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Abstract: Diclofenac (DCF, C14H;1CI;NOy,) is a widely used non-steroidal anti-inflammatory drug,
with a significant occurrence in waste effluents. DCF is especially persistent and difficult to degrade,
with numerous toxic effects on aquatic fauna and humans. In 2015, DCF was identified as a priority
pollutant (EU Directives on water policy). In this work, UV irradiation and its combination with
hydrogen peroxide only or catalyzed by iron salts (photo-Fenton) are analyzed to find the most
efficient alternative. DCF aqueous solutions were treated in a stirred 150 W UV photocatalytic reactor.
Depending on the case, 1.0 mM H,O; and 0-5.0 mg/L Fe?+ catalyst, such as FeSOy4, was added.
During the reaction, DCF, pH, turbidity, UVA at 254 and 455 nm, dissolved oxygen (DO), and TOC
were assessed. The degradation of DCF yields a strong increase in aromaticity because of the rise in
aromatic intermediates (mono-hydroxylated (4-hydroxy-diclofenac and 5-hydroxy-diclofenac) and
di-hydroxylated products (4,5-dihydroxy-diclofenac), which subsequently generate compounds of
a quinoid nature), which are very stable and non-degradable by UV light. Thus, only if H,O; is
added can UV completely degrade these aromatic colour intermediates. However, adding ferrous ion
(photo-Fenton) the aromaticity remains constant due to iron com-plexes, that generates maximum
colour and turbidity at an stoichiometric Fe>* : DCF ratio of 3. As a result of the study, it is concluded
that, with UV light only, a strong yellow colour is generated and maintained along the reaction, but
by adding H»O5, a colourless appearance, low turbidity (<1 NTU), and [DO] = 8.1 mg/L are obtained.
Surprisingly, photo-Fenton was found to be unsuitable for degrading DCF.

Keywords: colour; diclofenac; turbidity

1. Introduction

Among pharmaceutical compounds detected at measurable concentrations in aquatic
environments are non-steroidal anti-inflammatory drugs. It is estimated that the annual
production of these drugs can reach several kilotons. In Germany, for example, 87.5 million
prescriptions for these substances were issued in 2001, not considering that many of these
medications are purchased over the counter, making the actual consumption even higher [1].
Sodium diclofenac (DCF) is a commonly used NSAID for pain relief. It is estimated that
approximately 490 tons of DCF are consumed annually worldwide [2].

DCEF has garnered attention due to its toxicity and potential consequences for various
organisms in aquatic ecosystems, even at low concentrations [3]. Therefore, it was classified
as an emerging contaminant, and it was included in the first watch list established by the
European Commission [4]. DCF has been detected in water at concentrations of up to
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ug/L [5-7], with the highest concentration detected in surface waters being 4.4 nug/L in
countries such as the USA, Pakistan, Austria, and Germany [8]. One of the most significant
cases of environmental toxicity is the decline in vulture populations in Pakistan due to
the ingestion of DCF through food. Gyps vultures in South Asia were considered among
the world’s most common large raptors in the mid-1980s, but by 2000, three species were
classified as critically endangered due to the rapid population decline [9].

Conventional water treatment and natural attenuation are not sufficient to remove
these contaminants from wastewater, surface water, and drinking water, leading to their
bioaccumulation in aquatic ecosystems and the human body [10]. Since wastewater treat-
ment plants (WWTPs) are not designed to eliminate pharmaceuticals from water, these
substances reach irrigation water for vegetables that we consume daily through WWTP
effluents. It has been found that in tomatoes, radishes, and lettuce, the bioconcentration
factor of diclofenac was the highest among the analyzed compounds, with concentrations
in all vegetables ranging from 31 to 118 ng/g [11]. Therefore, it is of the utmost importance
to develop efficient treatment techniques to degrade DCF in aquatic systems. Although
DCF is a fairly stable compound, it is sensitive to photolysis [12]. Indeed, solar irradiation
can cause the photochemical decomposition of DCF in surface waters.

Studies in the literature show the efficacy of treatments based on the use of UV light
combined with hydrogen peroxide and/or intensified with ferrous ion salts in the degrada-
tion of DCF [13,14]. Reported works analyze the efficacy of these treatments based on the
degradation of DCF concentration in water and aim to identify the degradation interme-
diates generated in treated waters [15-18]. However, although diclofenac is a compound
widely studied within this context, these studies have not analyzed or delved into the
quality parameters of water once processed. Therefore, this work aims to complement
previous studies by analyzing the effect of UV light combined with hydrogen peroxide and
iron salts on water quality parameters of an organoleptic nature (colour and turbidity) and
other parameters of special relevance, such as dissolved oxygen, pH, and aromaticity, to
ensure that treated waters meet environmental regulations. Among the main characteristics
of oxidized DCF aqueous solutions, the strong yellow colour of partially oxidized water
and the poor solubility of DCF at acidic pH values stand out. This results in an increase
in suspended particles, causing high turbidity in the treated waters. Consequently, the
primary objective of this work is to analyze these phenomena to determine the operating
conditions (the molar ratios of oxidant and catalyst relative to the contaminant) that would
allow the application of UV technology to obtain treated waters that are safe and suitable
for discharge into natural water systems.

At this stage, the technology based on the use of UV light, enhanced by the oxidative
action of hydrogen peroxide and iron salts, is compared in terms of DCF mineralization
efficiency and its impact on water colour and turbidity. This comparison involves cor-
relating the molecular structures of the different degradation intermediates generated
during DCF oxidation, in the presence and absence of iron, with the formation of colour
and turbidity [19-21]. Based on the obtained results and supported by DCF degradation
mechanisms published in the literature [22-25], the aim is to theoretically deduce the DCF
degradation pathways that lead to the formation of intermediates responsible for high
turbidity and colour, as well as to propose models of molecular structures responsible for
the intense colour in the water.

2. Results and Discussion
2.1. Kinetic Analysis of DCF Oxidation
2.1.1. Parameters Indicating the Quality of Treated Water

Figure 1 shows the degradation of DCF through the photo-Fenton treatment. As
depicted in the graph, during the oxidation of DCEF, high turbidity is generated in the water,
but the photo-Fenton treatment is capable of degrading some of the turbidity-causing
species. It is also observed that the total dissolved solids (TDS) increase exponentially over
time until they reach a stable value that persists in the treated water. To explain the notable
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increase in TDS, it is necessary to consider that the solubility of DCF depends on the pH
of the water, such that at values lower than pH > 4.0, DCF becomes insoluble as the pH
becomes more acidic. Consequently, it is experimentally observed that the water acquires
a whitish colour, and a whitish substance floats on the water surface when operating at
pH = 2.0. This whitish substance is the insoluble DCF, which remains suspended in the
water, causing high TDS and turbidity in the water. Since this effect has a direct influence
on the turbidity and TDS of the water, it is necessary to adjust the initial pH of the water
when studying these parameters.
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Figure 1. Kinetics of DCF concentration, turbidity, and total dissolved solids (TDS) during the
oxidation of DCF using a photo-Fenton treatment. Experimental conditions: [DCF]y = 50.0 mg/L;
[pHIp = 4.4; [UV] = 150 W; [H0,]g = 1.0 mM; [Fe?* ]y = 1.0 mg/L; [T] = 30 °C.

Figure 2 shows the kinetic evolution of aromaticity and colour during DCF oxidation.
As verified, DCF degrades to intermediates of a strongly aromatic nature until it reaches a
maximum value, which would correspond to the maximum concentration of these species.
Once these species are formed, the photo-Fenton treatment is capable of degrading part
of the aromatic charge generated in the water. The evolution of colour maintains a trend
parallel to the formation of aromaticity, so it is possible to deduce that aromatic species are
responsible for the yellow-brown colour generated in the treated waters.
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Figure 2. Kinetics of aromaticity (Aps4) and colour (Ays5) during the oxidation of DCF using a
photo-Fenton treatment. Experimental conditions: [DCF]y = 50.0 mg/L; [pH]o = 4.4; [UV] =150 W;
[H20,]p = 1.0 mM; [Fe?*]g = 1.0 mg/L; [T] = 30 °C.

2.1.2. Kinetic Modelling of Pseudo-First Order for DCF Oxidation

Figure 3 shows the degradation kinetics of DCF when carrying out the treatment
using UV light, and combining it with hydrogen peroxide, and with ferrous sulphate salts
(photo-Fenton). As can be seen, DCF is completely oxidized during the first 20 min of the
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reaction in all cases. It is important to highlight that no significant dependence of the DCF
oxidation rate was observed depending on the treatment, or the operating conditions used
in the different tests carried out.
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Figure 3. DCF kinetics as a function of UV treatment combined with hydrogen peroxide and iron.
Experimental conditions: [DCF]y = 50.0 mg/L; [pH]g = 5.5; [H2O2]p = 1.0 mM; [UV] = 150 W; [T]=30 °C.

Based on the results obtained, the values of the DCF oxidation kinetic constants were
graphically estimated (Figure 4) considering a pseudo-first order kinetic model (Equa-
tion (1)), where DCF degrades to intermediates of degradation according to a kinetic
constant kpcp (1/min) according to the kinetic equation shown in Equation (2).

Mass balance:
d[DCF]/dt = —kpcr[DCF] (1)

First order kinetic equation for DCF oxidation:
[DCF] = [DCF]OEXP(—kDCFt) 2)

where:

[DCFJy: initial concentration of DCF (= 50.0 mg/L);
[DCEF]: concentration of DCF (mg/L);
kpcr: pseudo-first-order kinetic constant for DCF oxidation (1/min).
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Figure 4. Estimation of the pseudo-first-order kinetic constants for the oxidation of DCF as a function
of UV treatment combined with hydrogen peroxide and iron catalyst. Experimental conditions:
[DCF]y = 50.0 mg/L; [pH]p = 5.5; [H20,]p = 1.0 mM; [UV] = 150 W; [T] = 30 °C.

Table 1 shows the estimated kinetic values based on the operating conditions used,
verifying that in the case of operating with a UV/H;,0O; treatment, a higher degradation
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rate is obtained (kpcp = 0.3104 1/min) than those obtained using only the action of UV
light or with the photo-Fenton treatment (average kpcr value = 0.2184 1/min). It should be
noted that the values are very close, which indicates that kpcr is not strongly influenced by
the dose of iron, and therefore an average value was estimated between the experiments
carried out.

Table 1. Estimated pseudo-first-order kinetic constants for DCF oxidation. Experimental conditions:
[DCF]y = 50.0 mg/L; [pH]g = 5.5; [T] =30 °C.

[uv] [H20:]o [Fe?*]y kpcr 2
W) (mM) (mg/L) (1/min)

150 0 0 0.2201 0.9879
150 1.0 0 0.3104 0.9709
150 1.0 0.5 0.2164 0.9808
150 1.0 1.0 0.1995 0.9867
150 1.0 2.0 0.2022 0.9817
150 1.0 3.0 0.2403 0.9918
150 1.0 4.0 0.2755 0.9489
150 1.0 5.0 0.1896 0.9932
150 1.0 7.0 0.2036 0.9431

2.2. Kinetic Study of the Parameters Indicating the Quality of the Treated Water
2.2.1. Formation of Aromatic Intermediates

Figure 5 shows the formation of aromaticity in water during the degradation of DCF
using the different UV techniques tested. It should be noted that when adding iron to the
aqueous DCF solution, the iron is adjusted to pH = 2.0 so that it remains in the form of a
ferrous ion. By adding different volumes of the ferrous ion solution to water, the pH value
of the water decreases, affecting the concentration of DCF that remains dissolved in water
and in insoluble form (suspended), thus affecting the initial absorbance of DCF analyzed.
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Figure 5. Formation of aromaticity in water during the oxidation of DCF as a function of UV treatment
combined with hydrogen peroxide and iron catalyst. Experimental conditions: [DCF]y = 50.0 mg/L;
[pH]o =5.5; [H2Oz2]p = 1.0 mM; [UV] = 150 W; [T] = 30 °C.

The results obtained allow us to verify that UV light degrades DCF to aromatic
intermediates that persist in water. When DCF is oxidized through a process activated by
ultraviolet (UV) light, the aromaticity of the water containing DCF does not vary throughout
the oxidation reaction and the water is found not to mineralize. This is because the action
of UV light is not oxidative enough to affect the aromatic bonds of the DCF molecules.

When intensifying the treatment by combining UV light with hydrogen peroxide, DCF
degrades to strongly aromatic intermediates, generating a maximum aromaticity value in the
water ([Ags4]max = 1.913 AU), which corresponds to the maximum concentration of aromatic
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intermediates. which is capable of generating 50.0 mg/L of DCF ([Aps4]g = 0.91 AU) (see
Figure 6a). Studies have identified several of these intermediates, which can vary slightly
depending on the specific process conditions. In general, DCF is degraded through hydrox-
ylation reactions by the addition of hydroxyl radicals to the aromatic rings of DCF, leading
to the generation of mono-hydroxylated (4-hydroxy-diclofenac and 5-hydroxy-diclofenac)
and di-hydroxylated products (4,5-dihydroxy-diclofenac), which subsequently generate com-
pounds of a quinoid nature (diclofenac-2,5-iminoquinone, 2,6-dichlorobenzoquinone, and
2-[(2-amino-3-chlorophenyl)-hydroxymethyl]-6-chlorobenzoquinone) [18]. These intermedi-
ates continue to react under the action of UV light and the oxidant, finally leading to the
opening of the aromatic rings, leading to the formation of diclofenac acetic acid, and the
subsequent decarboxylation of acetic acid [17], mineralizing the DCF contained in the water
to lower molecular weight products, such as CO,, HyO, and inorganic salts characterized by
being compounds of low aromaticity, and obtaining treated waters with aromaticity values of
[Ags4]final = 0.224 AU (see Figure 6a) and mineralization yields of the final [TOC] = 86% (see
Figure 6b).

3.0 100
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— 1.0 g 60
=
. . (@)
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Figure 6. Effect of the dosage of iron catalyst on the quality parameters analyzed in the treated water.
(a) Aromaticity. (b) Total Organic Carbon Mineralization (%). Experimental conditions: [DCF]y =
50.0 mg/L; [pH]g = 5.5; [Hy0;]g = 1.0 mM; [UV] = 150 W; [T] = 30 °C; [TOC]y = 25.4 mg/L.

On the other hand, the photo-Fenton technology was tested operating with mass concen-
trations of iron in the range [FeZ*]p = 0.5-7.0 mg/L. The results shown in Figure 5 indicate
that when operating with iron concentrations of [Fe?*], = 0.5 mg/L, the highest aromatic-
ity values are generated in the water ([Azs4]max = 2.604 AU). As shown in Figure 6a, the
maximum turbidity generated in the water decreases throughout the reaction, maintaining a
considerable recalcitrant aromatic load in the treated waters. It is proven that by increasing
the concentration of iron catalyst, the efficiency of removal of aromatic DCF degradation
species improves, until reaching an optimal mineralization value (82% TOC removal yield)
when operating with ferrous ion concentrations of [FeZ*]p = 3.0 mg/L, which corresponds
to an approximate molar ratio of 3 mol DCF:1 mol Fe?*. Operating under these conditions,
the aromatic load contained in the water is oxidized to values of the order of [Ajs4]lfinal =
1.06 AU (Figure 6a). However, it is proven that the UV /H,0, treatment allows us to obtain
higher degrees of mineralization and elimination of aromatic load from the water than the
photo-Fenton treatment and UV light. These results suggest that iron, given its high reactivity,
could react with the organic load contained in the water, leading to the formation of stable
metal complexes of 1 mol of iron with 3 mol DCF, which cause a decrease in the effectiveness
of the photo-Fenton treatment.

2.2.2. Colour Formation in Water

Figure 7 shows the formation of a yellow-brown colour in the aqueous solutions
of oxidized DCEF. It should be noted that when DCF is oxidized with UV light, colour
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is generated during the first 20 min of reaction until reaching a maximum colour value
([A455]max = 0.282 AU) that lasts in the treated water ([A4s5]fina1 = 0.282 AU) (see Figure 8).
When intensifying the treatment by combining UV light with hydrogen peroxide, the
maximum colour is generated after 10 min of reaction ([A4s5]max = 0.216 AU), but the
treatment is capable of degrading the reaction intermediates causing the colour, until
treated waters with a colourless appearance are obtained ([A455]¢ina1 = 0.053 AU), as shown
in Figure 8a. Using the photo-Fenton treatment, the maximum colour generated is of greater
intensity than that observed in the previous treatments, with the treated water acquiring
brown tones of up to [A455]max = 0.412 AU when operating with ferrous ion concentrations
of [Fe?*]y = 4.0 mg/L, which corresponds to molar ratios of 2 mol DCF:1 mol FeZ*. This
residual colour generated in treated water reduces its quality and restricts its reuse and
use. Even at low environmental levels, diclofenac and its degradation products can pose
significant ecological risks, particularly to aquatic life and birds. Its persistence and the
potential effects of its degradation products further complicate the issue. Addressing
these challenges requires strict regulatory measures, improved wastewater treatment
technologies, and an increased public awareness of the proper disposal of pharmaceuticals.

0.5

- [UV]
04 o [UV]+[H,0,]

- [UV] +[H,0,] + [Fe*],=0.5 mg/L
0.3 - [UV]+[H,0,] + [Fe?], = 1.0 mg/L
& [UV] +[H,0,] + [Fe*]; =2.0 mg/L
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Figure 7. Colour formation in water during the oxidation of DCF as a function of UV treatment
combined with hydrogen peroxide and iron catalyst. Experimental conditions: [DCF]y = 50.0 mg/L;
[pH]y = 5.5; [H,O5] = 1.0 mM; [UV] = 150 W; [T] = 30 °C.
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Figure 8. Quality parameters analyzed in treated water. (a) Colour. (b) Turbidity. Experimental
conditions: [DCF]y = 50.0 mg/L; [pH]g = 5.5; [H2O2]p = 1.0 mM; [UV] =150 W; [T] = 30 °C.

The colour generated in water during the oxidation of DCF is mainly due to the
formation of oxidation intermediates, many of which are aromatic compounds contain-
ing structures with conjugated double-bond systems that can absorb light in the visible
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range [18]. These intermediates can be formed through different DCF degradation pro-
cesses, including photodegradation, biodegradation, and chemical oxidation. The presence
of these intermediates in water can cause a yellow or brown colouration, which is often an
indication of the transformation of DCF into other, less known, and potentially less studied
compounds in terms of toxicity and environmental behaviour.

Within these compounds, a variety of intermediates can be included with colours
that vary between yellow and brown, such as quinones, aminoquinones (they can be
formed from secondary reactions of quinones), and substituted anilines (they are formed
as a consequence of the breaking of bonds in the original DCF molecule). Nitroaromatic
compounds (yellowish colour) and chlorinated phenols (which tend to have yellowish or
brown colours) can also be generated. Specifically, some of these intermediates, such as
2,6-dichloro-1,4-benzoquinone [22-24], can impart a deep yellow or brown colour to the
water (see Figure 9).

o]
Cl OH Cl Cl cl
¥ N NH, oH o
Cleavage Hydroxylation Oxidation
_— R —— _—
cl cl HO cl s} cl

Diclofenac 2,6-Dichloroaniline 2,6-dichlorohydroquinone 2,6-dichloro-1,4-benzoquinone

Figure 9. Proposed mechanism of degradation of DCF to 2,6-dichloro-1,4-benzoquinone (species
causing an intense yellow-brown colour in water).

Some of the coloured products still remain even after extensive UV /H;O; treatment
because coloured products are very recalcitrant and persistent. This is because many of
the coloured compounds have aromatic structures that allow electronic conjugation. This
conjugation is responsible for the absorption of light in the visible spectrum, which gives
rise to colouration. On the other hand, the presence of functional groups such as amino,
nitro, hydroxyl, and carboxyl can influence the stability and optical behaviour of these
compounds. The formation and stability of coloured compounds during the degradation
of diclofenac have important environmental implications. Stable compounds can persist in
the environment, affecting water quality and aquatic life. On the other hand, less stable
compounds can degrade more quickly, reducing their long-term environmental impact.

2.2.3. Turbidity Formation

Figure 10 shows the turbidity changes in waters containing DCF when they are
oxidized in the presence of UV light. As can be seen, when oxidizing DCF with UV light or
combining it with hydrogen peroxide, turbidity is not generated in the water, but it remains
constant throughout the reaction at values less than 1 NTU. However, when carrying
out the oxidation by adding iron (photo-Fenton), high turbidity is generated in the water
during the first 10 min of the reaction until a maximum value is reached. As shown in
Figure 8b, the maximum turbidity generated in the water depends on the concentration of
iron catalyst dosed, so that the turbidity increases with the concentration of iron, until the
maximum intensity of turbidity corresponding to 117 NTU is formed when operating with
[FeZ*], = 4.0 mg/L of ferrous ion, which corresponds to a molar ratio of 2 mol DCF : 1 mol
Fe?*. This is because iron can form iron hydroxides Fe(OH); during the reaction, which
are suspended particles that generate turbidity in the water. When operating with iron
concentrations higher than [Fe**]g > 4.0 mg/L, turbidity decreases linearly with the ferrous
ion concentration dosed, because the precipitation of ferric hydroxide particles occurs.
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Figure 10. Formation of turbidity in water during the oxidation of DCF as a function of UV treatment
combined with hydrogen peroxide and iron catalyst. Experimental conditions: [DCF]y = 50.0 mg/L;
[pH]p = 5.5; [H2O02]p = 1.0 mM; [UV] =150 W; [T] = 30 °C.

Once the maximum formation of turbidity in the water is reached, turbidity decreases
exponentially until it reaches a stable value that persists in the treated waters (see Figure 9b).
The photo-Fenton process generates hydroxyl radicals which are highly reactive species
that can fragment diclofenac molecules into smaller compounds. These fragments can
aggregate or interact with each other, forming larger particles that contribute to turbidity.

On the other hand, it should be considered that during the oxidation of DCEF, several
intermediate and final products are formed, such as carboxylic acids, aldehydes, ketones,
and other degradation products that may have low solubility in water, due to the solubility
of these functional groups decreasing with molecular weight (the number of carbons in
their chains). As a consequence of their low solubility, they can precipitate or form colloids,
increasing the turbidity of the treated water. In addition, it must be taken into account that
the oxidation products of diclofenac can form coordination complexes with iron, which
would contribute to the turbidity of the treated water. Two examples of these complexes
are the 4’-hydroxydiclofenac complex [25], where the hydroxyl group can coordinate with
the Fe3* ion (see Figure 11a); and the complex of diclofenac and acridine with Fe?* (see
Figure 11b). These complexes may have properties that make them difficult to remove
from water.

COOH

ne

5 ooy
e T S e

o0
X

COOH

(@) (b)

Figure 11. Possible iron coordination complexes with DCF degradation intermediates. (a) Complex
between 4-hydroxydiclofenac and Fe®*. (b) Complex between diclofenac, acridine, and Fe?*
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2.2.4. Dissolved Oxygen Concentration in Water

Figure 12 shows the changes in the concentration of dissolved oxygen in aqueous
samples containing DCF during their oxidation with different treatments based on the use
of UV light. As can be seen, the experiments begin with a different initial DO. This effect is
due to the fact that an initial decrease in dissolved oxygen occurs in the aqueous solutions
of diclofenac when ferrous ion (Fe?*) is added, due to the oxidation of the ferrous ion to
ferric ion (Fe*), a process which consumes oxygen dissolved in water.

[
o

T -0 [UV]+[H,0,]

/X\ - [UV]

Y x & [UV] +[H,0,] + [Fe?], = 0.5 mg/L

- [UV]+[H,0,] + [Fe2],= 1.0 mg/L

[DO] (mg/L)

—& [UV] +[H,0,] + [Fe?], = 2.0 mg/L
- [UV] + [H,0,] + [Fe?*],= 3.0 mg/L
& [UV]+[H,0,] +[Fe*], =40 mg/L

& [UV]+[H,0,] + [Fe?],=5.0 mg/L

SO P N W Bk U1 O] 0 O

8 o [UV]+[H,0,] + [Fe*],=7.0 mg/L

0 10 20 30 40 50 60 70 80 90 100 110 120

Time (min)

Figure 12. Dissolved oxygen concentration in water during DCF oxidation as a function of UV treatment
combined with hydrogen peroxide and iron catalyst. Experimental conditions: [DCF]y = 50.0 mg/L;
[pH]p =5.5; [HyO] = 1.0 mM; [UV] = 150 W; [T] = 30 °C.

As verified, the direct photolysis process of DCF with UV light causes an increase in
the concentration of DO during the first 13 min of the reaction, until it reaches a maximum
value [DO]max = 9.6 mg/L. This effect is due to the photolysis of DCF generating hydroxyl
radicals that react with the oxygen in water, decreasing its concentration and generating
hydrogen peroxide (Equation (3)). This hydrogen peroxide can, in turn, decompose again
into water and oxygen (Equation (4)), so that it compensates for the decrease in oxygen, and
allows a net increase in the DO concentration analyzed in the water to be observed. The
subsequent formation and decomposition reactions of hydrogen peroxide finally stabilize
the DO concentration of the water at values of the order of [DO]gp, = 7.1 mg/L.

OH*® + 0, — HyO, + OE_ 3)

2H,Op, — 2H,O+ O 4)

During the oxidation of DCF with UV /H;0;, an initial increase in the DO concentra-
tion takes place. This effect is due to the fact that despite the initial consumption of oxygen
in the formation of hydroxyl radicals (Equation (5)), which are highly reactive agents that
oxidize DCF consuming DO (Equation (6)), the production of molecular oxygen takes
place from the photolysis of hydrogen peroxide (Equation (7)). This reaction compensates
for the consumption of DO, allowing a net increase in DO concentration to be observed,
until reaching a maximum value of [DO]max = 4.9 mg/L 15 min after oxidation. Once this
maximum value is reached, the DO concentration begins to decrease as the initial load of
hydrogen peroxide used in the treatment is consumed, finally stabilizing at values of the
order of [DO]gpa = 0.7 mg/L.

H,0; +h — 20H* ()

OH* + DCF — Oxidized products (6)

1
H,O, - H,O + 502 @)
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During the oxidation of DCF using a photo-Fenton treatment, the DO concentration
decreases slightly during the first 5 min of the oxidation, due to the consumption of oxygen
in the reactions of the generation of hydroxyl radicals and the formation of hydrogen
peroxide (Equations (3) and (5)). Next, the DO in the water begins to increase because
the photodegradation of hydrogen peroxide releases molecular oxygen (Equation (7)),
which causes a net increase in the DO concentration. The continuous photodegradation
of hydrogen peroxide under the action of UV light continues to release molecular oxygen.
As proven, in the photo-Fenton process, the maximum DO value generated in the water
is a function of the concentration of iron catalyst, due to the effect of exposure to UV
light, which facilitates the regeneration of ferrous ions from ferric ions releasing oxygen
(Equation (8)). Finally, as the concentration of hydrogen peroxide initially supplied in the
treatment is depleted, the concentration of DO decreases until it stabilizes at values of the
order of [DO]gpa = 0.6 mg/L.

Fe’™ +0,, — Fe’™ + 0O, (8)

3. Materials and Methods

To carry out the oxidation reactions of the DCF-doped aqueous solutions, a 1.0 L pho-
tocatalytic reactor containing a 150 W medium-pressure mercury lamp (Heraeus, 85.8 V,
148.8 W, 1.79 A, 95% transmission between 300 and 570 nm) was used, which was agitated by
means of a magnetic stirrer. The reactor, operating in batch mode, was fed with the aqueous
samples of diclofenac sodium (Fragon, >99.5%) of concentration [DCF]y = 50.0 mg/L. Then,
the concentration of ferrous sulphate catalyst estimated for each test [Fe**]o = 0-7.0 mg/L and
oxidant [HyO5]p = 1.0 mM was added. All reactions were carried out at the natural pH of
water (around [pH]y = 6.5). During the reaction, the temperature of the reaction mixture was
kept within a range of 30 °C using a heating bath (Frigiterm-P Selecta). During the 120 min of
the test, which, considering the total energy absorbed by the water, corresponds to a UV dose
per unit volume of water of 1,026,000,000 J/ m3, the following variables were analyzed: pH
was measured with a pH meter (Kent EIL9142).

Water turbidity was measured in nephelometric turbidity units (NTU) with a turbidity
meter (Model HI88703, Hanna Instruments S.L., Eibar, Spain). Aromaticity and colour
were analyzed using a UV /Vis spectrophotometer (Model V-630, Jasco, Madrid, Spain)
measuring at A = 254 and 455 nm. Dissolved oxygen and temperature were measured with
a portable oxygen meter (Model HI 9142, Hanna Instruments S.L., Eibar, Spain). A TOC
analyser (Shimadzu TOC-V, Shimadzu Corporation, Kyoto, Japan) was used to measure
total organic carbon (TOC, mg/L).

DCF concentration was measured using High-Performance Liquid Chromatography
(Model 2695, Waters Cromatografia S.A., Cerdanyola del Valles, Spain) with a Dual A
Absorbance Detector (Model 2487, Waters Cromatografia S.A., Cerdanyola del Valles,
Spain). A ZORBAX Eclipse PAH column (150 mm, 4.6 mm, particle size 5 um) and
a guard column ZORBAX Eclipse PAH (4.6 mm, 12.5 mm) supplied by Agilent (Santa
Clara, California, USA) were used. The mobile phase consisted of water and acetonitrile
(ACN), at a flow rate of 0.8 mL/min. Initial gradient conditions were set at 20% ACN and
increased from 45% v/v ACN during 3 min, then held during 6 min, and finally decreased
to 20% v/v ACN at 1 min. Total run time was 10 min. Injection volume was 50 pL and all
separations were performed at room temperature. The identification of DCF was performed
by comparison of standard. Detection was carried out at the following wavelength: 275 nm.

4. Conclusions

The results obtained in the study allow us to assert the superiority of the combined
UV /H,0; treatment for the mineralization and elimination of aromatic load and colour
in the oxidation of DCF contained in water, in comparison with UV light treatments and
photo-Fenton. This study shows that UV light degrades DCF to aromatic intermediates,
but does not achieve complete mineralization due to its insufficient oxidizing power. The
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combination of UV light with hydrogen peroxide significantly improves the degradation of
DCE, achieving high mineralization (a mineralization efficiency of 86%) by transforming
aromatic intermediates into lower molecular weight products such as CO,, H,O, and
inorganic salts. The photo-Fenton treatment allows us to obtain a mineralization efficiency
of 82% using molar ratios of 3 mol DCF : 1 mol Fe?*. During the oxidation of DCF with UV
light, a yellow colour is generated during the first 20 min that remains in the treated waters.
By combining UV with hydrogen peroxide, the maximum colour is reached in 10 min but
treated water is obtained with a colourless appearance. When using the photo-Fenton
treatment, a more intense residual colour (yellow-brown) is generated that affects the
quality of the treated water. Turbidity remains at values less than 1 NTU by oxidizing DCF
with UV or combined with hydrogen peroxide. The photo-Fenton treatment generates high
initial turbidity (a maximum of 117 NTU with molar ratios of 2 mol DCF : 1 mol Fe?*),
which decreases with the precipitation of ferric hydroxide and stabilizes over time.

Finally, it should be noted that this study lays out the foundations for future work, in
which it would be advisable to work at the scale of a pilot plant and with real water from the
inflows and effluents treated in wastewater treatment plants to study the change in scaling
in the results obtained. When working with real water, it will be necessary to consider
that the concentrations of diclofenac are much lower, which will require equipment for
concentrating emerging contaminants, to treat smaller flows of water than the flow of water
entering the treatment plant.
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