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Abstract: The degradation of various preservatives used in the cosmetics industry, including five
parabens and their most employed substitute, methylisothiazolinone (MIT), was investigated. A
mild photo-Fenton process was applied using low iron concentrations (5 mg/L) at a pH of five,
instead of the traditional acidic value of three. At these conditions, the paraben degradation was very
low after one hour of reaction and it was necessary to present humic-like substances (HLS) acting
as iron chelators to improve the process. Values obtained when MIT was treated were very low,
also in the presence of HLS, indicating that their complexing effect was not acting properly. When
MIT was added to the mixture of parabens an inhibitory effect was found in the presence of HLS.
A possible complex between iron and MIT was suggested and the studies of hydrogen peroxide
consumption and Job’s plot technique confirmed this hypothesis. Evidence of the formation of this
inactive complex, so far never reported, will be essential in future work when dealing with this
compound using Fenton processes. Furthermore, this fact points out the importance of using mixtures
of model contaminants instead of a single one or a group of the same family, since their ability to
form active or inactive complexes with iron can strongly change the behavior of the whole system.

Keywords: Fenton; parabens; methylisothiazolinone; complexing agents; humic-like substances;
preservative mix; cosmetics industry

1. Introduction

The agrochemical, medical and cosmetic industries use a variety of techniques to
extend the life of their products. One of the most frequently used methods is the use of
preservatives; substances that inhibit the growth of microorganisms and prevent oxidation
in cosmetics. Parabens, esters of 4-parahydroxybenzoic acid (PHBA), are among the most
widely used preservatives due to their great effectiveness, and their presence in ground and
surface water has been increasingly detected. They are antimicrobial preservatives found
in cosmetics, toiletries, medications, and food, and are among the most commonly found of
the emerging pollutants [1]. Parabens have been reported to have potential characteristics
similar to those of endocrine-disrupting compounds and their potential detrimental effects
on the environment and living beings have become a public concern [2,3]. Several recom-
mendations and legislations from different important societies and administrations (Society
on Consumer Safety, the Food and Drug Administration, and the European Union) indicate
urgency in controlling the usage and environmental discharge of parabens. [4] Alternatives
to parabens include methylisothiazolinone (MIT), an isothiazolinone family chemical, with
similar functions that is being used in commercial formulations [5,6]. Within the isothia-
zolinone family, methylisothiazolinone is one of the most widely used preservatives in
cosmetics [7]. Isothiazolinones were found in 18% of cosmetics from local supermarkets,
7.9% of cosmetics from herbal shops, and 2.6% of dermo-cosmetics in a study conducted in
Spain [8].
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These types of pollutants, usually included on the emerging pollutants group, are
resistant to traditional wastewater decontamination systems. Different institutions and
research groups have reported its growing presence in water treated by conventional
methods [9,10]. Therefore, the use of alternative methods to avoid the presence of these
preservatives in aquatic environments seems important. Among these alternative methods,
advanced oxidation processes can play an important role due to their capacity to convert
contaminants resistant to traditional methods into harmless products [4].

Advanced oxidation processes (AOP), characterized by their ability to generate highly
reactive species such as hydroxyl radicals, have been shown to be a good alternative for
treating contaminants that cannot be effectively removed by classical processes [11]. Among
the known advanced oxidation treatments, the Fenton and related processes have proven to
be an effective alternative for removing a wide variety of emerging contaminants [12]. The
Fenton process is based on the generation of highly reactive species, in particular hydroxyl
radicals, through the decomposition of H,O; in the presence of iron salts in a process that
is accelerated upon irradiation [13].

In the absence of other ligands, the species responsible of iron reduction, Fe(OH)?*, reaches
its maximum concentration at pH = 2.8. However, at higher pH values, the formation of
iron oxides and/or hydroxides unable to take part in the Fenton process occurs. In order to
prevent this inactivation, addition of compounds capable of acting as iron ligands (L) should be
considered. If the Fe-L complex is able to provide an electron transfer process to regenerate Fe(II),
then the photo-Fenton process can be kept efficient even at different pH domains according
to Equations (1)-(4). In fact, this is a methodology employed to extend the applicability of the
photo-Fenton process towards neutral media [14-17].

Fe?* + H,O, — Fe* + .OH + OH™~ (1)
Fe(OH)** + hv — Fe?* + .OH 2)
Fe** + L — Fel3* 3)

FeL3* + hv — Fe?* + L~ (4)

These process modifications are known as Fenton-like processes. It has been shown
that Fe (III) can be strongly complexed with different polydentate ligands [18,19]. Macro-
molecules have been employed as chelating agents; among them, humic-like substances
(HLS) [20] have been used in photo-Fenton processes with satisfactory results. The ability
of HLS to expand the pH range up to five in photo-Fenton processes could be due to the
interaction of hydroxyl and carbonyl groups present in these substances with Fe (III) that
allows the formation of stable complexes [21]. It is important to take into account that
sometimes the contaminants themselves can act as iron complexing agents, so the presence
of any of these compounds among the contaminants studied can considerably modify the
behavior of the system [22,23]. For this reason, it is convenient to work with mixtures of
contaminants where the possible complexing effect of some of them is attenuated.

There are some previous studies on paraben and MIT degradation by application
of advanced oxidation processes. Paraben degradation was previously studied using
titanium dioxide (TiO;) [24] photocatalysis [25], ozone [26], and photo-Fenton [27,28].
Regarding MIT, degradation of isothiazolinones by ozone [29] and UV light has been also
studied [30,31]. However, as far as we know, there are no studies on the treatment of the
mixture of paraben-MIT, and given the wide use that both families of compounds have,
they are likely to be found together in effluents.

With this background, the aim of this work is to investigate the degradation of mixtures
of parabens and MIT by photo-Fenton processes at pH conditions close to neutrality. Among
the different possible strategies of applying Fenton-like processes, different humic-like
substances derived from coffee and urban biowastes have been used. Their role as iron
ligands has been studied, as well as possible cross-effects between target contaminants.



Catalysts 2022, 12, 1390

30f16

2. Results and Discussion
2.1. Paraben Degradation

Before starting the photo-Fenton experiments, several photolysis tests were carried
out at different pH conditions to ensure that the parabens were not degraded by sunlight.
For this purpose, UVA-Visible light from the solar simulator was irradiated on the reactor
containing the contaminants with no reagents added. None of the compounds were
degraded, therefore it can be determined that the parabens studied do not suffer photolysis
under the tested conditions.

Different degradation experiments were carried out, both Fenton and photo-Fenton,
using 5 mg/L Fe(Ill) salts as catalyst from FeCl3-6H,O, and hydrogen peroxide in stoi-
chiometric quantity to ensure complete oxidation of the organic matter. The Fenton or
photo-Fenton processes can be carried out employing ferrous or ferric salts since these
processes involve the cyclic oxidation and reduction of iron salts. However, the kinetically
limiting step is the reduction of Fe(III) to form Fe(Il) that closes the redox cycle. Employing
Fe(Ill) salts ensures that there is a catalytic process and not only a reaction between iron (II)
and hydrogen peroxide. This fact is more important when working at pH values different
from the optimal.

In order to obtain a reference behavior of the pollutants, experiments were carried
out under the optimal pH conditions, 2.8. Figure 1 shows the degradation of the paraben
mixture expressed as the sum of all of them. As can be seen, all the parabens present in
the solution suffered very fast degradation by means of the photo-Fenton process, since
they all were degraded completely in less than 10 min. In the Fenton experiment, the
absence of light prevents the photoreduction of iron (III), being the thermal reductive step
the responsible of iron reduction, which is slower than the one driven by light. This fact
makes the process slower, therefore the oxidation of the compounds became slower, and
30 min were needed to eliminate all the parabens.
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Figure 1. Paraben degradation by Fenton and photo-Fenton processes at optimal pH 2.8 and at
pH 5. [methylparaben] = 5 mg-L~!, [ethylparaben] = 5 mg-L~!, [propylparaben] = 5 mg-L~1,
[butylparaben] = 5 mg-L_l, [benzylparaben] = 5 mg'L_l, [H,O,] =26.8 mg-L_1 (stoichiometric).

Table 1 shows the values of the pseudo-first-order kinetic constants of the studied
parabens, both in the Fenton experiment and in the photo-Fenton experiment. As can be
seen, benzylparaben is the compound that is eliminated more rapidly and therefore has a
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higher kinetic constant (k = 0.311 min~! in the photo-Fenton process and k = 0.230 min~!

in the dark). On the other hand, methylparaben is the compound that takes the longest to
degrade (k = 0.223 min ! in the photo-Fenton process and k = 0.134 min~! in darkness),
appreciating a general trend of higher kinetic to the bigger the paraben. This behavior
should be expected since the reactivity of the aromatic ring of the benzyl with the hydroxyl
radical is higher compared to the saturated hydrocarbons, all of them present in the
substituents of parent compound. However, the presence of the aromatic ring in the parent
compound makes the differences between all compounds not too high. If the attention is
focused on the differences between Fenton and photo-Fenton kinetic constants, an increase
of about 25-30% is observed in reactions carried out in the presence of light. It is verified
again that the light speeds up the reducing step and consequently the whole process.

Table 1. Pseudo-first-order kinetic constants of parabens by Fenton and photo-Fenton degradation

processes expressed in min~ 1.

Compound Fenton at pH 2.8 Photo-Fenton at Photo-Fenton at Photo-Fenton at

pH 2.8 pH 5 pH 5 with HLS
Methylparaben 0.134 0.223 0.0025 0.0095
Ethylparaben 0.177 0.236 0.0023 0.0109
Propylparaben 0.181 0.237 0.0026 0.0116
Isobutylparaben 0.165 0.238 0.0024 0.0119
Benzylparaben 0.230 0.311 0.0038 0.0167

After carrying out the previous experiment under the theoretical optimal conditions,
other conditions were tested, working at pH closer to neutrality to see how pH influences
the degradation of the contaminants present.

To determine the rate of degradation of five parabens, experiments with each paraben
separately at pH 5 were performed, midway between 3 (optimal) and 7 (neutral). Under
these conditions, the Fenton process had no effect on the parabens. Applying the photo-
Fenton process, none of the parabens were removed after 120 min of the treatment carried
out in the same conditions than the experiments performed at pH 2.8:5 mg/L of each
paraben, stoichiometric amount of hydrogen peroxide. This result was expectable since at
this initial pH the formation of non-soluble compounds of iron (III) can be important in
reducing the amount of soluble active iron to act as the catalyst of the process. Instead of the
high decrease of the efficiency of the process, the reactivity of the different parabens against
the reactive species formed during the process remained invariable, the benzylparaben
being the easiest paraben to degrade and the most resistant one being the methylparaben.

As shown in Table 1, if the pseudo-first-order kinetic constants are compared between
photo-Fenton processes at pH 2.8 and pH 5, a decrease of about two order magnitude is
obtained. This fact clearly indicates a drastic change in the amount of iron available to act
as a catalyst.

As commented in the introduction section, the presence of organic complexants of
iron can extend the working pH range from acidic conditions to values closer to neutrality.
In order to improve the efficiency of the process at pH 5, a natural complexing agent
was added to the solution: humic-like substances (HLS) isolated from coffee wastes at a
concentration of 25 mg/L, maintaining the initial conditions of contaminant and reagent
concentrations.

In this case, the positive effect attributed to the presence of HLS acting as complexing
agents was observed through the percentage of degradation of the parabens at different
times. For instance, during the first 60 min, about 20% were degraded without the addition
of HLS, while with the addition of HLS, approximately 50% were degraded, so a clear
difference is observed when using HLS or not using them. On the other hand, after 2 h
of experimentation applying the photo-Fenton treatment without any type of humic-like
substance, a degradation percentage of 50% was achieved, while with the use of HLS, all
parabens were eliminated. This shows that the use of HLS at pH 5 improves the process,
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which makes sense, since at these pHs, iron salts are not stable in solution and tend to
precipitate in the form of oxides and hydroxides. HLS can form stable complexes with iron;
thus, they remain stable in solution and therefore active. This resulted in parabens having
four times higher degradation kinetic values and after 2 h of treatment all parabens present
in the solution were completely degraded, as shown in Figure 2.
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Figure 2. Degradation kinetics of different parabens at pH 5 by the photo-Fenton process (grey) and
by the photo-Fenton process in the presence of HLS (green with stripes).

In Table 1, the values of each one of the kinetic constants can be observed for both
the photo-Fenton experiment at pH 5 with and without HLS. As shown, benzylparaben is
the compound that is eliminated more quickly and therefore has a higher kinetic constant
(k =0.0167 min~ ! in the presence of HLS and 0.0038 min~! without them). This table
shows the trend of lower kinetics when the aliphatic chain is smaller, and benzylparaben
always has a faster degradation regardless of the experimental conditions. At pH 5 in the
absence of HLS, the kinetic constants are very small, and this trend is not seen as clearly;
however, benzylparaben is significantly more reactive.

Once the reactivity of the different parabens studied was verified, it was considered
appropriate to analyze whether their reactivities are related with their toxicities. It must
be considered that the biggest problem these compounds have is their toxicity. For this
purpose, the free program of the Environmental Protection Agency test (EPA) was consulted.
It can be observed that the parabens with the shortest chain are the least toxic in all cases,
methylparaben being the least toxic, and benzylparaben being the most toxic, based on
LC50 studies on fathead minnows and Daphnia magna, bioconcentration factor, and
developmental toxicity tests. It should be noted that LC50 stands for “lethal concentration”,
which refers to the concentration that causes the death of 50% of the group of animals
tested. With respect to these typical toxicity tests, this is the trend with few exceptions.
These toxicity data are related to our degradation results, since the reactivity is greater for
benzylparaben and, therefore, the most dangerous is the one that degrades the fastest. For
more information on absolute values and test types see Table S1.

2.2. Methylisothiazolinone Degradation

As discussed in the introduction, many of these parabens are being replaced by
methylisothiazolinone in commercial products. Before starting with degradation studies of
methylisothiazolinone, its toxicity must also be considered, since it is the main substitute
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for parabens. It was noted for the same tests that MIT is about 10 times less toxic than
methylparaben and about 100 times less toxic than benzylparaben according to LC50
studies on fathead minnows and Daphnia magna extracted from EPA toxicity tests. So, it
seems that this substitution on the market has a certain logic from an environmental point
of view. Its toxicity data is provided as Supplementary Material (Table S2). However, it
remains to be seen how this product degrades in the presence of hydroxyl radicals when a
similar treatment is applied. The same experimental conditions that were seen before with
parabens were repeated with MIT. It was found that photolysis has no effect at both pH 2.8
and pH 5, just as it occurred with parabens. The photo-Fenton and Fenton process in the
dark at optimal pH were studied to see exactly what the degradation of MIT in the photo-
Fenton process is attributed to. At pH 2.8, MIT is degraded in approximately 15 min using
a stoichiometric amount of oxidant by the photo-Fenton. Both the photolytic and Fenton
processes gave negligible degradations; therefore, the presence of irradiation and Fenton
reagents separately are necessary but not sufficient conditions for the effective degradation
of MIT at pH 2.8. The synergistic effect of both factors is necessary to decontaminate the
water from methylisothiazolinone (Figure 3).
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Figure 3. MIT degradation by Fenton and photo-Fenton processes at pH 2.8. and at pH 5.
[Fe (IIN)] = 5 mg-L~!, [H,0,] = 5 mg-L~! (stoichiometric), [MIT] = 5 mg-L~1.

When the experiments were repeated at pH 5, the percentages of MIT degradation
in the photo-Fenton treatment decreased significantly as previously seen for parabens.
This effect was observed when comparing the pseudo-first-order kinetic constants for MIT
degradation: photo-Fenton at pH 2.8 (k = 0.201 min~—!) and at pH 5 (k = 0.009 min '), while
the Fenton process constants are practically zero.

Following the same procedure as the one used for the degradation of parabens, HLS
extracted from coffee waste were added to the solution (25 mg/L) in order to improve the
efficiency of the process by complexing the iron in solution to form active photocatalytic
species. In this case, no enhancement of the process was observed.

As with coffee-derived HLS, no improvement was observed, the experiment was
repeated under the same conditions (25 mg/L) using a different HLS obtained from urban
biowastes supplied by ACEA Pinerolese waste treatment plant (Pinerolo, Italy): HLS
CVT230 [32], but the effect was also negative. As shown in Figure 4, the degradation of MIT
was negligible in the presence of HLS of both types, so its use was completely discarded.
In none of the cases was hydrogen peroxide completely consumed. This indicates that the
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iron is not being effectively complexed by the HLS, since in the absence of dissolved iron at
pH 5, the redox cycle by which the reaction continues, and hydrogen peroxide is consumed,
does not develop correctly.
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Figure 4. Effect of different complexing agents on the kinetics of MIT degradation at pH 5.
[MIT] = 5 mg-L =1, [H,O,] = 5 mg-L~! (stoichiometric), [Fe (IT)] = 5 mg-L.~!, [HLS Coffee] = 25 mg-L 71,
[HLS CVT230] = 25 mg-L~, [Catechol] = 25 mg-L 1.

Since humic-like substances, which are medium-strength complexing agents, were not
able to complex the iron as in the case of parabens, a very strong complexing agent used in
previous works [33] was employed. This agent is called catechol, a phenolic compound
that is able to form iron (III) complexes that are active and stable at the working pH of
five. The catechol organic functional compound presents high binding capacity with Fe
(IIT) (Log K1 = 20.01) [34]. The presence of catechol (25 mg/L) produced an increase in
the degradation process with pseudo-first-order kinetic constants three times higher than
in the absence while the hydrogen peroxide was nearly consumed. This consumption of
hydrogen peroxide is an example of how the formation of the active complex between iron
and catechol allows the redox cycle to end and the reaction to continue.

2.3. Degradation of Parabens with MIT

Since the degradation of MIT at the same conditions as the parabens was negligible,
the possible inhibitory effect of the MIT was studied by adding this compound to the
paraben mixture. All the experiments were carried out at pH 5 by photo-Fenton, and the
HLS used were those extracted from coffee waste since these are the ones used previously
with parabens.

As shown in Figure 5, the use of HLS benefits the process, increasing its kinetics
significantly due to the formation of complexes with iron. On the other hand, the presence
of methylisothiazolinone on the degradation of parabens causes an inhibitory effect of the
photo-Fenton process, decreasing the kinetics with respect to the process in the absence
of MIT. This negative effect can be attributed to the formation of a non-active complex of
Fe-MIT that stops the process.
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Figure 5. Effect of MIT on the degradation kinetics of parabens, in the presence and absence of HLS.
[MIT] =5 mg~L*1, [parabens] =5 mg-L*1 each, [H,O,] =31.8 mg-L*1 (stoichiometric), [Fe (IIN)] = 5 mg~L’1,
[HLS Coffee] =25 mg-Lfl.

To check these results, the competitive effect of the use of HLS (that favors the process)
and MIT (that inhibits the process) was evaluated. As seen in the last bar in Figure 5, the
effect of HLS is not sufficient to degrade parabens since MIT continues to inhibit such
degradation. It seems that the role of the MIT as an iron complexing agent is crucial at this
pH value. While at pH 2.8 this possible interaction is not important and the formation of
the active aquacomplex Fe (OH)?* is not very affected, at pH 5 the speciation of iron in
active or inactive catalysts could explain the behavior observed. Only the presence of a
strong complexing agent such as catechol can compete with MIT in the formation of active
complexes and the process can degrade the pollutants efficiently. However, the use of HLS
cannot compete with MIT to form complexes, and the process is completely ineffective.

2.4. Evidence of the Fe-MIT Complex Formation

Since the speciation of iron in solution becomes more relevant at these pH values
higher than the optimum, a possible non-active complex between MIT and iron could
explain the inhibitory effect observed when MIT is present. To deal with the mechanistic
aspects involved in these different behaviors with different complexing agents, further
experiments were carried out and are explained in depth in the following section.

The negative effect of MIT was not only seen in the degradation of parabens but also
in the consumption of peroxide, translating into a low consumption of peroxide, as a sign
that the redox cycle was not closed, and the reaction was not able to continue. So, the
experiments were repeated to see how much peroxide was consumed at each time by the
spectrophotometric method and whether there was a relationship. Another possibility
would be to prove the formation of the complex using a Job’s plot-type technique.

After studying the effect of MIT on hydrogen peroxide consumption, a correlation was
observed between the percentage of pollutants removal and the consumption of hydrogen
peroxide (Figure 6). The reaction indicated that iron (II) is able to decompose peroxide,
resulting in iron (III) and radicals. Iron (III) must return to iron (II) by the photo-reductive
process involving the complex. If the complex is not active, iron (III) does not revert to iron
(IT) and does not decompose peroxide. If the peroxide decomposition rate is low, the redox
cycle is not fully completed.
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Figure 6. (a) Percentage degradation of parabens after two hours in the presence and absence of MIT
and HLS; (b) hydrogen peroxide consumption after two hours of the degradation of parabens in the
presence and absence of MIT and HLS.

For example, the presence of HLS as iron complexants strongly enhanced the degra-
dation of the parabens from 50% to 100% degradation after two hours of reaction. In a
similar way, the consumption of hydrogen peroxide increased from the 23% to the 40%
of the stoichiometric amount. When MIT was present, its inhibitory effect was observed
in both parameters, degradation and hydrogen peroxide consumption. In the case of
parabens + MIT, the degradation only achieved about 20% and hydrogen peroxide con-
sumption was close to 20%.
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As seen in Figure 6b, the consumption of hydrogen peroxide was in all cases lower
than the 50% of the stoichiometric amount. For this reason, it was considered interesting
to perform the same experiments employing half the stoichiometric amount of hydrogen
peroxide. The results comparing the degradation employing the stoichiometric and half the
stochiometric amount of hydrogen peroxide are presented in Figure 7. In all cases, the use
of half the concentration of hydrogen peroxide produced lower degradation percentages.
In the case of the parabens, parabens + MIT and parabens + MIT + HLS, the differences
range from negligible to low. This fact confirms that the low degradation achieved is not
related to the amount of available hydrogen peroxide but to the fact that active iron is not
present in adequate concentration, due to its precipitation or due to the formation of the
inactive complex with MIT. However, in the sample with parabens + HLS, the presence of
the complexant of iron ensures its activity and the absence of MIT avoids its inactivation.
For these reasons the amount of hydrogen peroxide becomes limiting, and therefore the
degradation achieved using half the stochiometric amount of hydrogen peroxide is clearly
lower than achieved using twice the amount of hydrogen peroxide.

100 -+

80 -

Paraben degradation (%)

Figure 7. Percentage degradation of parabens after two hours in the presence and absence of MIT
and HLS using half the concentration of hydrogen peroxide (grey) vs. using the total concentration of
hydrogen peroxide (green with stripes).

Next, a Job’s plot analysis was carried out in order to find the molar ratio of the Fe-MIT
complex. First, the spectra of the equimolar solutions of iron and MIT in different ratios
were obtained. The point of minimum absorbance of the spectra was taken as the notable
place since a shift of this point was observed when the amount of MIT was increasing.
Starting from this remarkable point, the Job’s plot was plotted against the mole fraction of
iron (III) (Figure 8). An increase in the corrected absorbance value is observed, indicating
an increase in the amount of complex. This increase reaches its maximum at molar fraction
of 0.8 and decreases for higher molar fraction values. This maximum corresponds to a
complex 1:4 being the ferric anions surrounded by four MIT molecules. This complex
should be the main responsible of the photo-Fenton inhibition at pH 5.
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At pH 5, the formation of insoluble and inactive iron species, reduces the amount
of iron available to act as a catalyst in the Fenton processes. The addition of complexing
agents can improve the solubility of iron but will only be useful if the complex is able
to produce the reduction of iron (III) to iron (II). For this reason, the evolution of iron in
solution, can shed some light about the amount of iron that could act as a catalyst. This
evolution is represented in Figure 8a where the normalized concentration of iron is plot
vs the time of reaction in different conditions. Iron concentration was determined by the
o-phenanthroline method described in the experimental section. If the process is carried out
at pH 2.8 the amount of iron remains maximum during 1 h without suffering any decrease
in its concentration. When the same process is carried out at pH 5, the amount of iron in
solution decreases drastically to achieve the 15% of the maximum. If HLS are added to the
solution at pH 5 the iron in solution rises to a value about 20%. Finally, the addition of MIT
to the solution produces the low amount of iron in solution of approximately 10%. It has
to be highlighted that some initial values represent only a percentage of the total iron (III)
added, since the formation of insoluble/complex species is very fast.

As commented before, a complex can be active or inactive to produce the iron photore-
duction but in all cases has to keep iron in solution and stop the precipitation processes.
This fact contradicts the results presented in Figure 9a, since the values of dissolved iron in
the presence of HLS and MIT are almost as low as in their absence. However, the determi-
nation method used is also based on the formation of complexes that have to compete due
to the different complexation constants and the concentration of each of them. To evaluate
this effect, the initial samples in the presence of MIT and HLS were allowed to react with
o-phenanthroline and their absorbances were measured to see the evolution of the concen-
tration. As can be seen in Figure 9b, although the initial concentration values are very low,
the colored complex with o-phenanthroline continues forming and the concentration value
rises with time until it reaches a value very close to the maximum.
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Figure 9. (a) Iron in solution measured by the colorimetric method; (b) stability of iron with different com-
plexing agents through to time at pH 5. [MIT] = 5 mg-L.~!, [Fe (Il)] = 5 mg-L !, [HLS Coffee] = 25 mg-L 1.

It can be concluded that both complexants have the ability to keep iron in solution but
only HLS are able to close the iron redox cycle and maintain the Fenton process running
while the inactivity of the MIT complex with iron causes the loss of efficiency in the process.

3. Materials and Methods
3.1. Materials

High purity pollutants (>98%) used as target pollutants 2-methyl-4-isothiazolin-3-
one (MIT), methylparaben (MP), ethylparaben (EP), propylparaben (PP), isobutylparaben
(IP) and benzylparaben (BP) (shown in Scheme 1) were obtained from Sigma-Aldrich
(Madrid, Spain).
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Scheme 1. Structures of pollutants used.

Hydrogen peroxide (33% w/v) supplied by PanReac was used as the oxidant, and
iron (III) chloride hexahydrate (>98%) from Scharlau was used as the iron source, both
necessary to perform the Fenton process. In order to stop the reactions before their analysis,
the samples were diluted with methanol (99.9%), supplied by PanReac (Barcelona, Spain).
Sodium hydroxide solutions prepared from the pure product (>98%) supplied by PanReac
and dilute sulfuric acid solutions prepared from the concentrated product (96%), also
from PanReac, were used to control the solutions pH. Humic-like substances extracted
from coffee waste following the procedure previously described [19] were used as the
complexing agent. All aqueous solutions were prepared with ultra-pure water, obtained
from a Millipore Milli-Q™ system supplied by Merck Ibérica, Spain.

The eluents for liquid chromatography were aqueous solutions of formic acid (99%)
supplied by PROLABO (Barcelona, Spain) and acetonitrile (>99.9%) supplied by PanReac.

3.2. Reactions

The initial concentration of pollutants was 5 mg/L each, accounting for 5 mg/L of
MIT and 5 mg/L of each paraben studied (25 mg/L of parabens). All experiments were
carried out in 250 mL cylindrical Pyrex reactors with continuous stirring under irradiance
of a solar simulator (described below). The corresponding dark Fenton experiments and
direct photolysis ones were also carried out in the same conditions. Once the contaminant
solution was prepared, the pH was adjusted to 3 and the iron was added at a concentration
of 5 mg/L. When the iron complexant was used (humic-like substances), it was added
before the iron at a concentration of 25 mg/L. This iron/HLS ratio was previously described
to be adequate to optimize the iron complexation and minimize the effects produced by
the addition of extra organic matter [20]. After adding the iron, the pH was carefully
adjusted to 5 for the experiment. This pH value, right in the middle of the optimal value (3)
and neutrality (7), has been determined as optimal for the use of HLS as iron complexing
agents in Fenton-like processes [21]. Finally, the corresponding amount of hydrogen
peroxide calculated to produce the complete oxidation of the pollutants was introduced
into the solution and the reaction started. Other experiments were done by adding half the
stoichiometric amount of hydrogen peroxide.

An Oriel Instruments (Newport, United States) model 81160-1000 sunlight simulator
was used as the irradiation source. This equipment has a power of 450 W. It consists of
a Xenon lamp that produces a spectrum similar to sunlight. A filter system was used to
prevent irradiation below 300 nm from producing effects on the sample that would not
occur under the actual solar radiation.

Samples were extracted at predetermined time intervals and inactivated with methanol
as a radical scavenger when introduced into their corresponding vials to prevent the
reaction from continuing in the future analysis in the UHPLC (Ultra-High-Perfomrance
Liquid Chromatography). Samples were taken at time intervals between 2 min and 30 min
depending on the experiment. The vials have a capacity of 2 mL, containing 0.3 mL of
methanol and 1.7 mL of sample. All experiments were done in duplicate, and the error bars
were added in the figures.

3.3. Analysis

The concentration of pollutants was monitored by liquid chromatography. A Perkin
Elmer (Madrid, Spain) model Flexar UHPLC FX-10, equipped with a reverse phase column
C18 was employed. The eluents consisted in formic acid 10 mM and pure acetonitrile grade
UHPLC. A gradient of the eluents was applied starting from 20% acetonitrile and 80%
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formic acid and reaching to 90% acetonitrile and 10% formic acid. The column temperature
was set to 35 °C and a flow rate of 0.3 mL/min was employed. The wavelengths employed
in the detector were 274 nm for the MIT and 254 nm for all the parabens.

The determination of iron and hydrogen peroxide was performed using colorimet-
ric methods. In the case of iron analysis, a sample of 4 mL was taken and 1 mL of
1,10-phenanthroline and 1 mL of a buffer solution (250 g L~ of ammonium acetate and
700 mL L~ of acetic acid) were added. After the addition of a few crystals of ascorbic acid
the absorbance of iron was measured at 510 nm.

For the determination of hydrogen peroxide, a sample volume between 1 and 8 mL
(depending on the expected concentration) was used, 1030 microliters of ammonium
metavanadate solution (0.06 M ammonium metavanadate in 0.36 M sulfuric acid) were
added and the flask was filled to a volume of 10 mL with distilled water. The absorbance
was measured at 450 nm.

To make the absorbance measurements, a Hitachi UH 5300 spectrophotometer equipped
with double beam was employed. Quartz cuvettes were used in all analysis.

To determine the formation of MIT-iron complexes, Job’s plot methodology was
employed. In this method, equimolar solutions of the two compounds that form the
complex are performed. The total molar concentration of the compounds forming the
complex remains constant, but their mole fractions are varied. Absorbance, a measurable
parameter that is proportional to complex formation, is plotted against the mole fractions
of these two components. A special point is determined from the plot and the binding
stoichiometry is calculated from the ratio of mole fractions at that special point. A scan of
each solution for wavelengths between 220 and 500 nm was performed. Once the data is
obtained, Abs-Absg,1-X-Absg-(1-x) is plotted against the molar fraction.

4. Conclusions

The degradation of a mixture of five parabens and their most employed substitute, MIT,
was studied by the photo-Fenton process at mild conditions (pH 5 and [Fe**] =5 mg/L)
and the results were compared with those obtained at the optimal pH of 2.8. In both
cases, faster degradation was observed for benzylparaben than for those with aliphatic
chains, because of the higher reactivity of -OH towards the aromatic ring. At pH 5 the
photo-Fenton process was very inefficient, needing the addition of humic-like substances
to act as complexing agents to enhance the efficiency of the process.

In the case of MIT, its removal was very slow at pH 5, even in the presence of HLS from
different sources. Only in the presence of catechol, a compound that shows high affinity for
iron, MIT degradation was reached at pH = 5. This was attributed to the formation of an
inactive Fe-MIT complex that inhibits the photo-Fenton process.

When MIT was introduced in the paraben mix sample, it was observed that the photo-
Fenton process was inhibited and the degradation of the parabens was not effective, even in
the presence of HLS. This fact, together with a decrease observed in peroxide consumption,
is again attributable to the formation of an inactive Fe-MIT complex at pH 5. A Job’s plot
methodology was also employed to determine the molar ratio of the complex and it was
found to be 1:4, a very stable complex form.

Based on these results, further research is needed in order to gain further insight into
cross-effects among MIT and other isothiazolinones in photo-Fenton processes, since the
presence of these compounds in effluent is growing. Finally, the study of these samples at
neutral pH and the complexing ability of new natural HLS is important for ensuring the
applicability of the Fenton processes with real wastewaters.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12111390/s1, Table S1: Paraben’s toxicity data extracted
from Environmental Protection Agency (EPA) Test and Table S2: MIT’s toxicity data extracted from
Environmental Protection Agency (EPA) Test.
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