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Abstract: The final step in the treatment of municipal wastewater is disinfection, which is required
to inactivate microorganisms that have survived after treatment. Chlorine and chloramines are
widely used disinfectants in wastewater treatment plants (WWTP); however, the use of chlorine as
a disinfectant presents several problems. In the present research, solar disinfection and
photocatalytic disinfection processes have been applied to inactivate the fecal coliform
microorganisms that are present in municipal wastewater treated by activated sludge in a WWTP.
A 2 x 3 x 2 factorial design was applied. The first factor was the process: solar disinfection or
photocatalysis; the second was initial pH: 5, 7.5 and 9; the third was the presence or absence of a
H202 dose of 1 mMol added at the beginning of the process. The data from experimentation were
compared to predictions from different inactivation kinetic models (linear, linear + shoulder, linear
+ tail, Weibull and biphasic). The results show that H20O: addition plays an important role in the
process and that disinfection does not always follow a linear reaction model. When related to
radiation, it becomes clear that the accumulated radiation dose, rather than the time, should be
considered the most important factor in the solar disinfection process.

Keywords: disinfection kinetics; radiation cumulative dose; chlorination; disinfection time;
photocatalyst

1. Introduction

In a wastewater treatment plant (WWTP), through the different processes that are part of the
treatment of municipal wastewater (MWW), microorganisms are removed; in addition, pathogens
die in significant amounts. The final step in the treatment of MWW is disinfection, which is required
to kill bacteria and enteropathogenic viruses that have survived after treatment [1,2]. Chlorine and
chloramines are widely used disinfectants in WWTP and drinking water distribution systems due to
their effectiveness, price and residual activity for prolonged time periods [3,4]. However, the use of
chlorine as a disinfectant presents several problems, such as its high toxicity in aquatic organisms; it
is also highly corrosive and toxic and, in the presence of organic matter remaining in the effluent, it
generates dangerous organochlorine compounds—trihalomethanes (THMs), for example, have been
associated with bladder, colon, stomach and rectum cancer risks [5]. In addition, chlorination is a
high-cost process and the residual chlorine present in the effluent is unstable in the presence of high
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concentrations of materials with chlorine demand [6-10]. According to Hrudey [11], around 600
chemical compounds resulting from chlorination (chlorination byproducts), can be found in drinking
water. The formation of disinfection byproducts in drinking water, like THMs, has evidenced the
need for different treatment technologies [8]. Solar water disinfection (SODIS) and photocatalysis
play a part in such technologies.

Normally, SODIS consists of filling PET bottles with microbiologically contaminated water and
exposing it to solar radiation for a few hours [12,13]. In solar disinfection processes, radiation
reaching the water’s surface accounts for the germicidal action. UV-B, for example, could lead to
mutations or cell death [14]; in the past, Bensasson et al. [15] studied the effect of UV-B radiation on
different cell components. In SODIS treatment, UV-A is the main type of radiation responsible for
bacterial inactivation [14] and damage caused by UV-A radiation to tissues has been reported in the
past [16,17]. Among the downsides of SODIS is the lack of proper containers, which prevents the
method’s extended use, as such containers should not filter the UV radiation to the sample [13];
additionally, the use of PET containers is controversial due to the possibility of photoproduct
generation [12]. Solar disinfection processes are especially attractive in regions with a high solar
radiation level [18].

Photocatalytic processes have been studied in the past for disinfection, proving to be a feasible
substitution for chlorination [19]; however, it is necessary to carefully investigate and establish
operative parameters for the treatment, or the costs might become too elevated. Parameters such as
H:0: addition, which is important for the formation of oxidant agents, sample pH and the amount
and wavelength of the radiation employed, require specific research depending on the type of
wastewater that is to be treated and its uses after treatment [20,21]. In photocatalysis, UV radiation
causes the excitation of electrons in the last layer of the photocatalyst and the generation of positive
gaps in the valence band of the photocatalyst, this electron/hole promotes the transfer of the charge
to the surface of the semiconductor and a negative electron in the conduction band, which leads to
hydroxyl radical formation [22-24].

There are a large number of mathematical models that try to predict the disinfection rate that
can be achieved by different methods. Geeraerd et al. [25], proposed the use of GinaFit. GinaFit is an
extension for Microsoft Excel that allows you to graph the data obtained from experimentation and
compare it with different mathematical models proposed to explain microbial disinfection [26]. The
best model for experimental data is chosen based on two adjustment parameters, R? and the root of
the mean square error (RMSE) [27,28]

In the present research, as solar disinfection took place in an open flatbed reactor instead of a
container, the process has not been referred to as SODIS; by avoiding the use of containers, the risk
of poor UV radiation transmittance by the material was dismissed. The objective of this work was to
determine the parameters of solar disinfection and solar photocatalytic disinfection applied to MWW
with a high fecal coliform content, treated previously by activated sludge in a local WWTP, using an
open-to-the-atmosphere flatbed reactor. This is followed by the comparison between the
experimental data and different kinetic disinfection models, relating them to the doses of UV
radiation reached by the solar reactor.

2. Materials and Methods

2.1. Samples

The municipal wastewater samples used in the inactivation experiments were collected from a
WWTP in Durango City, Mexico (23°58'31” N and 104°38'13” W). In this WWTP, after a series of
treatments, water is chlorinated as a disinfection process, before it is poured into an irrigation ditch.

To carry out the experiments, in clean containers with a capacity of 10 L, water samples were
taken after their biological treatment (activated sludge), but before chlorination. The water was taken
to the laboratory and its transmittance was measured in a Perkin Elmer Lambda 25 UV/Vis
Spectrometer. The sample was treated the same day it was taken; however, when the experiment was
not possible, it was kept at4 +1 °C.
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2.2. Reactor and Experiment Description

Solar disinfection experiments were carried out in a flatbed reactor, open to the atmosphere, and
formed by a metal structure that supports an acrylic container; in addition, it was equipped with a
PVC pipe with holes every 0.5 cm (at the top of the container) where the water flowed (Figure 1).
After passing through the reactor surface, the water was recovered in a container, from where it was
recirculated with the aid of a simple pump (Model H-331 BioPro, China). Inside the reactor, a frosted
commercial glass plate with a surface area of 0.1 m2 (0.30 m x 0.33 m) was used as a support for the
TiO:z photocatalyst (clean in the case of the UV-Vis and UV-Vis/H20: disinfection experiments). The
reactor was placed at an inclination of 20° and an azimuthal angle of 180° (facing south).

PVC tube

Sample container
with pump

Figure 1. Reactor used in experiments.

The start times of the experiments were selected by analyzing radiation data from the year prior
to conducting this research, to determine the period of the day where the greatest radiation levels are
reached in the city of Durango. Sunlight was always used as an energy source. Solar radiation
between the wavelengths 400 and 1100 nm was measured by the weather station of the Ministry of
Natural Resources and Environment of the state of Durango (SRNyMA), using a pyranometer
(Global Water, model WE300 Solar Radiation Sensor, USA).

The experimental days were selected considering good weather conditions; therefore, cloudy
days were discarded (where the incidence of UV light is low), as well as windy days, since we were
using an open system that was particularly susceptible to contamination.

Prior to treatment, pH, BODs and most probable number (MPN) of fecal coliform organisms
present in the samples were measured. A volume of 2 L was treated per experiment and the
volumetric flow in the reactor was 165 L/h, a parameter optimized in a previous research [29].

Three initial pH magnitudes were tested: 5, 7.5 and 9; sample pH adjustment at the beginning of
the experiment was achieved with the addition of NaOH and HNO:s solutions (Sigma-Aldrich). Once
the pH was adjusted to the sample, it began to recirculate in the reactor and, immediately, the
necessary dose of H20: was added to measure the effect of this parameter (the dose of H202) on the
disinfection results; two doses were tested: 1 and 0 mMol H20:/L sample (with and without H20:
addition).

UV-Vis and UV-Vis/H:0: disinfection experiments (solar disinfection experiments) were carried
out using a clean glass plate (over which the sample flowed). For the UV-Vis/TiO2 and UV-
Vis/H202/TiOz disinfection experiments (photocatalysis experiments), the TiO: used as a disinfection
catalyst was of the Degussa P-25 brand, composed of 80% in its anatase form and 20% in its rutile
form, with a specific surface area of 50 m?/g [30,31]. The catalyst was fixed to the glass plate by
preparing a solution dissolving 200 mg of TiOz in 50 mL of water; the solution was distributed on the
plate by spraying, and the plate was used after the complete evaporation of the water from the
solution [32,33].
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Once the recirculation of the sample in the reactor had begun and the necessary dose of H20:
had been added for the experiment (time: 0), time was counted and aliquots were taken at 5, 10, 15,
20, 30, 45, 60 and 90 min of the reaction. The aliquots were kept refrigerated at 4°C until the end of
the experiment, when they were analyzed to measure the amount of fecal coliform microorganisms
using the MPN method in A-1 media [34]. Each experiment was performed in duplicate.

2.3. Experimental Design and Statistical Analysis

An experimental design of the 2 x 3 x 2 factorial type followed. The factors to consider were the
type of treatment (solar disinfection and solar photocatalysis), the pH with three levels (5, 7.5 and 9)
and the third factor, the added dose of H20, for which doses 0 and 1 mMol of H202/L were tested.

The data from the first 20 min of the experiment were analyzed by means of an ANOVA test, using
the statistical package SAS 9.0 (SAS Institute Inc, Cary, North Carolina, USA). Response surface graphs
were obtained in the Statistica 7 program (StatSoft, 1984-2004) to observe the behavior of the
disinfection process regarding the pH and the dose of H20: values.

2.4. Kinetic Analysis

The determinations of the kinetic constants of inactivation in the processes were performed
through the tool for Microsoft Excel model adjustment, as proposed by Geeraerd et al. [25]. The models
tested were: the log-linear regression model obeying a first-order reaction (linear), the log-linear model
with shoulder (linear + shoulder), log-linear with tail (linear + tail), Weibull and biphasic. The results
of each experiment and its duplicate were averaged. The best model was selected based on the values
of R? and the RMSE when the values between two models were very close, the simplest model was
chosen.

2.4.1. Linear Model

The linear model assumes that all microorganisms present in a sample have the same sensitivity
to the disinfectant. It proposes a disinfection that follows first-order kinetics with a log-linear
relationship, as represented by Equation (1) [25,26]:

N=No x etk )

where No and N represent the amount of viable microorganisms at the beginning of the process and
after some time, t is the disinfection time and k represents the inactivation constant in a first order
reaction.

2.4.2. Linear + Shoulder and Linear + Tail Models

The linear + shoulder model is composed of two parts, the first corresponds to the linear model
of first-order kinetics and the second describes a "shoulder" effect based on the hypothesis of the
existence of protective components around the cells, the length of the shoulder (SI) represents the
time required to overcome these components [25,35]. The model is represented by Equation (2):

N= No x e(-kxt) x [e(kmax x Sl)/(1+(e(kmax x8l) — 1) x e(-kmax x t))] (2)

The linear + tail model assumes that inactivation begins following first-order linear kinetics, but
there is a resistant residual population (Nres) that does not undergo considerable changes in a certain
time [25]. Equation (3) represents the model:

N= (NO - Nres) x e(kxt 4+ Nes (3)

2.4.3. Weibull Model

Weibull model assumes that the resistance of the bacteria is heterogeneous and, therefore, that
each cell requires a different contact time with the disinfectant to be inactivated [28]. This model
represents the cumulative form of Weibull probability density for the resistance to disinfection of
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individual microbial cells; it introduces the term d to represent the treatment time needed to reach
the first decimal reduction in the bacterial population and p, a curve-shaped parameter [25,35]. It is
represented by Equation (4):

N/No= 10" (—(/5)"p) 4)

2.4.4. Biphasic Model

It assumes the existence of two microbial sub populations, both with a different resistance to the
disinfection process. The biphasic model is represented by Equation (5):

logio(IN)= log1o(No)+loguo(f x etk =0+(1—f) x eCk2=0) (5)

where f represents a fraction of the population with an inactivation constant ki, the other
subpopulation, of fraction 1-f, is more resistant to the process and, therefore, has a different
inactivation constant, represented by k2 in the model equation [25,28].

2.5. UV Radiation Dose Analysis

UV radiation was calculated using SMARTS software version 2.9.5 [36], taking as data for entry
to the system the ambient temperature at the time of the experiment, the average temperature on the
day of the experiment and relative humidity and pressure, measured by the SRNyMA weather
station. In addition to these data, the analysis was carried out considering the altitude and
geographical coordinates of the city of Durango (1885 masl, 24° and —104°), the season in which the
experiment was carried out (spring, summer, autumn or winter), a light pollution in the
experimentation zone, 400 ppmv of CO2 on average and a solar constant of 1367 W/m?2. The aerosol
model in the atmosphere used was the one proposed by Shettle and Fenn [37]. The albedo of the area
where the experimentation was carried out, which is important for the calculation of the radiation
dispersed by the surface, was considered as a non-Lambertian surface with bare soil. UV radiation
was considered a constant throughout the experiment, as temperature and humidity did not
remarkably change in the 90 min length of the experiments: the average temperature increase of 3 °C
during experimentation increased radiation by around 5 W/m?, from 400 to 1100 nm, meaning the
change in UV radiation was even lower, so it was disregarded.

The UV-A and UV-B radiation was determined for each experiment, then the radiation doses
reached by the reactor at different periods of time were calculated this was then related to the
appearance of shoulders or the radiation necessary to achieve good levels of inactivation of
microorganisms.

Not all the samples treated in the experiments were permanently illuminated, because much of
the water was in the collection vessel or the pipe, therefore the proportion of the sample that was
illuminated, I, was calculated at any time during the experiment as follows Equation (6):

[=Ai/Vt (6)

where Ai represents the area that receives radiation and Vt the total water volume in the experiment
[33].

The dose of UV radiation accumulated on the water surface was then calculated as follows
Equation (7):

Quv,i=Quv n-1+UVn: (tn—tn-1)-1 7)

where Quvn represents the cumulative UV radiation dose, UVn is the irradiance of UV radiation
calculated by SMARTS for the time interval in W/m?, tn is the period of exposure to radiation and I is
the proportion of illuminated sample, as defined in the previous Equation (6).

3. Results and Discussion

3.1. Statistical Analysis of Disinfection Processes
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According to the ANOVA performed, only the parameters of H20: addition and its interaction
with the type of the process have a significant value (p < 0.05) in the disinfection at times 5, 10, and
15 min of the experiments. The rest of the parameters do not statistically significantly affect the
disinfection in the sampling times analyzed.

The response graphs give an idea of the optimal levels for the proper functioning of the processes
and its overall behavior. The resulting equations from such graphs Equations (8) and (9), tell an
interesting story: both parameters have a lower effect on the response variable when solar
disinfection processes (those in the absence of photocatalyst) are applied Equation (8), compared to
the effect they have on photocatalysis experiments Equation (9).

% disinfection at 45 min = 63.3597+2.1563 x pH+19.5464 x H202 (8)
% disinfection at 45 min = 42.8954+2.9659 x pH+33.0469 x H202 9)

Such increases in the pH effect can easily be explained by considering the charge of
photocatalysts and microorganisms. Escherichia coli (E. coli) is the main microorganism present in the
fecal coliform group [38], in the E. coli wall, negative groups predominate and confer a negative
charge to the microorganism [39,40]. In the presence of TiO:, the point of zero charge of the
photocatalyst and its superficial charge both play important roles in electrostatic interactions,
resulting in the greater effect of the pH parameter when the semiconductor is part of the process.

As will be seen in the next section, the ANOVA results match those observed in the kinetic
analysis, as the shoulder presence is more common in the absence of H202 addition.

3.2. Kinetic Analysis

The Excel tool designed by Geeraerd et al. [25] was used to evaluate the selected mathematical
models of inactivation and decide the one that suited us best. The graphs that represent these
adjustments in UV-Vis and H20»/UV-Vis under the three pH tested are shown below (Figures 2, 3
and 4), including the linear model in all cases as a reference. In some cases, the model that yielded
the best fit was the linear one, which implies that, under certain conditions of initial pH and H20:
dose, inactivation follows first-order kinetics and nothing seems to demonstrate the existence of the
resistant subpopulations or protective factors in the bacterial population that cause the appearance
of a shoulder in the inactivation process. According to other authors [19,41], in short inactivation
times, the kinetics follow a log-linear model, however, in the present study, when inactivation was
followed until times beyond 30 min, it was found that other models demonstrate a better fit to the
experimental data obtained, which are reflected in R? values higher than those of the linear model
(Table 1).
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Figure 2. Adjustment of mathematical models to the results obtained by experiments under an initial
pH 5: (a) UV-Vis, and (b) H20/UV-Vis.
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Figure 3. Adjustment of mathematical models to the results obtained by experiments under an initial
pH 7.5: (a) UV-Vis, and (b) H202/UV-Vis.
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Figure 4. Adjustment of mathematical models to the results obtained by experiments under an initial
pH 9: (a) UV-Vis, and (b) H20/UV-Vis.

As can be seen in the processes carried out without H202 addition, there is a delay in the
beginning of inactivation (shoulder), except in the experiment conducted under an initial pH 9, where
it seems that the addition of H20: hinders the inactivation process until 20 min, where the number of
microorganisms then decreases visibly. According to Moreno-Rios et al. [42], in some photocatalytic
processes, protection mechanisms and cell self-repair are enough to counteract cellular damage; even
if the process depicted in Figure 4b does not correspond to photocatalysis, such an explanation could
be valid. Moreover, as real wastewater samples were used in the present research, other parameters,
such as bacterial population grow stage, organic matter and dissolved solids in the sample are
difficult to control, but important to the disinfection results.

Rodiguez-Chueca et al. [28], performed experiments on the inactivation of E. coli with artificial
radiation in a range of 320 to 800 nm with an initial pH 7.5 and the addition of 0.04 mMol H20O2; in
their study, they found higher inactivation values in the process in the absence of H20z, because in
30 min they achieved an inactivation of 0.53 log, but reached 0.79 log when the treatment was given
without the addition of the chemical. In this investigation, the experimentation time was extended
for a period of 90 min, in which inactivations of 3.5 and 1.29, 2.65 and 1.46 and 2.28 and 1.74 log were
achieved with and without the addition of H20y, for the initial pH quantities 5, 7.5 and 9 respectively.
That is, inactivation reached in 90 min was higher when hydrogen peroxide was added to the
beginning of the reaction.

H:02 disinfectant properties, with the additional production of hidroxyl radicals, are accepted
[43]. Villar-Navarro et al. [44] reported the inactivation of Vibrio in a SODIS process using a
photoreactor with compound parabolic collector; in their research, as in ours, the H20O2 addition
enhanced the inactivation.

In experiments performed by Rodriguez-Chueca et al. [45], it was found that the best models for
UV-Vis disinfection processes for bacteria inactivation in synthetic effluents with a pH of around 8
are those based on the idea that the bacteria population is divided into sub populations with different
resistance to treatment, like Weibull and biphasic.

The GinaFit tool was used also to graph data resulting from UV-Vis/TiOz and UV-Vis/H20:/TiO:
experiments (photocatalysis experiments). Graphs were obtained that allow the comparison of the
experimental data with those predicted by the mathematical models. The graphs representing these
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adjustments, including the linear model in all cases as a reference, are shown below (Figures 5, 6 and
7). The results of the kinetic parameters given by each model are shown in Table 2.
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Figure 5. Adjustment of mathematical models to the results obtained by photocatalysis experiments,
under an initial pH 5: (a) without H20: addition, and (b) adding 1 mMol of H20.
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Figure 6. Adjustment of mathematical models to the results obtained by photocatalysis experiments,
under an initial pH 7.5: (a) without H202 addition, and (b) adding 1 mMol of H202.
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Figure 7. Adjustment of mathematical models to the results obtained by photocatalysis experiments,
under an initial pH 9: (a) without H20: addition, and (b) adding 1 mMol of H20.

As in processes carried out in the absence of TiOz, the addition of H202 seems to have a positive
effect on the inactivation process since, in the experiments where it is not added, the formation of a
shoulder is noticeable; that is, the organisms show initial resistance that extends up to approximately
30 min after the experiment begins, with the exception of pH 9, where the formation of said shoulder
is not apparent and, in fact, as will be seen later, the models that best fit the experimental data indicate
the existence of two subpopulations, but not the formation of a shoulder in the disinfection.

According to the existing literature, the recombination of the electron/hole on the TiOzsurface is
one of the main disadvantages in the photocatalytic process, but such a disadvantage can be
overcome with the addition of a chemical oxidant to the process to react with electrons in the
conduction band and avoid said recombination [40,46]. This explains the better results obtained when
adding H:0:to the photocatalytic disinfection processes in the three pH values tested and H20:'s
statistical importance, as shown by the ANOVA results.

Table 1 shows the statistical parameters that were taken into account to choose the mathematical
model that best describes the inactivation, according to the conditions of the experiment. Although
the same models were tested for all conditions (linear, linear + shoulder, linear + tail, Weibull and
biphasic), the table shows only the models that obtained an R? greater than 0.8 and the linear model,
which was used as a reference.

Table 1. Disinfection kinetic models applied to the experimental data with R? > 0.8.

(a) Solar disinfection processes (UV-Vis and UV-Vis/H202)

pH mlﬁglzm Model RMSE R
Linear 0.249 0.71
5 0 Linear + shoulder 0.0628 0.9840
Weibull 0.0678 0.9813
75 0 Linear 0.0921 0.9719
Weibull 0.0994 0.9720

9 0 Linear 0.2298 0.7995
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Weibull 0.2311 0.8261
Linear 0.4271 0.8791
5 Linear + tail 0.3695 0.9224
Weibull 0.3213 0.9413
Biphasic 0.3325 0.9476
Linear 0.3218 0.8871
7.5 Weibull 0.1780 0.9724
Biphasic 0.2081 0.9717
Linear 0.2657 0.9071
9 Linear + shoulder 0.2452 0.9322
Weibull 0.2476 0.9309
(b) Photocatalysis (UV-Vis/TiOz2 and UV-Vis/H202/TiOz)
pH Model RMSE R2
Linear 0.1975 0.6924
5 Linear + shoulder 0.0796 0.9572
Weibull 0.0782 0.9586
Linear 0.3084 0.8627
7.5 Linear + shoulder 0.1566 0.9697
Weibull 0.1395 0.9759
Linear 0.3909 0.7427
9 Weibull 0.2759 0.8901
Biphasic 0.2654 0.9153
Linear 0.8805 0.7264
5 Weibull 0.6273 0.8889
Biphasic 0.6688 0.9053
75 Linear 0.8436 0.4608
’ Linear + tail 0.2307 0.9731
9 Linear 1.1136 0.2509
Linear + tail 0.3721 0.9373

11 of 17

When two models yielded close R? and RMSE values, the simplest model was chosen because it

was easier to interpret. The kinetic parameters given by the model that best fits the experimental data,

are shown below (Table 2):

(a) UV-Vis and UV-Vis/H202

Table 2. Kinetic parameters of the processes.

pH H20: 0 (min) ki(min) kz(min’) Sl (min)

5 Linear + shoulder - 0.1 - 59.5
75 0 mMol - 0.04 - -

9 50.15 - - -

5 - 0.17 0.04 -
7.5 1 mMol - 0.41 0.09 -

9 Linear + shoulder - 0.08 - 19.5
(b) Photocatalysis (UV-Vis/TiO2 and UV-Vis/H20:/TiO2)

pH Model ki(min-1) k2(min-1) SI (min)
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Linear +
5 shoulder 0.08 - 63.3
0 mMol Linear +
7. 1 - .
> shoulder 0 383
9 Biphasic 0.56 0.04 -
5 Biphasic 0.59 0.09 -
7.5 1 mMol Linear + tail 1.09 - -
9 Linear + tail 1.6 - -
Treatment time needed to reach the first decimal reduction in the bacterial population ().
Shoulder duration (SI).

According to the literature [44], the SODIS process requires a longer exposure time to high
radiation, thus the material for the wastewater container plays an important role in the process and
must be appropriate. Fisher et al. [47], reported that a material with a higher UV-B transmittance
presented better E. coli inactivation results than materials which blocked such radiation. In this
research, as the process took place in an open reactor, UV transmittance from the container did not
represent a problem. In addition, the water layer was kept as thin as possible (water flow in the
reactor was previously optimized [29]), and the sample transmittance was ranked from 79.2% at 320
nm to 90.3% at 400 nm.

As the point of zero charge of the photocatalyst is pH 7 [39], better kinetic results were expected
from experiments in a pH of 5, given that the TiO: surface presents a positive charge and an
electrostatic attraction between the photocatalyst and E. coli was expected; however, such a favoring
effect was not detected, as the kinetic results of the reaction with pH 5 were lower than the ones for
pH 7.5 and 9, in both presence and absence of H2O2 The same effect was reported by Gumy et al. [39]
when working with TiOz2 Degussa P25, but was also observed when working with different TiO:z
photocatalysts.

In 2015, Rodriguez-Chueca et al. [45] reported kinetic values obtained by UV-Vis solar and
artificial UV-Vis radiation in synthetic water with pH around 8.2; authors reported ki values of 0.08
min in a biphasic model when working with artificial radiation and 0.005 min~' when working with
solar radiation. The Weibull model gave d values of 24 and 238 min for the same radiation sources.
In the present research, when working with solar radiation, and without H2O: addition, the best
model changed with the function of pH; under pH 5, a better R model resulted in a k value of 0.1
min™ and a shoulder at 60 min; in pH 7.5, data adjusted to the linear model with a k value of 0.04
min™ and, in pH 9, the closest value to reported by Rodriguez-Chueca et al. [45], the data adjusted to
Weibull model with a & of 50 min. Matching the results from the cited research, the results here
presented show that H202 addition increases k values.

The appearance of a tail in photocatalytic disinfection processes was previously reported by
Schwegmann et al. [48]; according to them, tailing occurs due to competition for the radicals between
liberated intracellular components and intact cells. In processes where rapid cell inactivation occurs
in the first minutes, such liberated cell components are expected to be present and cause the slowing
down of the inactivation process.

3.3. Radiation Doses in Inactivation Processes

When microorganism inactivation data is plotted against the received UV radiation, the effect of
the addition of H20: is highlighted. In the case of processes carried out in the absence of a
photocatalyst (UV-Vis) at pH 5, the formation of a shoulder can be seen in a period where there is no
inactivation of microorganisms, which extends until the sample reaches a cumulative dose of 8 kJ/L
(Figure 8a). If the date of the experiments is taken into account, it is important to note that the
experiments with an initial pH 5, without the addition of hydrogen peroxide, were carried out during
the month of September, when the global radiation measured by the SRNyMA station was
approximately 100 W/m? less than that of other months. If the same experiment had been performed
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in a month with higher radiation, the UV dose needed to overcome the resistance of coliform
microorganisms in the sample would have been reached in a shorter time.

A similar observation can be made in the case of the experiment with the addition of hydrogen
peroxide at an initial pH 9 (Figure 8b). The experiment was carried out during the month of
November, when the radiation levels were lower. A shoulder was formed that required an
accumulated radiation dose of approximately 2.6 kJ/L, which was reached in 20 min, as shown by the
mathematical model that was best adjusted to overcome the resistance of microorganisms. In
experiments performed on other dates, the cumulative dose of 2.6 kJ/L was reached in 15 min, so it is
inferred that the cumulative dose of radiation incident on the sample should be the most important
parameter to consider in the approach of this type of disinfection experiment, rather than the
experimentation time.
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Figure 8. Inactivation of microorganisms by processes with UV-Vis radiation at different pH: (a) 0
mMol H20, (b) 1 mMol H20s.

Figure 9 shows the inactivation results plotted against the cumulative dose of UV radiation
(Quvn). In the process with initial pH 5 without the addition of peroxide, a shoulder is formed, 9.78
kJ/L is required to overcome it, and it extends over a period of 63.3 min (Table 2). These experiments
were carried out during autumn, which explains why such a large period of time was required to
reach the accumulated radiation dose necessary to overcome the shoulder.
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Figure 9. Inactivation of microorganisms by photocatalysis processes in different pH: (a) 0 mMol
H203, (b) 1 mMol H20:.

Once the accumulated radiation parameter —and not the treatment time—is taken into account
as the most important parameter to consider in the application of solar radiation treatments, it is easy
to see that the treatments can be carried out at a time in the day when radiation has had a chance to
accumulate in the city of Durango. For example, if the experiment portrayed in Figure 9a is performed
at9 am instead of 12:30 pm, a longer treatment time would be required to achieve the Quv,n necessary
to overcome the shoulder and begin inactivation, but it would certainly be possible.

4. Conclusions

The addition of H20:2to solar disinfection and solar photocatalytic disinfection applied to MWW
with a fecal coliform content over the maximum permissible level established by Mexican regulations
remarkably enhances the processes, yielding better results that those found in the absence of the
chemical oxidant.

During the months before the rainy season in the city of Durango, Mexico (April and May), the
radiation is low during the early hours, compared to the rainy months (July and August), so better
results can be obtained in processes of inactivation using UV-Vis during the afternoon in these
months. In contrast, during the rainy months, in the afternoon, the implementation of these
treatments is less appropriate, because the presence of cloudiness decreases the amount of radiation
incident on the land surface in the city, so longer inactivation times will be required to reach the UV
dose needed for bacteria inactivation. Even though the radiation-temperature synergetic effect is
important in SODIS, in this research it was not considered, as experiments were carried out in an
open-to-the-atmosphere reactor, they lasted for 90 min and the ambient temperature at the beginning
of the experiment was always below 30 °C.

When UV-Vis type treatments are implemented for the disinfection of municipal wastewater, it
is the cumulative dose of UV radiation, and not the treatment time, that should be considered as most
important for its implementation. In this way, it is possible to implement solar processes in all months
of the year and much of the day, although the treatment time will increase because less solar radiation
implies that it will take longer to reach the dose of radiation necessary to achieve inactivation.
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