0.1, 0.2, 0.5, 0.7 mM and solar only disinfection, bench scale reactor (T0min =
25±2 ˚C and T120min = 35-45 ˚C).

Solar UVA irradiance measured during solar tests ranged from 26.38±1.27 to
44.44±1.4 Wm-2, corresponding to two hours of solar exposure from 10:00 AM to
12:00 PM local time. The temperature of the solar stirred tank reactors increased from
25±2 ˚C at the beginning of the experiment to 35-45 ˚C at the end after 2 h. The control
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tests in the dark at the highest PS concentration (0.7 mM) did not reveal any loss in the
viability of both pathogens (data not shown), therefore the inactivation of bacteria can be
attributed to the combined effect of PS and solar radiation. The results of PS/solar UVA
showed a gradual rate of bacterial inactivation, which becomes faster at increasing PS
concentrations. The time required to achieve a 6-LRV of E. coli was 60 min, in the
absence of PS, while only 15 min of solar exposure were required with 0.7 mM PS (Figure
2a). A similar behaviour of PS and solar illumination is observed for E. faecalis (Figure
2b), but it required longer exposure time periods (nearly double the times of E. coli) to
reach a similar log-reduction. Clearly the presence of PS enhanced the bacterial
inactivation as compared with the effect of solar radiation. Similar solar disinfection
(without PS) results have been reported for both bacteria [5,43]. The bactericidal effect
of sunlight is attributed to the cumulative oxidative action of UVA&B radiation internal
and externally over bacteria [44]. The activation of PS under solar exposure is suggested
to be due to the UV radiation adsorption via the O–O bond and the PS extinction
coefficient, which is higher under the UV range, therefore it will enhance the activation
rate by radiation [45]. The energy required to provoke the homolytic cleavage of PS is
140.2 kJ/mol, which is lower than other precursors of reactive oxygen species, such as
H2O2 (195.4 kJ/mol) [42,46]. Moreover, the concentration of PS measured during
experiments showed stable values in all cases (see Figure S4). The PS dissociation cannot
be confirmed by this methodology, however the results showed faster bacterial
inactivation rates when increasing PS concentrations.
The kinetic analysis of the inactivation curves (Table 1) for E. coli clearly shows that the
inactivation profiles obey to a log-linear decay after a short period of latency with
‘shoulder length’ values between 10 to 15 minutes. This shoulder is commonly observed
in the disinfection kinetics of other disinfection processes [40], which is explained as the
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time period required for the bacteria consortium to show the detrimental effects of the
oxidative process.

Table 1. The kinetic model used in each case has been selected based on the higher root
mean square obtained for different models.
E. coli

E. faecalis
SL
SL
[PS] (mM)
k (min-1)
R2
DL Phase
k (min-1)
R2
(min)
(min)
Figure 1: Isotonic Water+ Dark + Temperature + PS
NA*
N
2
NA*
30˚C
NA*
N
2
0.019±0.003
0.901
60
40˚C
0.076±0.004
0.984
Y
2
0.159±0.018
0.960
50˚C
NA*
N
2
NA*
30˚C+0.5
0.012±0.001
0.937
N
2
0.023±0.003
0.914
60
40˚C+0.5
0.060±0.004
0.960
Y
2
0.091±0.015
0.869
50˚C+0.5
TFree+0.5
NA*
N
2
NA*
Figure 2: Isotonic Water + Solar radiation + PS
Solar only
0.126±0.015
0.971
15
Y
1
0.060±0.004
0.975
30
0.01
0.121±0.010
0.979
15
Y
1
0.059±0.005
0.955
10
0.05
0.168±0.015
0.949
10
Y
1
0.060±0.005
0.954
20
0.1
0.215±0.033
0.892
10
Y
1
0.141±0.016
0.964
40
0.2
0.191±0.017
0.955
10
Y
1
0.119±0.022
0.870
10
0.5
0.562±0.148
0.870
10
Y
1
0.177±0.014
0.981
0.7
0.554±0.280
0.592
5
Y
1
0.239±0.023
0.957
Figure 3: Isotonic Water + Solar radiation+ Temperature + PS
Solar only
0.026±0.002
0.917
Y
2
0.033±0.002
0.963
10
0.101±0.006
0.981
10
Y
1
0.064±0.007
0.908
10
30˚C + 0.5
0.445±0.037
0.986
10
Y
1
0.113±0.012
0.924
50˚C + 0.5
TFree + 0.5
0.110±0.017
0.891
10
Y
1
0.070±0.010
0.873
10
Dark + 0.5
0.157±0.042
0.863
60
Y
1
0.158±0.042
0.868
60
Figure 4: Synthetic Wastewater + Solar radiation + PS
Solar only
0.036±0.004
0.912
30
Y
1
0.048±0.026
0.914
180
0.2
0.073±0.011
0.856
20
Y
1
0.052±0.008
0.898
45
0.5
0.084±0.011
0.897
Y
2
0.078±0.014
0.880
15
0.7
0.091±0.012
0.899
Y
2
0.094±0.013
0.942
30
1
0.110±0.011
0.945
Y
2
0.068±0.008
0.926
Figure 5: Synthetic Wastewater + dark + Temperature + PS
30˚C
NA*
N
2
NA*
40˚C
NA*
N
2
NA*
50˚C
0.044±0.004
0.935
N
2
0.038±0.002
0.981
30
30˚C + 0.5
NA*
N
2
NA*
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The higher the PS concentration used the shorter time was required to attain a 6-LRV for
both bacteria with different first order kinetics. In the case of E. coli, the kinetic rate
constant values varied from 0.121±0.010 min-1 to 0.562±0.148 min-1 (maximum value for
0.5 mM of PS), although the shoulder length was between 5 and 15 min in all cases. For
E. faecalis the effect of PS concentration has a maximum for 0.7 mM with longer SL
values, between 10 and 40 minutes for all cases. A higher resistance of E. faecalis as
compared to E. coli against other solar AOPs has been already reported [2,5,47]. This was
attributed to their different cell wall composition and outer membrane osmotic
permeability. E. coli has a higher structural complexity but under osmotic stress, the cell
wall deteriorates faster, what will boost the permeability, being susceptible to oxidative
processes [5]. The adding of sufficient amounts of PS produces a significant change in
the inactivation profile, provoking a relevant increase in the inactivation constant, where
k increases up to 3-4 fold as compared with the solar experiment without PS. Despite
attaining distinct PS maximum values, in terms of inactivation time no great differences
are noticed (Figure 2), therefore 0.5 mM was considered the optimal concentration of PS,
as required the lower amount for fast bacterial inactivation. When observing the separated
bacterial/damaging effects of solar radiation (only) and PS (in the dark at 30 ˚C), we can
see that the kinetic constant of the inactivation processes (Table 1) are 0.126±0.015 min-1
and 0.000±0.004 min-1, respectively. Revealing the incapacity of PS to effectively
inactivate bacteria by itself. Meanwhile the process of solar radiation with 0.5 mM-PS
has an inactivation kinetic constant value equal to 0.562±0.148 min-1 for E. coli and
0.239±0.023 min-1 for E. faecalis with 0.7 mM-PS. This evidences the solar radiation may
be photoactivation PS with a subsequent accelerated inactivation of E. coli and E. faecalis
in water. These results are in agreement with previous contributions of UVA-activated
persulfate for water disinfection [26,48,49].
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3.3 Solar UVA and thermal PS activation – pilot scale
The dual activation of PS by solar radiation and solar thermal heating and the inactivation
of E. coli and E. faecalis in IW was further investigated in the 60 L-CPC pilot scale reactor
using 0.5 mM of PS. The thermal factor was considered under three tests, one exposed to
the natural solar heating happening in the CPC reactor during the experiments, this is
from 30 ºC at the start, increasing up to 39 ºC in 1 h, 43 ºC in 2 h, and 46 ºC in 3 h (end
of the experiment), and two other at constant temperatures, 30 ºC and 50 ºC, achieved by
a thermal control system installed in the reactor. Two additional control runs were
performed: i) a solar photo-inactivation experiment to determine the effect of solar UV
and solar heating effects on the bacterial survival; and ii) a dark control in the reactor with
0.5 mM PS under solar heating, to determine the thermal activation effect of PS under
solar mild temperatures (50 ºC).
Solar UVA radiation averaged among the entire solar tests performed at pilot scale ranged
from 23.29±12.27 to 44.60±1.21 Wm-2, starting at 10:15 am local time and lasting 2.5 h
of solar exposure.
The results show that dark thermal PS activation occurs after 1 hour (Figure 3), which
explains the fast inactivation observed thereafter, obeying a first order kinetics. For both
bacteria the inactivation profiles found followed similar trends.

The photo-thermal activation of PS at solar mild temperatures clearly shows inactivation
results that fit in between the solar activated at 30 ºC and 50 ºC, which is to be expected
given the thermal pattern observed in the CPC reactor. This highlights the concerted effect
of solar UV and solar thermal heating in enhancing the water disinfection at pilot scale
using PS. PS activation both through solar UVA and solar thermal in the CPC reactor
contributed to enhance system efficiency, when compared to the solar UVA and solar
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thermal separately, thus reducing inactivation time in about 30 minutes. Supposedly,
when gathering the two activators, more peroxide bonds are disrupt and consequently the
generation of sulfate radicals will be higher [45]. It is expected that the concerted effect
would be a sum of both energies received by PS, translating into a more promptly
inactivation.
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Figure 3. Influence of temperature and solar radiation on E. coli (a) and E. faecalis (b) inactivation with
0.5 mM of PS in a solar CPC reactor in IW, at pilot scale (60 L) (TFree: T0min = 30 ºC, T60min = 39 ºC, T120min
= 43 ºC and T180min = 46 ºC; TDark = 50 ºC).
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The impact of temperature on other solar AOPs has been previous investigated. High
temperatures have been reported to increase the intracellular pH, membrane potential and
its permeability and also the generation of reactive oxygen species leading to cell injury
[43,50]. Recently the synergistic effect of solar mild heat and solar UVA has been
reported and mathematically modelled in solar reactors, under the well-known process
SODIS (solar water disinfection) [51]. TiO2 heterogeneous photocatalysis applied to
water disinfection at pilot scale has also been reported to proceed at faster rates by
increasing the water temperature (from 15 ºC to 45 ºC) for the inactivation of E. coli and
F. solani [36]. Similarly the contribution of Ortega-Gómez et al. (2012) reported also
beneficial effects of solar mild temperatures when using solar photo-Fenton for E.
faecalis inactivation [52]. Marjanovic and collaborators (2018) reported an enhancement
in the reaction inactivation rates when the solar and thermal effects were combined to
activate PS. For PS solar activation, the quantum yield is less than 1 (25 ºC). Moreover,
adding the thermal effect, a lower amount of solar energy will be necessary to activate PS
[25].

3.4 PS activation in SUWW– bench scale
3.4.1 Persulfate + sunlight
The influence of organic matter during bacterial inactivation by solar and thermal
activation of PS was also investigated. Figure 4 (a, b) shows the inactivation kinetics of
E. coli and E. faecalis in SUWW under solar radiation with concentrations of PS ranged
from 0.2 to 1 mM. As we observed for IW, the addition of PS accelerates the inactivation
of both bacteria in comparison with solar disinfection alone. In this case, the concentration
of PS that led to the highest inactivation kinetic rate (Table 1) was 1 mM for E. coli and
0.7 mM for E. faecalis, which is in agreement with the obtained data in IW (Figure 2) for
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E. faecalis. Additionally, similar results regarding the observed kinetics shape and level
of resistance of each bacterium were found. E. coli was more sensitive to the treatment
than E. faecalis. Nevertheless, significant lower inactivation rate constants were obtained
in SUWW compared to IW. Taking into consideration the highest inactivation rates for
both in SUWW and IW, the k values were 5.1-fold lower for E. coli and 2.5-fold lower
for E. faecalis in SUWW compared to IW (Table 1).
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Figure 4. Inactivation of E. coli (a) and E. faecalis (b) in SUWW with several concentrations of PS under
natural sunlight: 0.2, 0.5, 0.7 and 1 mM and solar only disinfection, at bench scale (T0min = 25±2 ˚C and
T120min = 35-45 ˚C).
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As aforementioned, PS is stable and can be activated in solution at several pH, but the
SO4•− generation rate is dependent on the pH value [31,53,54]. In this study the working
pH of the SUWW was 8.15±0.30 and the measurements of dissolved organic carbon
(DOC) during the process did not show significant degradation (data not shown).
Additionally, the concentration of PS remained constant (Figure S2). The presence of
DOC (25±5 mg/L) turned the inactivation process harder. The possible reactions
occurring between SO4•− and DOC may be another reason for not achieving sufficiently
high disinfection levels, once it seems that there are not being generated enough radicals
at this pH, in comparison with the case of IW (at pH 5.5±0.25). In fact, the pH is an
additional factor affecting the inactivation efficiency, once the generation of sulfate
radicals is higher when the solution pH is lower than 7. Several authors analysed the
formation rate of sulfate radicals and hydroxyl radicals under different pH and concluded
that below pH 7 SO4•− are majorly formed, at pH = 9 SO4•− and hydroxyl radicals are
being similarly generated and at pH > 9 the prevailing radicals are the hydroxyl radicals
[31,54]. It is also known that the reaction of DOC with SO4•− proceed at lower rates (6.8
x 103 mgC-1s-1) compared to the reaction with other radicals such as the hydroxyl radical
(1.4 x 104 mgC-1s-1) [55], due to the hydrogen-abstraction reactions being slower in SO4•−
[53]. In addition, SO4•− may react with several common anionic species present in water,
including HCO3−, HPO42−, Cl− and CO32− ending in weaker radicals [55], or even quench
them [54], what may also help to explain the lower inactivation kinetics rates obtained in
SUWW compared with IW. Furthermore, the scavenging effect of Cl− can act in two
ways: it can compromise UV PS activation, or can form chlorine or dichlorine radicals
which are able to react more selectively [56], what can increase the efficiency in some
cases. Therefore, in the presence of DOC = 25 mg/L, pH changes did not drive the sulfate
radicals generation process via activation of PS.
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3.4.2 Persulfate + temperature (dark)
The thermal activation of PS in the presence of organic matter was also investigated.
Figure 5 shows the inactivation of E. coli and E. faecalis at several temperatures in dark
(30, 40 and 50 ˚C) with and without 0.5 mM of PS.
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Figure 5. Influence of temperature on E. coli (a) and E. faecalis (b) inactivation and PS activation in the
dark with 0.5 mM of PS in SUWW, at bench scale.
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The inactivation trend obtained revealed that temperatures lower than 40 ºC do not show
any significant detrimental effect on bacterial viability, both with and without PS. Only
at 50 ˚C the detection limit was reached within 80 min in presence of PS compared with
the absence of PS (100 min), for both bacteria. This result is consistent with the results
also found in IW (Figure 1); demonstrating the thermal activation of PS by mild-heat
temperatures, in this case 50 ºC. The higher energy was able to disrupt the peroxide bond,
in order to generate the sulfate radicals. The prompt conversion of sulfate radicals into
hydroxyl radicals, make these last radicals the major contributor for the process [54]. On
the other hand, lower inactivation kinetics rates were again obtained in SUWW compared
to IW due to the presence of DOC.

CONCLUSIONS
In this study, the activation of persulfate by solar radiation and mild heat for water
disinfection has been demonstrated in both IW and SUWW.
Regarding the thermal activation of PS, 50 ˚C leads to a more effective inactivation than
at 40 ˚C with 0.5 mM of PS, highlighting the influence of temperature in the proper
inactivation. E. coli revealed more thermal resistance than E. feacalis.
The efficiency of solar PS for the inactivation of E. coli and E. faecalis in IW generation
has been proven. The highest inactivation rate constants for both bacteria were obtained
for 0.5 and 0.7 mM of persulfate, requiring only 20 minutes of solar exposure to achieve
the detection limit for E. coli and E. feacalis, respectively.
The scaling-up of the process using a pilot solar reactor of 60 L total treatment capacity
has been successfully proven for 0.5 mM of PS with solar radiation.
Regarding the disinfection of SUWW, where the presence of organic matter becomes an
added difficulty for disinfection, 1 and 0.7 mM of PS were found to be the best
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concentrations for the inactivation of E. coli and E. faecalis, respectively via solar (optical
and thermal) with PS, showing similar inactivation kinetics trend as in IW.
Finally, the proposed method demonstrates promising results for the disinfection of
wastewater. 6-log reduction value levels have been achieved using low amounts of PS
(0.5 mM) and solar radiation during periods of time below 2 hours. This solar treatment
still needs more research in real urban wastewater samples at large scale. Additionally, it
is necessary to find a methodology capable of measuring PS anions or sulfate radicals
coming from the UVA solar and thermal activations. Nevertheless, the present work
showed very promising results in terms of water disinfection.
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Figure S1 – Persulfate anion concentration ([PS0]= 0.5 mM) vs time and Total iron ([FeSO4]0=
0.1 and 0.2 mM) vs time in natural pH and pH= 3. Spectrophotometric method adapted by Liang
et al. 2008.
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Figure S2 - Average values of solar irradiance measured during the experiments.
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Figure S3 - PS concentration during the experiments in the dark at 30 ºC, 40 ºC and 50 ºC with
0.5 mM of PS.
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Figure S4 - PS concentration during the experiments with IW and SUWW, at different
temperatures.
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