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Abstract: The increase in world population and human activities are leading to an increase in
water stress in many regions of the planet, coupled with a decrease in the quality of water bodies.
Advanced oxidation processes have demonstrated great potential for the reduction of almost any
organic pollutant; however, it is necessary to intensify this type of treatment in order to reduce
contact times and to reach a greater number of pollutants. The generation of sulfate radicals by
activation of peroxymonosulfate (PMS) by divalent iron (Fe?*) and/or titanium dioxide (TiO,) were
statistically studied to understand the role of these compounds as activators, using methylene blue
as target pollutant because of its ease of handling and analysis. A factorial experimental design was
used to study the influence of different variables (PMS, Fe?*, and TiO,) in the presence of UV-A or
UV-C. There were relevant differences in the discoloration of methylene blue when analyzing the
size of the effects and significance of the experiments, when UV-A or UV-C was used, being faster
with UV-C. For instance, total discoloration of methylene blue was reached after 60 min with the
system PMS/UV-C, while after 90 min only the 59% of methylene blue disappeared in presence
of PMS/UV-A. Both Fe?* and TiO, in combination with PMS and UV increased the discoloration
effect. So, in the presence of Fe2*, total discoloration of methylene blue was observed after 30 min in
presence of UV-A, while this yield was reached in 7.5 min under UV-C. In the case of PMS/TiO,, it
required 60 min under UV-A radiation to totally remove methylene blue, and around 15 min with
UV-C. Statistically, the three variables were observed to have the main effect in combination with
UV. Furthermore, the PMS/Fe?* system has a significant interaction with UV-A and UV-C radiation,
while the interaction of PMS/TiO, was significant under UV-A, but with a negative effect under
UV-C, or in other words the high elimination rates observed are achieved by the oxidation potential
of UV-C, and the effect of PMS and TiO; by itself.

Keywords: heterogeneous photocatalysis; peroxymonosulfate; sulfate radicals; TiO,; UV radiation

1. Introduction

Advanced oxidation processes (AOP) have been shown to be efficient treatments
for the removal of organic and biological pollutants in water [1-7], and are especially
useful for the degradation of recalcitrant organic pollutants that cannot be removed by
conventional methods, such as dyes or other persistent contaminants [8-11]. Sulfate radical-
based advanced oxidation processes (SR-AOPs) are emerging alternatives to hydroxyl
radical-based AOPs (HR-AOPs). Both AOPs are based on the production of free radical
species, with a high redox potential of 2.5-3.1 V (25 °C) and 2.80 V (25 °C) for sulfate and
hydroxyl radicals, respectively [12-14]. Furthermore, SR-AOPs have some advantages,
such as the lack of toxicity of persulfate salts, the ease of handling and storage, and a very
low pH-dependent activity [12]. However, the generation of sulfate radicals requires the
activation of persulfate salts such as potassium peroxymonosulfate (HSO5~; PMS). The
main activation mechanisms reported are thermal, UV-assisted, or catalyzed by a metal or
a metal oxide [12-18].
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The use of UV radiation as an activator is widely reported in the literature [13,19-22].
It has been demonstrated that PMS are effectively activated at wavelengths around 254 nm
(UV-Q) [13,22]. However, the activation of these salts with UV-A and UV-visible radiation
has also been reported [12,19,21,23,24]. In both cases, the generation of hydroxyl and sulfate
radicals is a consequence of the breakage of the peroxo bond (O-O). However, as previously
mentioned, the decomposition kinetic of PMS will depend on the kind of UV radiation
used. The more energetic radiation (as it is the case for UV-C), the higher kinetic [12,13].

Although PMS activation by Fe?* has been widely reported, as well as other iron
species and even other types of transition metals [1,25-29], the generation of sulfate radicals
by PMS activation with photocatalysts such as TiO, is still poorly explored [30-34]. It seems
that a synergistic effect occurs when PMS and TiO, are coupled, and the most feasible
mechanism is the decomposition of PMS by TiO,, while photolysis of PMS can enhance
the reactivity of TiO, and inhibit the recombination of the electron-hole pair by trapping
photoinduced electrons [35,36]. To the best of our knowledge, there are no references in the
literature that compare PMS activation by TiO, and Fe?* to suggest which catalyst may
be preferable. Since Fe?" and TiO, are commonly used with UV spectra, analyzing the
magnitude of the effects of these variables on the activation of PMS may be considered
highly relevant, not only to know how they affect the reaction time, but also to know how
they interact with each other.

Normally, iron activation is commonly used in conjunction with UV radiation in
order to promote a quick photoreduction of Fe** generated in Fe?" to continue catalyzing
the generation of free radicals by PMS decomposition. Additionally, TiO; is one of the
most reported photocatalysts [34]. For that reason, the study of the influence variables
in the activation of PMS by Fe?* and TiO, were carried out in the presence of UV-C and
UV-A radiation.

The main purpose of this research was to statistically compare the effect of a set of
variables (Fe2+, TiO,, and UV radiation) on the activation of PMS, as well as to study their
possible interactions. Therefore, a full 2¥ factorial design was used to check changes in the
response (PMS activation) because of changes in the catalyst concentration and type of
UV radiation. Thus, the design of experiment was repeated twice, as it was also sought to
observe the effect caused by UV-A and UV-C radiation over the activation mechanisms.
An ANOVA was performed for both sets of experiments to determine whether the effects
of the factors and their interactions were statistically significant in both cases. In addition,
to estimate the magnitude of the effects, a t-test was performed in both cases.

2. Materials and Methods
2.1. Chemical Reagents

The study of the influence of the selected variables in PMS activation was investigated in
the discoloration of methylene blue. Methylene blue (MB; C14H;13CIN3S; M,y = 319.8 g/mol)
was provided from Scharlau (Spain) and used as received, without further purification.
The physicochemical features of MB, such as high solubility, stability, and glow, and low
biodegradability and toxicity, make it ideal for study. MB concentrations throughout the
experiments were 10 ppm [37,38]. The UV-visible spectrum of MB consists of a main charac-
teristic absorption band at 660 nm. Discoloration treatments were carried out by activation
of potassium peroxymonosulfate (KHSOs5-0.5KHSO4-0.5K;50,, PMS, Merck) with iron
sulfate heptahydrate (FeSO,-7H,O, Panreac) and titanium dioxide (Evonik Aeroxide® P25).
In addition, HCl and NaOH (Scharlau) were used to adjust the pH at 7.

2.2. Experimental Setup

The experiments were carried out in a 1 L rectangular batch reactor, using a 200 mL
volume of MB solution sample, with 1 cm depth, and 15 cm between the UV lamp and
the MB solution. UV-driven experiments were performed with UV-A or UV-C depending
on the experiment in progress. UV-A radiation was provided from the top by a Philips
TL 6 W (maximum emission peak at 365 nm), while UV-C radiation came from a Philips
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6W TUV lamp (maximum emission peak at 254 nm). The MB solution was continuously
stirred throughout the experiments.

2.3. Experimental Procedure

Samples were prepared by dissolving 10 mg/L of MB in deionized water. Then,
different doses of reagents were added according to the corresponding experiment (PMS
0-500 mg/L; TiO, 0-500 mg/L; Fe?* 0-0.5 mM). These concentrations were used according
to previous research and literature where the molar ratio was reported by some authors,
when using Fe?t and PMS, was 1:1, or less; when experiments used additional UV-A
radiation, more Fe (II) than that ratio would likely cause a decrease in PMS activation
performance [39-43]. Reagents were added directly to the reactor at the beginning of each
experiment when the ultraviolet radiation was switched on. Treatments were applied for a
maximum of 120 min at a neutral pH (pH = 7).

Samples of the MB solution were collected at periodic intervals during each exper-
imental run and analyzed using a Mettler Toledo UV5 spectrophotometer. The discol-
oration of MB was obtained by measuring the absorbance at the maximum wavelength
(Amax = 660 nm). The pH of the samples was monitored using a pH Meter from XS Instru-
ments (model PC 8).

2.4. Experimental Design

A two-level factorial design (2X) was selected for the experimental design, in which
each variable assumes two values or levels. This design was the most suitable for learning
about the influence of variables on the process. The program used was the Windows
version of MINITAB 18°.

The variables considered for these studies were: PMS concentration, Fe2*, and TiO,. A
total of 34 experiments (16 + experiment of central points) were carried out for both UV-A
and UV-C radiation. Replica central points served to evaluate the experimental error and
the curvature of the evolution of a response factor, that is, whether or not the evolution of
the response factor was linear within the experimental range studied [44]. The conditions
in each experiment were modified using different combinations of the two selected levels
(Table 1).

Table 1. Levels of selected variables.

Variable Low Level, —1 Central Point High Level, +1
[PMS] (mg/L) 0 250 500
[TiO;] (mg/L) 0 250 500
[Fe?*] (mg/L) 0 14 28

3. Results and Discussion

Table 2 shows the design matrix obtained with MINITAB® considering the concen-
tration of PMS, TiO,, and Fe?* as variables. It includes the experimental conditions and
the results obtained in each experiment run after 10 min of exposure to UV-A and UV-C
radiation. The response factor used was the discoloration of the MB (expressed as %). In
the following sections, the influence of each variable on the MB discoloration is discussed
from a statistical point of view.
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CIC, (%)

Table 2. Design matrix and methylene blue discoloration results obtained by UV-A and UV-C

exposure.
. 1 PMS TiO, Fe2+ Discoloration (%)
Experimenta (mg/L) (mg/L) (mg/L) VA Ve

1 0 0 28 1 9
2 250 250 14 72 48
3 0 500 0 1 61
4 500 500 0 62 96
5 0 0 0 0 7
6 500 500 28 100 100
7 500 500 28 100 100
8 500 0 0 21 54
9 0 0 28 1 18
10 0 500 28 27 85
11 500 500 0 58 99
12 0 500 28 21 84
13 0 0 0 0 7
14 500 0 28 63 100
15 500 0 28 63 100
16 0 500 0 8 45
17 500 0 0 20 38

3.1. Methylene Blue Discoloration by PMS/UV, TiO2/UV and Fe’*/UV as a Reference

Before analyzing PMS activation by TiO; or Fe?*, the analysis of the effect of using each
individual agent in combination with UV radiation should be evaluated. In this regard,
Figure 1 shows the discoloration of MB after the combination of PMS/UYV, TiO,/UYV,
and Fe?* /UV.

204

—— UV-A (365 nm)
—&— PMS/UV-A

—O— UV-C (254 nm)
—e— PMS/UV-C

n B) 100 a C) 1o

I “O-UVA@SSam) —O-UV-C@54nm) —0—UV-A (365 nm) —0— UV-C (254 nm)
u__ —E—TiO/UV-A —e—TiO,UV-C —=— Fe(ll)/UV-A —e— Fe(ll)UV-C

80 - 80

60 604

CIC, (%)
CIC, (%)

40 40

204 20 4

Time (min)

75 %0 0 15 30 45 60 75 90 0 15 20 45 50 75 %0

Time (min) Time (min)

Figure 1. MB discoloration (%) with (A) 500 mg/L PMS; (B) 500 mg/L TiOy; (C) 28 mg/L Fe?t; using UV-A and UV-

C radiation.

According to [45], the dissociation capacity of PMS in the presence of UV radiation
ranged from 248 nm to 351 nm, and decreased as the wavelength increased, so the ability
to generate sulfate radicals by PMS is conditioned by the type of UV radiation used. This
fact can be clearly observed in Figure 1A, where the discoloration yields of MB combined
with 500 mg/L of PMS were 59% and 100% after 60 min of exposure to UV-A and UV-C
radiation, respectively. Although PMS requires prior activation to generate free radicals,
its remarkable oxidation potential allows, even in the absence of radiation, the MB to be
slightly reduced, namely by 6.5% in 120 min [30]. The removal performance caused by the
activation of the PMS is higher under both UV spectra regarding the treatments that did
not contain the reagent. Furthermore, it is observed how UV-C radiation removes MB by
itself, without using PMS. Figure 1 shows that UV-A radiation alone does not reduce the
concentration of methylene blue, which differs from the results found by Andrade et al. [46].
This discrepancy may be explained by the operating conditions used in this study, especially
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the irradiance. Irradiance will be affected by the radiation power of the lamp used, the
position of the lamp with the water sample, and the type of reactor that would affect the
radiation distribution in the sample.

A similar result was observed in the exposure of TiO, to UV (Figure 1B). Although
the valence band of TiO; is excited by both UV radiations, after 90 min of experiment the
average removal yield when TiO; was used with UV-C radiation reached 97%, while 45%
was reached in the presence of UV-A radiation. The TiO, valence band is capable of absorb-
ing photons in the presence of electromagnetic radiation in the ranges below 390 nm [47],
which represents two decontamination routes for this compound: (i) the reductive pathway,
through the release of electrons that will reduce the concentration of MB; (ii) the oxidative
pathway in the gaps of the valence band that absorb electrons from either the contaminating
compound or from water, which will produce hydroxyl radicals capable of oxidizing MB.
Besides, it is required to remark that according to Tichapondwa et al. [48], in the system
TiO, /UV-C to remove MB, 1.3% corresponds to photolysis, 7.4% to adsorption, and 81.4%
to photocatalysis.

Figure 1C plots the discoloration of MB using the FeZ* /UV system. As can be observed,
the combination Fe?* with UV-A radiation did not reduce the MB concentration. However,
the use of Fe?" /UV-C slightly increased the discoloration yield because when Fe?" is
subjected to UV radiation around 250 nm, it is capable of dissociating water molecules
or those of any compound with which it interacts, following the reaction mechanism
described in Equation (1) [49].

Fe(OH)?" ™ Fe?* 4+ OH® )

The effect of Fe?* in the dark over MB was negligible (1.5% of removal) after 120 min
(data not shown).

3.2. Methylene Blue Discoloration by the PMS/Fe**/UV System

Figure 2 shows the removal rates for the experiment using UV-A and UV-C radiation
with PMS and Fe%*. As can be observed, the use of Fe?* to activate PMS increased the
discoloration performance of MB compared with treatments without catalyst, as a conse-
quence of the increase in the kinetics of sulfate radical generation [19-21,23,24]. Exposure to
UV-C radiation increased the discoloration rate by 50% compared with the values obtained
by UV-A, reducing the time required to achieve the total removal of MB at around 5 min.

100 -8 o o
: ——UV-A (365 nm) —O— UV-C (254 nm)
—&— PMS/UV-A —e— PMS/UV-C
: --m-- PMS/Fe(ll)JUV-A --@-- PMS/Fe(Il)/UV-C
80
;\E? 60 |
o
Q ‘
O 40
20 |
08 o e . .
0 15 30 45 60 75 90
Time (min)

Figure 2. MB discoloration (%) through the PMS/Fe?* system, under UV-A and UV-C radiation.
[PMS] = 500 mg/L; [Fe?**] = 28 mg/L.
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The use of Fe?" for PMS activation considerably increased the average discoloration
performance of MB compared with treatments using only PMS (39% when using UV-A;
and 51% when using UV-C). In both cases, the effects were higher than those found with
UV/PMS alone, thus indicating a multiplicative effect of the divalent iron and PMS.

The results obtained were expected, while several studies describe the mechanisms
by which divalent iron enhances the production of sulfate radicals [49,50]. However, it
is important to consider that the mechanisms of radical production are multiple. The
dissociation of PMS by Fe?* follows the subsequent equations (Equations (2)—(7)).

Fe’™ + HSO; — Fe’™ 4SO}~ + OH™ )
Fe>* + HSO; — SO2™ +Fe*™ + HY 3)

Fe’™ +S50, — Fe*" +502~ (4)
HSO; +SO;~ — SO;~ +S0z™ +H* ()
HSO; + H,O — SO3™ +2HO® + H (6)
SO~ +2H,0 — SO~ +3HO® + H* @)

In the previous reactions, the production of sulfate radicals, which are the most
desirable due to their high oxidation capacity, occurs due to the reaction of PMS with
Fe?*. However, a series of reactions are triggered that will result in the production of
different types of radicals, such as sulfur pentoxide or hydroxyl, and some anions with less
oxidation capacity. The increase in yield and speed in this treatment can be associated with
the interaction of the contaminant with a wide variety of oxidizing compounds, and the
regeneration of divalent iron by UV spectra [15,40,45].

Furthermore, it is necessary to consider that these reactions are influenced by the
operation conditions and are not the only ones occurring. For example, the dissociation
action exerted by UV-C radiation on water molecules and PMS, which will provide radicals
to the media and reaction intermediates, enhancing or reducing the activity of Fe?* to
destroy pollutant molecules [13,51]. Other examples of reactions that occur in the media
are those related to the oxidation of ferric compounds by the action of water that will
provide hydroxyl radicals to the media [49]. Consequently, the decrease of the pollutant
would occur not only by the oxidation caused by sulfate radicals, but also by a constant
association and dissociation of molecules with iron due to photolysis of ferric compounds
and regeneration of Fe?*. However, this regeneration mechanism largely depends on the
wavelength of the UV spectrum, since it increases when the radiation is above 300 nm.
Therefore, it is possible to think that it occurs largely when subjected to UV-A, regarding
UV-C, and possibly explaining the increase in the estimated effect, which was higher than
that of UV-C.

3.3. Methylene Blue Discoloration by the PMS/TiO,/UV System

As shown in Figure 3, the activation of PMS by the combination of 500 mg/L of
TiO, and PMS increased the MB removal rates under both UV radiations. The catalyzed
experiment subjected to UV-C radiation removed 97% of MB after 7.5 min (performance
60% higher than that obtained with PMS/UV-C). The test carried out with UV-A radiation
required 60 min to reach the same removal efficiency.



Water 2021, 13, 2860

7 of 14
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Figure 3. MB discoloration (%) through the PMS/TiO, system, under UV-A and UV-C radiation.
[PMS] = 500 mg/L; [TiO,] = 500 mg /L.

The photocatalysis of TiO, increased as the wavelength decreased from UV-A to UV-C,
approximately 280 nm. Therefore, the absorption of photons and the subsequent release
of electrons for the activation of PMS are possible routes of MB degradation, generating
sulfate radicals, hydroxyl radicals, and anions with oxidative power. Nevertheless, other
routes of degradation should be considered, such as holes in the valence band, which could
produce hydroxyl radicals in contact with water [31,33].

3.4. Methylene Blue Discoloration by the PMS/TiO,/Fe’* /UV System

As shown in Figure 4, the addition of PMS, FeZ*, and TiO, at concentrations of
500 mg/L, 0.5 mM, and 500 mg/L, respectively, increased the discoloration performance of
MB compared with the individual combination of the reagents under the UV radiations
studied. In the UV-C experiment, MB was completely removed after 1 min of the experi-
ment, while an average removal of 81.5% was reached with UV-A radiation (Figure 4).

1001 0 PMS/Fe(llyUV-A —0— PMS/Fe(ll)/UV-C
—m— PMS/TIO,/JUV-A —e— PMS/TIO,/UV-C
1l —=—PMS/Fe(llyTIOUV-A @ PMS/Fe(ll)/TiO,/UV-C
80 i

CIC, (%)

Time (min)

Figure 4. MB discoloration (%) through the PMS/ FeZ* /TiO, system, under UV-A and UV-C radiation.
[PMS] = 500 mg/L; [Fe2t] =28 mg/L; [TiO;] = 500 mg/L.
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This high removal efficiency was expected since the routes of radical production are
multiple. Additive effects are the possible way for radicals to be produced, increasing
the removal performance of MB, considering that there is no evidence that multiplicative
effects contributed to elimination yields. Possible additive routes are hydroxyl radicals
created, either due to its reduction action by releasing electrons or by contributing to the
production of radicals generated by the interaction with PMS.

3.5. Statistical Analysis of the Influence of Variables

Figure 5 plots the main effects for the three variables (PMS, TiO;, and Fe2+) on the
response factor, the MB discoloration, in combination with UV-A (Figure 5A) and UV-
C radiation (Figure 5B), after 10 min of reaction. It is clearly observed that these three
variables have a main effect on the discoloration of MB, being higher with UV-C radiation,
as previously shown in the discoloration kinetic plots. In the case of UV-A driven assays,
the maximum effect is obtained with the central concentration point of the three variables,
decreasing the effect with a higher concentration (Figure 5A). When using UV-C radiation,
it can be observed that there are no significant differences in MB discoloration in terms
of the main effect of the individual variables, obtaining similar yields with PMS or TiO,,
the effect using Fe?* being slightly lower. The main effect is the average effect of every
experiment containing one factor and its combinations, so that the main effects of Fe*
similarities to the main effects of other factors can be explained by the catalysis that this
compound exerts on PMS, but also by the effect caused by UV-C radiations by itself. The
p-value of Fe?* obtained when using exclusively Fe?* exposed to both spectra (Table S1,
Supplementary Material) shows that there is blue discoloration of MB occurring, also likely
due to oxidation of ferric compounds in the water that could lead to the production of
hydroxyl radicals when using UV radiation.

Tio2 I Fe(ll) B) m' PMS | Tio2 I Fe(Il)
4 »
80
/
[ // f/ »
. / /
/\ j'\ g // ‘./ /
F X /N E sl s e e ! PR P — P (SRR
/ \ /N £ / / 7
/ / g
/ : / N\ s /4 / -/
/ » / . S . ] . ]
/ 2 - -
_______________________________________________ I a 0| e
7 s
/
/
L4 20

28 0 250 500 0 250 500 0 14 28

500 0 14
mg/L ma/L mg/L mg/L

250
mg/L

Figure 5. Main effects plot for MB discoloration using (A) UV-A radiation; (B) UV-C radiation.

Figure 6 shows the interaction between variables under UV-A and UV-C radiation
(Figure 6A,B, respectively). Under UV-A radiation (Figure 6A), PMS interacts strongly with
TiO, and Fe2*; however, there are no interactions between TiO, and Fe2* as the plotted
lines are almost parallel. The interactions under UV-C are quite different (Figure 6B).
Again, there is an interaction between PMS and TiO,, and it can be considered a negative
interaction because of the tendency of the lines to cross at some point. This negative
interaction can be confirmed by numerical regression, where the standardized value of the
effect is -0.16, meaning that high performance in discoloring MB is achieved by the addition
effects of PMS by its own, plus the additive effect of TiO, by its own, and the effect exerted
by UV-C, but also that the interaction of the three factors can reduce this additive effect
of the three factors. Furthermore, there is a slight interaction between TiO, and Fe?* and
PMS and Fe?*, but the lines are almost parallel and further statistical analysis is required to
confirm the interactions and their significance. In the particular case of the PMS and Fe?*
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PMS (mg/L)
—— 0
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interaction when subjected to UV-C radiation, a complete degradation of MB was achieved
before 10 min, so the interaction plots are underestimated when compared with the effect
exerted by PMS on its own. Therefore, interaction plots at 5 min of the experiment were
also obtained (Figure 7), showing that the interaction is higher than those experiments at
10 min, but slightly less than the UV-A radiation experiments.
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Figure 6. Interaction of variables plot under (A) UV-A radiation; (B) UV-C radiation, at 10 min of treatment.
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Figure 7. Interaction of variables plot under (A) UV-A radiation; (B) UV-C radiation, at 5 min of treatment.

Finally, the significance and importance of the variables and their interactions are
graphically represented in the Pareto chart (Figure 8), and with p-values form the ANOVA
(Table S1, Supplementary Material). Additionally, the magnitude of the effects are shown
in Table S2 (Supplementary Material). ANOVA analysis was performed to confirm with
certainty the effect of a combination of several factors for PMS activation on MB removal.

As can be observed in Figure 8, the lower energetic content of UV-A radiation in-
creases the importance of variables (PMS, TiO, or Fe?*), but also, all factors and their
interactions subjected to UV-A radiation were significant considering a significance level
() of 0.05. However, UV-C radiation performed resulted in higher discoloration rates,
as shown in Figure 7B. For the main effects, the reduction in the importance of the vari-
ables is likely a consequence of the high discoloration yield that can be obtained with
the additive effect of UV-C radiation in the absence of the other variables, particularly
the experiments where the interaction of Fe?* and TiO, does not have a significant effect
(Table S1, Supplementary Material).
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Figure 8. Pareto chart of standardized effects (« = 0.05) for MB discoloration after 10 and 5 min under (A) UV-A radiation;
(B) UV-C radiation. Factor names: A = PMS; B = TiO,; C = Fe?*.

As observed in Figure 8, individual factors are of greatest importance in combination
with UV radiation (UV-A and UV-C), but with some differences. For example, all factors
and their interactions are significant in UV-A spectra, and the factor that showed the highest
impact (measured as the size of the effect) was PMS but with minor differences compared
with the TiO; effect. In contrast, UV-C radiation has shown that, although both are very sig-
nificant, the TiO, effect was half the effect of PMS. In addition, in both cases, FeZ* had a high
importance in MB discoloration. The three factors greatly contributed to the degradation
of the organic molecule by additive effects, even more than the interaction effects.

However, the most important information that can be extracted from the Pareto chart
is related to the importance of interactions, especially those that help to understand the
catalysis or activation of PMS by TiO, or Fe?*. Regarding the aforementioned, under
UV-A radiation (Figure 7A), the combination between PMS and TiO; (AB interaction) is
considered significant, although the response is slightly lower than the combination of PMS
with Fe?* (AC interaction). However, although the AB interaction is considered significant
and contributed to the increase of the response factor (MB discoloration), most organic
degradation occurs not by the interaction, but by the additive effects of the individual
factor (PMS, TiOy). In any case, the combination of both substances has a positive effect on
the response factor, increasing the MB discoloration.

The results are totally different under UV-C radiation (Figure 7B). In this case, the
interaction of AB (PMS/TiO,) is considered also significant, but the magnitudes of the
effects are negative, indicating that the interaction effect reduces the degradation of the
organic molecule and that the high elimination yield of both factors acting together is
achieved by the individual additive effects and the effect exerted by UV-C radiation, but
not by the catalysis.

Similar results were observed for the AC interaction (PMS/Fe?*) when subjected to
UV-C radiation. However, this does not mean that there is no activation or synergy between
PMS and Fe?* or that the interaction reduces degradation. In fact, the results for the AC
experiment at 10 min showed total degradation of MB. Therefore, the probability that the
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maximum degradation rate was achieved before the 10-min sampling period causing and
underestimating the multiplicative effect of the interaction when compared with additive
effects of the variables should be considered. ANOVA cannot evaluate differences between
additive effects of the individual factors and the multiplicative effect of the interaction.
Considering this, a 5-min sampling ANOVA was conducted to determine whether there
was a positive interaction effect. The results showed that there is, in fact, a significant and
positive interaction that increases PMS activation, enhancing the degradation of the organic
molecule. The main hypothesis is, again, related with the high energy of UV-C radiation
that can individually affect the response factor, leading to high levels of MB discoloration.

Taking into account these results, different conclusions can be drawn. First, it can be
concluded that the interaction of PMS and Fe?* is significant in combination with UV-A
and UV-C radiation; additionally, the additive effects of individual factors contribute more
than the activation of PMS by Fe?*. Regarding the PMS/TiO, combination, the p-value
for the interaction under UV-A radiation was less than the level of significance of 0.05, so
it was considered significant, and the probability of a multiplicative effect increasing the
elimination of MB should not be discarded. The effect exerted by the interaction subjected
to UV-C radiation is also significant with a p-value less than 0.05.

Finally, the analysis of variance on the effect of the interaction between the three
factors (PMS/ Fe?t/ TiO,) when they were subjected to UV-A radiation at 10 min shows
that the probability that the MB removal performance increased or decreased when the
three factors were at the high level is significant. However, since the experiment achieved
the maximum degradation rates before 10 min, and the ANOVA at 5-min sampling showed
that there was not a significant interaction, a not-significant effect should be considered.
The high removal rates were probably achieved by the additive effects of the factorial
interactions, plus individual factor effects, but not by an interaction of the three factors.

Similar conclusions are reached under UV-C radiation. The result of the p-value at
5 min was significant, but the numeric regression showed it was negative, which means
that the interaction does not contribute to enhance degradation of the organic molecule.
The high removal performance of this experiment is achieved by the additive effects of
every factor and the tow factor interactions.

4. Conclusions

From a statistical point of view, TiO, photocatalysis increases as the wavelength of
UV radiation decreases, but PMS/Fe?* contributes more to the elimination rates when
subjected to UV-A radiation. Additionally, the greatest contribution in elimination is
obtained from the variables itself, and not by their interactions. Regarding ANOVA,
experiments using only PMS, Fe?*, or TiO, were all significant when subjected to both
UV-A and UV-C, meaning that activation of PMS by UV radiation contributes in a relevant
way to dye degradation, but also that the other variables (Fe?* and TiO,) have an important
contribution to elimination rates.

Furthermore, the results indicate that there is a significant interaction when using PMS
with Fe?* in both UV-A and UV-C radiation. The multiplicative effect of the interaction
likely produced by sulfate radicals contributes to the elimination with a high certainty.

The interaction of PMS/TiO, is similar to that of the PMS/ Fe?* interaction, where
UV-A radiation experiments were significant and the interaction was positive, meaning
it contributes to elimination. However, experiments subjected to UV-C radiation show
that there is an interaction between these variables, but with a negative effect, meaning
that it does not contribute to the increase in elimination rates and that the observed high
elimination rates are achieved by the oxidation potential of UV-C, and the effect of PMS
and TiO; by itself.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/w13202860/s1, Table S1: Analysis of variance (ANOVA) for the different factor combination
(PMS, FeZ* and TiO;). The degrees of freedom used (df), the sum of squares, the mean square and the
F and p values are shown, Table 52: Standardised effects for the different factor combination (PMS,
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Fe?* and TiO,). Estimated numerical regression effects, regression coefficients, standard error (SE),
standardised effects (t-value) and p-value, for student’s t-test, are shown.
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