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Abstract: Diclofenac (DCF), a widely consumed non-steroidal anti-inflammatory drug,
presents significant environmental challenges due to its persistence and toxicity in aquatic
ecosystems. This study investigates the pH-dependent ozonation of DCF in aqueous media,
focusing on degradation kinetics, transformation pathways, and effects on key water qual-
ity indicators. Ozonation experiments were conducted across a broad pH range (2.0-13.0),
using a multi-scale analytical approach combining UV /Vis spectroscopy, colorimetry, tur-
bidity, and aromaticity measurements. The results show that pH strongly influences DCF
degradation efficiency: acidic conditions favor selective reactions with molecular ozone,
while an alkaline pH enhances non-selective oxidation via hydroxyl radicals. Spectroscopic
analyses revealed the progressive breakdown of aromatic structures, the transient forma-
tion of quinonoid and phenolic intermediates, and eventual mineralization to inorganic
by-products such as nitrate. Low-pH conditions also induced turbidity due to precipitation
of neutral DCF species. These findings underline the importance of pH control in optimiz-
ing ozonation performance and minimizing toxic by-products. Furthermore, this study
proposes ozonation as a viable pre-treatment step within Nature-Based Solutions (NBSs),
potentially improving the performance of downstream biological systems such as con-
structed wetlands. The results contribute to the development of integrated and sustainable
water treatment strategies for pharmaceutical contaminant removal and water reuse.

Keywords: ozonation; diclofenac degradation; advanced oxidation processes; pH-
dependent transformation; pharmaceutical pollutants; water quality

1. Introduction

Diclofenac (DCF) is a widely used non-steroidal anti-inflammatory drug (NSAID) em-
ployed to relieve pain and inflammation. Due to its high global consumption, estimated at
approximately 940 tons per year [1], and poor biodegradability, DCF is frequently detected
in aquatic environments, posing potential risks to ecosystems and human health. Emerging
evidence links its presence to cytotoxic and ecotoxic effects in aquatic organisms and even
trophic magnification. Traditional water treatments fail to fully remove pharmaceuticals
like DCF. DCF can enter surface and groundwater bodies through multiple pathways,
including human and veterinary excretion, effluents from wastewater treatment plants
(WWTPs), and improper disposal of unused or expired medications [2]. Numerous studies
have reported its detection in water bodies at concentrations exceeding the predicted no-
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effect concentration (0.1 ug/L) in 34 countries [3], highlighting its ubiquity and associated
ecological risk.

The environmental consequences of DCF have been well documented. In Asia, its
use as a palliative agent for livestock has led to the decline of more than 97% of white
vulture populations due to kidney failure after consuming contaminated carcasses [4].
DCEF has also been detected in fish and otters [5], and cytological alterations in the liver,
kidney, and gills of aquatic organisms have been observed at concentrations as low as
1 pg/L [6]. Furthermore, when combined with other NSAIDs such as naproxen, ibuprofen,
and acetylsalicylic acid, synergistic toxic effects may occur even at lower concentrations [7].

Conventional water treatment technologies and natural attenuation processes are
generally ineffective in removing pharmaceutical residues, leading to their accumulation
in aquatic ecosystems and potential entry into the human food chain [8]. As a result,
DCEF has been found in edible crops such as tomatoes, radishes, and lettuce irrigated with
WWTP effluents, with high bioconcentration factors and concentrations reaching up to
118 ng/g [9,10].

Advanced xidation rocesses (AOPs), particularly ozonation, have shown promise in
degrading recalcitrant pharmaceuticals [11]. From an environmental and energy efficiency
perspective, ozonation is advantageous compared to other AOPs. Compared to processes
like UV /H,0O, or Fenton reactions, ozonation offers a favorable trade-off between effi-
ciency, safety, and sustainability, especially when targeted as a selective pre-treatment to
enhance the overall performance of nature-based water reuse systems [12-15]. Research
indicates that ozonation requires less energy than UV /H,O, processes while achieving
comparable or superior contaminant removal efficiencies [16]. Additionally, ozonation
does not necessitate the use of chemical additives, reducing the risk of secondary pollution
and simplifying operational requirements. Ozonation stands out for its ability to directly
break the chemical bonds of organic pollutants, leading to their complete mineralization
or transformation into less toxic by-products [17]. When powered by renewable energy
sources, the environmental footprint of ozonation can be further minimized, aligning with
sustainable water management practices. However, ozonation produces molecular by-
products whose structure and biological activity are not fully understood. Thus, studying
the pH-dependent molecular transformation of DCF during ozonation is vital.

Although ozonation is a physicochemical process, it can complement Nature-Based So-
lutions (NBSs) by pre-oxidizing persistent micropollutants, thus enhancing the performance
of biological systems such as constructed wetlands or biofilters used in decentralized water
reuse schemes. Ozonation effectively breaks down complex and persistent contaminants
such as diclofenac, reducing toxicity and improving the biodegradability of effluents [18].
This pre-oxidation step can decrease the inhibitory effects of micropollutants on microbial
communities, improve nutrient cycling, and support the resilience of natural treatment sys-
tems. Studies have demonstrated that combining ozonation with CWs leads to improved
removal rates of pharmaceuticals and other micropollutants, making the treated water
more suitable for reuse applications [19-21]. In summary, the integration of ozonation
as a pre-treatment step in NBS frameworks offers a synergistic approach to wastewater
treatment, enhancing the removal of recalcitrant compounds, improving the efficiency
of biological processes, and contributing to the development of sustainable and energy-
efficient water treatment systems [22,23]. Moreover, the molecular transformations that
diclofenac undergoes during advanced oxidation are of growing concern, as the interme-
diates and by-products can retain biological activity or even generate toxic effects [24].
Understanding the pH-dependent pathways of ozonation not only enhances treatment effi-
ciency but also contributes to safer water reuse by minimizing the formation of biologically
active residues [25,26].



Clean Technol. 2025, 7, 47

30f16

In this context, the originality of the present study lies in its multi-scale and integrative
approach, which combines molecular-level observations with real-time macroscopic indica-
tors to provide a comprehensive understanding of pH-dependent ozonation of DCE. While
previous research has examined DCF degradation and ozonation mechanisms individually,
our work is, to the best of our knowledge, the first to systematically correlate spectroscopic
(UV-Vis, aromaticity), visual (color, turbidity), and chemical (nitrate formation) markers
under controlled-pH conditions. This cross-scale integration not only deepens the mecha-
nistic understanding of ozonation pathways but also offers practical monitoring tools for
assessing treatment performance in real time. Furthermore, we propose how these insights
can inform the design and optimization of Nature-Based Solutions (NBSs), enhancing
the compatibility between physicochemical pre-treatment and biological post-treatment
processes. By bridging micro-level reactions with macro-level water quality indicators,
our study contributes a novel framework that supports both scientific advancement and
operational applicability in sustainable water treatment strategies.

2. Materials and Methods

Diclofenac solutions with an initial concentration of [DCF]y = 50.0 mg/L were pre-
pared by dissolving pure sodium diclofenac (Fragon, purity > 99.5%) in distilled water.
The experiments were conducted under various initial pH conditions ([pH]y ranging
from 2.0 to 13.0) to evaluate the influence of pH on color and turbidity development during
the ozonation of aqueous diclofenac solutions. The initial pH was adjusted using a few
drops of concentrated HCl or NaOH to prevent dilution of the samples. High-purity
oxygen >99.999% (Air Liquide—Madrid, Spain) for ozone generation was provided by Air
Liquide (Spain). For each ozonation test, 1.0 L of DCF solution was prepared and placed in
a jacketed, semi-continuous reactor (see Figure 1). The experiments were carried out at a
constant temperature of 20 °C. Ozone/oxygen gas mixtures were produced using a Triogen
LAB2B generator (BIO UV Group—Lunel, France) and introduced into the reactor through
a silicon carbide microdiffuser (Aipade—Shenzhen, Guangdong, China) at the base. The
applied ozone flow rate was approximately 14.3 mg/min. Ozone concentrations at the
gas inlet and outlet were measured using an Ozone Analyzer BMT 964C—QOzone Content
(Ozone Solutions Inc.—Hull, IA, USA), while dissolved ozone levels were monitored using
a DOZ6000 Controller Dissolved Ozone Meter (Chemtrac Inc.—Norcross, GA, USA).

Cryo-thermostatic bath

Ozone analyzer
in the liquid

OWA@E
|

OZONE CONTENT

Ozone analyzer in the gas

Ozone generator

Sample port

Figure 1. Diagram of the ozone reactor used to oxidize water.

The concentration of DCF was determined via High-Performance Liquid Chromatog-
raphy (Model 2695, Waters Cromatografia S.A., Cerdanyola del Valles, Spain) equipped
with a Dual A Absorbance Detector (Model 2487, Waters Cromatografia S.A., Cerdany-
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ola del Valles, Spain). Analyses were performed using a Zorbax Eclipse PAH column
(150 mm x 4.6 mm, 5 pm particle size) along with a Zorbax Eclipse PAH guard column
(4.6 mm x 12.5 mm), both supplied by Agilent (Santa Clara, CA, USA). The mobile phase
consisted of water and acetonitrile (ACN), with a flow rate of 0.8 mL/min. The initial
gradient started at 20% ACN, increased to 45% v/v over 3 min, held for 6 min, and then
decreased back to 20% v/v in 1 min. The total run time was 10 min, with an injection vol-
ume of 50 pL, and all separations were conducted at room temperature. DCF identification
was achieved by comparing retention times with a standard, and detection was carried out
at 275 nm.

In this study, an initial DCF concentration of 50.0 mg/L was selected to ensure suffi-
cient analytical sensitivity for spectroscopic and chromatographic measurements across the
entire pH range evaluated. This concentration is commonly used in mechanistic studies to
facilitate accurate detection of reaction intermediates and to support kinetic modeling based
on observable changes in UV-Vis absorbance and HPLC data [25-27]. It is acknowledged
that DCF solubility is limited at acidic pH values (pH < 6), and partial precipitation may
occur. In such cases, the concentration of DCF was monitored using HPLC, which measures
only the dissolved fraction. Therefore, turbidity and visual inspection were additionally
used as complementary indicators to track the presence of undissolved DCF and to assess
physical transformations during ozonation. While the concentrations used here exceed
environmentally relevant levels, the experimental design aimed to develop a detailed
understanding of ozonation mechanisms and pH effects that can inform the optimization
of water treatment strategies, especially for high-strength or industrial effluents.

Water aromaticity was measured at a wavelength of 254 nm ([Aromaticity], AU),
and color at 455 nm ([Color], AU), using a UV/Vis spectrophotometer (Model V-730,
Jasco, Madrid, Spain). Turbidity ([Turbidity], NTU) was assessed using a nephelometric
turbidimeter (Model HI88703, Hanna Instruments S.L., Eibar, Spain). The concentrations of
nitrates and oxygen scavengers (mg/L) were analyzed using a Multiparameter Photometer
with COD capability (Model HI83399, Hanna Instruments S.L., Eibar, Spain).

3. Results
3.1. Water pH Dynamics During DCF Ozonation

Figure 2 shows the evolution of water pH during the ozonation of diclofenac (DCF),
under varying initial pH conditions ranging from highly acidic (pHg = 2.0) to strongly basic
(pHo = 12.8). The pH behavior throughout the process is significantly influenced by the
starting pH. At extreme acidic and basic conditions (pHy = 2.0 and 12.8), the pH remains
practically constant during the entire treatment, indicating a buffering capacity at those
extremes. In contrast, under mildly acidic to neutral conditions (pHy = 3.0-6.2), the pH
tends to stabilize near the pKa value of DCF (x4.15), suggesting equilibrium between the
protonated and deprotonated species. Under moderately basic conditions (pHy = 8.0-10.2),
a progressive pH decrease is observed as ozonation proceeds.

These pH variations are primarily due to redox reactions between ozone and DCE, as
well as the formation of acidic species during the degradation of the contaminant. DCF
is a weak acid with a pKa ~ 4.15, and its acid-base dissociation is described as follows
(Equation (1)):

DCF—H « DCF +HT (1)

At pH values above 4.15, the anionic form (DCF~) predominates, while at lower
pH values, the neutral (protonated) form is dominant. This dissociation affects both the
reactivity of DCF with ozone and the stability of the pH of the system. During treatment,
ozone reacts directly with the aromatic rings of the DCF molecule, generating oxygenated
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intermediates, such as iminoquinones and phenolic compounds, via reactions of the form
(Equation (2)) [17]:

DCF + O3 — Intermediate products + H" (2)
14

12 — [pH]p=2.0
- [pH];=3.0
10 — [pH],=4.0
T 8 —- [pH],=5.5
=6 “+ [PH],=6.2
4 W:i.=a:;:;:;;i—‘i§"'=;§;—:=:=,, ~ [PH],=8.0

> | s [pH];=10.2

0 o [pH]y=12.8

0 10 20 30 40 50 60
Time (min)

Figure 2. pH evolution during the DCF ozonation. Experimental conditions: [DCF]y = 50.0 mg/L;
Cg,in = 14.3 mg/min; T = 20 °C. DCF concentration, water color and turbidity indicate the oxidation
degree of DCF by UV/H;0,. Experimental conditions: [DCF]y = 50.0 mg/L; [H,O,]p = 2.0 mM;
[UV] =150 W; [T] = 20 °C.

These intermediates can undergo further oxidation, eventually forming low-molecular-
weight carboxylic acids (e.g., oxalic or acetic acid), contributing to a decrease in pH
(Equation (3)). This acid formation is especially evident under neutral or slightly basic con-
ditions [17]. Some of these intermediates, such as quinones or substituted aromatic acids,
are known to interact with biomolecules such as proteins or DNA, potentially leading to
oxidative stress or mutagenesis. Future studies should assess their persistence and toxicity
using bioassays or molecular docking to evaluate potential interactions with key enzymes
or receptors in aquatic organisms and humans.

Aromatic intermediates + Oz — organic acids + H™ 3)

In basic media, ozone decomposes more rapidly due to its reaction with hydroxide
ions (OH™), leading to the formation of highly reactive hydroxyl radicals through a radical
chain mechanism typical of advanced oxidation processes (AOPs). This pathway can be
summarized as follows [24]:

Hydroxyl ion attack on ozone: the hydroxyl ion acts as a nucleophile and attacks ozone,
generating a peroxide anion (HO, ) and molecular oxygen (Equation (4)):

03+ HO™ — HOj + O, 4)

Acid-base equilibrium of the peroxide anion: the peroxide anion can be protonated, de-
pending on the pH, forming the perhydroxyl radical (HO3), a precursor species of hydroxyl
radicals (Equation (5)):

HO, + HY — HO; )

Formation of hydroxyl radicals: the perhydroxyl radical reacts with ozone, producing
the superoxide radical (O3 ) and the hydroxyl radical (HO®) (Equation (6))

HO3; +03 — Oy +HO®* +0, (6)
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Propagation reactions: the generated radicals (HO®, O,°7) continue to attack other
ozone molecules and organic compounds such as DCF, amplifying radical production and
promoting non-selective degradation (Equations (7) and (8)):

03+ 03~ = 0y 40, (7)

Oy +H' — HO®*+ 0, (8)

The radicals formed (HO®, O,*™) continue reacting with ozone and organic molecules
such as DCF and its intermediates, promoting a non-selective oxidation. However, these
reactions also lead to the generation of organic acids, which, over time, contribute to the
gradual acidification of the solution, particularly evident at initial alkaline pH values such
as 10.2.

Therefore, in view of the results obtained, it can be stated that the pH evolution during
DCF ozonation reflects a complex balance between acid generation and the buffering
capacity of the system. The pH stabilizes near the DCF pKa under mildly acidic or neutral
conditions, while under alkaline conditions, progressive acidification occurs due to organic
acid formation. In extreme media (strongly acidic or basic), the buffering capacity or limited
reactivity results in a nearly constant pH. These findings highlight the critical role of pH in
determining both the efficiency and the selectivity of the ozonation process.

3.2. First-Order Kinetics of DCF Ozonation

Figure 3 illustrates the effect of initial pH on the ozonation kinetics of DCFE. The
degradation profiles were evaluated under a wide pH range, from strongly acidic (pHg = 2.0)
to strongly alkaline conditions (pHy = 12.8), maintaining a constant ozone dosage and
temperature. Under highly acidic conditions (pHy = 3.0), DCF degradation proceeded
rapidly during the first 10 min of reaction, achieving nearly complete removal within
20 min. This behavior may be attributed to the molecular (protonated) form of DCF, which
exhibits higher reactivity towards molecular ozone (O3), a selective electrophilic oxidant
(see Equation (1)). Likewise, at mildly acidic-to-neutral pH values (pHy = 4.0-6.2), the
degradation rate remained high, with the pH stabilizing near the pKa = 4.15, suggesting
a dynamic equilibrium between protonated and deprotonated species that favors ozone
attack. Molecular ozone can directly react with electron-rich aromatic moieties of DCF,
leading to the formation of oxygenated intermediates and proton release (see Equation (2)).

50

45 | - [pH];=2.0

40 o [pHI,=3.0
% 35 ~+ [pH]p=4.0
E > < [pHI,=55
S 20 + [pH];=6.2
2 15 ~+ [pH],=8.0

10 * [pH],=10.2

5 o [pH1,=12.8

Time (min)

Figure 3. Effect of initial pH on DCF kinetic degradation by ozone. Experimental conditions:
[DCF]p = 50.0 mg/L; Cg in = 14.3 mg/min; T =20 °C.

As the initial pH increased to moderately alkaline values (pHy = 8.0), a decrease in
the degradation rate was observed. This effect is consistent with the increased prevalence
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of the anionic form of DCF (DCF ™), which shows reduced reactivity towards ozone but
can be attacked by hydroxyl radicals formed from ozone decomposition under alkaline
conditions (see Equations (4)—(8)). Despite this, the competition between radical reactions
and scavenging by carbonate/bicarbonate ions may hinder the overall efficiency of the
process. At a strongly basic pH (pHy = 12.8), the degradation rate was high in the initial
stages. This behavior could be explained by the rapid ozone decomposition to radicals
in the presence of hydroxide ions (OH™). Additionally, the system may become buffered,
limiting further pH-induced reactivity changes.

Overall, the results demonstrate that ozonation of DCF is pH-dependent, with op-
timal degradation observed under acidic to mildly neutral conditions. The interplay be-
tween DCF speciation and ozone/radical reactivity governs the degradation kinetics
and should be considered for the optimization of ozonation processes in wastewater
treatment applications.

A pseudo-first-order kinetic model was employed to describe the degradation of
DCF within the ozone contactor, based on the assumption that DCF is progressively
converted into oxidized intermediates and by-products (Equation (9)). Integration of the
corresponding mass balance (Equation (10)) yielded the first-order rate expression for DCF
degradation (Equation (11)). Time-resolved concentration profiles of DCF were obtained
experimentally, and the apparent pseudo-first-order rate constants (kpcp, 1/min) were
determined from the slopes of the linearized kinetic plots, as shown in Figure 4a. These
rate constants were subsequently correlated with the initial pH values ([pH]y), as depicted
in Figure 4b.

DCF 25" Degradation products )

Mass balance for the degradation of DCF:

d[DCFH
T kpcr t (10)

First-order kinetic equation for degradation of DCF:
[DCF] :[DCF]O exp(—kDCp t) (11)

Figure 4b illustrates the variation in the apparent pseudo-first-order rate constant
(kpcp, 1/min) for the ozonation of DCF as a function of the initial pH (pHy) of the aqueous
solution. The degradation kinetics exhibit a pronounced pH dependence, delineating
distinct oxidative regimes across the investigated range (pH 2.0-13.0). At strongly acidic
conditions (pH ~ 2.5-3.0), the reaction rate is maximized, with kpcg reaching approximately
0.30 1/min. This high efficiency is attributed to the greater stability of molecular ozone in
acidic media and its enhanced selectivity toward electron-rich aromatic structures present
in the DCF molecule. Ozone, in its molecular form, acts as the primary oxidant in this
regime, facilitating rapid degradation. A notable decrease in the rate constant is observed
between pH 3 and 4, with values declining to ~0.15 1/min. This local minimum suggests
a reduction in ozone reactivity or possible changes in DCF speciation that decrease its
susceptibility to oxidation. Between pH 4 and 6.5, the rate constant increases moderately,
reaching a secondary local maximum around pH 6. This behavior may be related to a
transitional regime where both molecular ozone and a limited generation of hydroxyl
radicals coexist.

As the pH approaches neutral to slightly basic values (pH 7-8), a second decline in
kpcr is observed (~0.13 1/min), indicating a decrease in overall oxidation efficiency. In
this range, neither molecular ozone nor hydroxyl radicals are present at concentrations
sufficient to sustain high degradation rates, possibly due to reduced ozone stability and



Clean Technol. 2025, 7, 47

8 of 16

limited radical generation. Above pH 9, a sharp increase in the rate constant is observed,
culminating in values of ~0.30 1/min at pH 12.5. This marked enhancement is consistent
with the decomposition of ozone to yield hydroxyl radicals, which dominate the oxidation
mechanism under alkaline conditions. These radicals are highly reactive and non-selective,
enabling an efficient breakdown of a wide range of organic moieties, including those found
in DCE

Overall, the degradation of DCF via ozonation is most efficient under strongly acidic
and alkaline conditions, where molecular ozone and hydroxyl radicals, respectively, act
as the primary oxidants. In contrast, ozonation efficiency is substantially reduced in the
intermediate pH range, particularly near neutrality. These results underscore the critical role
of pH in controlling the oxidation pathway and efficiency, and highlight the importance
of pH optimization for minimizing residual DCF and potentially toxic transformation
products in water treatment applications.

7 g o [PH],=2.0 0.40 :
~ 6 o [pH,=3.0 035 ¢
-~ L q
o5 | o bH=40 - 030 %
Q 4 o [PHI=5.5 g 025 ¢
— F 2 [pH],;=6.2 = 0.20 |
w 4 ¢ o E
Q g s [pH];=8.0 g 0.15 F
Z 2 = [PH=102 < 010
S 9% o [pH=12.8 0.05
0 H ‘“"”"H‘HHMH”HH“H”HH 7M0de| 0.00 ST TR T TR NPT PR PYROT IO
predictions
0 5 10 15 20 25 30 35 40 2345678 910111213
Time (min) [pHI,

(a) (b)

Figure 4. (a) Estimation of first-order kinetic constants for DCF ozonation, (b) effect of initial
pH on the ozonation kinetic constant of DCE. Experimental conditions: [DCF]y = 50.0 mg/L;
Cg,in = 14.3 mg/min; T =20 °C.

To complete this analysis, it is necessary to consider the solubility of DCF in water.
As shown in Figure 5, the aqueous solubility of DCF exhibits a strong dependence on pH,
which, in turn, influences its availability for ozonation. At low pH values (1-3), DCF exists
predominantly in its neutral (non-ionized) form, which is poorly soluble in water, with
solubility levels below 5 mg/L. This low solubility limits the amount of DCF available in
the aqueous phase, potentially restricting the extent of reaction despite the high oxidative
efficiency of molecular ozone under acidic conditions. As the pH increases to around 4-5,
DCEF solubility rises sharply, reflecting the progressive ionization of the carboxylic acid
group. At pH > 6, solubility stabilizes near its maximum (~50 mg/L), indicating that DCF
is predominantly present in its anionic form, which is significantly more hydrophilic.

The degradation rate constant (kpcr) does not follow a linear relationship with sol-
ubility. This is due to the interplay between DCF speciation, oxidant reactivity, and the
prevailing oxidation mechanism. In acidic media, although DCF solubility is limited, molec-
ular ozone remains stable and reacts efficiently with the neutral DCF form. In alkaline
conditions, where DCF is fully soluble and ionized, ozone decomposes into hydroxyl radi-
cals, which exhibit higher reactivity but lower selectivity. Therefore, the overall degradation
efficiency reflects not only the aqueous availability of DCF but also the chemical behavior
and transformation pathways of the oxidants involved. Together, the trends in Figure 4b
and 4 highlight the multifaceted influence of pH on ozonation performance, affecting both
contaminant solubility and oxidant speciation. The optimal conditions for DCF removal
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arise from a balance between its solubility, ionization state, and the nature of the oxidizing
species, underscoring the importance of integrated pH control strategies in advanced water
treatment processes.

50 —o—o
45
40
35
30
25
20
15
10

5

0

Solubility of DCF (mg/L)

3 4 5 6 7 8 9 10
[pH]

Figure 5. Effect of pH on the solubility of DCF. Experimental conditions: [DCF]y = 50.0 mg/L;
T=20°C.

=
N

3.3. UV/Vis Spectral Analysis of DCF During Ozonation: Reaction Dynamics

Figure 6 presents the UV /Vis absorption spectra obtained after the ozonation of aque-
ous DCF solutions at different initial pH values under controlled experimental conditions.
The UV /Vis spectrum of DCF exhibits two characteristic absorption bands: a strong peak
at 276 nm, attributed to the aromatic system, and a broader band in the deep UV region
(<240 nm), corresponding to electronic transitions associated with the dichloroaniline
ring and the conjugated carboxylic group. Following ozonation, a marked decrease in
absorbance is observed in both spectral regions.

1.0 — [DCF]=50.0 mg/L
§ 0.8 ---- [pH],=2.0
E ..... [pH],=6.2
5 04  [pHI=8.0
28 o
< 02 [pH],=10.2
0.0 _— [PH],=12.8

200 250 300 350 400 450 500 550
Wavelenght (nm)

Figure 6. Effect of initial pH on DCF kinetic degradation and UV /Vis spectra. Experimental
conditions: [DCF]y = 50.0 mg/L; Cg in = 14.3 mg/min; T = 20 °C.

During the reaction, ozone attacks conjugated double bonds and aromatic rings.
This leads to a reduction in the intensity of these bands as the DCF molecule undergoes
degradation. The progressive breakdown of aromatic structures is reflected in a continuous
decline in absorbance at these wavelengths. Figure 7 shows the aromaticity of water
analyzing during the DCF ozonation.

The aromaticity of aqueous solutions containing DCF when ozonized follows the next
behavior: it increases in the first 10-20 min and then decreases until it stabilizes. This
phenomenon can be explained by the intermediate reactions that occur during ozonation
and the structural changes that diclofenac undergoes. The initial increase in aromaticity
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during ozonation of DCF is due to the formation of intermediates with greater conjugation
or more aromatic rings. Subsequently, a more complete degradation of these structures by
ozone leads to a decrease in aromaticity, until most of the aromatic compounds have been
destroyed and the system reaches a stable value.

-o [PH]=2.0
=) -o- [pH],=3.0
< + [pH],=4.0
>
f‘é < [pH],=5.5
g + [pH]o=6.2
g 4 [pH];=8.0
= = [pH],=10.2

= [pH]o=12.8

Time (min)

Figure 7. Effect of initial pH on aromaticity of water during DCF ozonation. Experimental conditions:
[DCF]p = 50.0 mg/L; Cgin = 14.3 mg/min; T = 20 °C.

DCF is a compound that contains two aromatic (benzene) rings. These rings are
responsible for its absorption characteristic in the UV range and, therefore, for its aromatic-
ity. During the first minutes of ozonation, ozone reacts with DCEF, but the first reactions
are usually partial oxidations that can open or modify certain bonds of DCF, generating
intermediate products that increase aromaticity. It is possible that these intermediates
are compounds with additional or more conjugated aromatic structures, increasing the
absorbance and thus the apparent aromaticity of the solution. This phenomenon has been
observed in other AOPs, where partial fragmentation of compounds generates degradation
products that still contain intact or even more reactive aromatic structures.

As ozone continues to react with DCF and its intermediates, ozone more completely
attacks the aromatic rings. This leads to the opening of benzene rings and the formation
of non-aromatic degradation products (such as carboxylic acids, ketones, or aliphatic
compounds). During this process, aromaticity decreases because aromatic structures are
destroyed or transformed into simpler, non-conjugated compounds. After a time, the
degradation process reaches a point where most of the aromatic compounds have been
transformed into non-aromatic products, such as low-molecular-weight acids. At this point,
the aromaticity value stabilizes because the resulting products no longer contain aromatic
structures or are minimally aromatic.

As ozonation proceeds, the original bands diminish and weaker new signals may
emerge (Figure 6), indicating the formation of degradation products. Over time, with
sufficiently oxidation, the spectrum may reflect only the presence of inorganic species or
final mineralization products such as nitrates or carboxylates, which typically absorb at
shorter wavelengths and with significantly lower intensity than the parent compound (see
Figure 8).

It is important to note that during the ozonation of nitrogen-containing organic com-
pounds, such as DCF, nitro compounds can form. These compounds may continue to
oxidize and release nitrate into the aqueous solution. As DCF aromaticity decreases due
to the breakdown of aromatic rings, nitrogen derivatives and eventually nitrates may be
produced as degradation by-products. Nitrate concentration in the solution may increase as
the ozonation process progresses, especially if nitrogen-containing products are generated
and subsequently oxidized to nitrate.
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Figure 8. Effect of pH on aromaticity and concentration of nitrate and oxygen scavengers of ozonated
waters. Experimental conditions: [DCF]y = 50.0 mg/L; Cg in = 14.3 mg/min; T =20 °C.

On the other hand, oxygen scavengers (also called radical scavengers) are substances
that react with free radicals, such as hydroxyl radicals, preventing their oxidative action. In
aqueous ozone solutions, hydroxyl radicals are generated as part of secondary reactions of
ozone. DCF can react directly with ozone but can also be degraded by hydroxyl radicals
formed in the solution. Scavengers, such as bicarbonate (HCO3™) or alcohols, neutral-
ize these radicals, limiting the oxidation of organic compounds by them. If scavenger
concentration is high, DCF degradation by hydroxyl radicals will be lower, leading to a de-
crease in nitrate formation and other degradation products dependent on radical oxidation.
Conversely, if scavenger concentration is low, hydroxyl radicals will be more available,
increasing the degradation rate of DCF and the possible formation of nitro compounds
and nitrates.

As shown in Figure 8, there is a similarity among these parameters, confirming that
the concentration of aromatic species, nitrate, and oxygen scavengers increases with the
initial pH of the ozonated water, reaching maximum concentration when ozonizing DCF
aqueous solutions with an initial pH of 8.0. However, when the treatment is carried out at
initial pH values higher than 10, the concentration of aromatic species in the treated water,
as well as the concentration of scavengers and nitrate, decreases. This behavior illustrates
how pH strongly influences ozone degradation mechanisms and its secondary products,
modifying ozone stability, radical production, and degradation efficiency of the species
present in the solution.

To explain these results, it is necessary to first analyze the behavior of ozone as a
function of pH, since ozone is a strong oxidant and its reactivity depends significantly on
the pH of the solution. At low (acidic or neutral) pH, ozone mainly acts as a molecular
species that selectively attacks double bonds and aromatic rings. At higher (basic) pH levels,
ozone decomposes more rapidly into radicals, mainly hydroxyl radicals, which are much
more reactive and less selective than molecular ozone. Hydroxyl radical production is
favored by the presence of hydroxide ions (OH ™) in basic solutions. This means that in
high-pH solutions, the oxidation mechanism changes, molecular ozone becomes less stable,
and more free radicals are generated, which affects DCF degradation and the formation of
secondary products.

At pH levels around 8.0, ozone remains relatively stable, but an appreciable amount of
hydroxyl radicals is already being produced. In this pH range, there is a balance between
direct degradation by molecular ozone (which attacks aromatic rings) and degradation by
hydroxyl radicals. In this situation, DCF degradation is significant, but a large number of
intermediate products still containing aromatic rings (aromatic species) are also generated,
which explains the increase in the concentration of these species. Furthermore, partial
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degradation of DCF can release nitrogen-containing groups that are later oxidized to
nitrates, contributing to the increase in nitrate concentration. As for oxygen scavengers
(radical scavengers) like bicarbonates and other species, they may be present in increasing
concentrations, as pH 8.0 is ideal for maintaining a balance between hydroxyl radical
formation and the scavengers’ ability to neutralize these radicals.

At very high pH levels (above 10), the system behavior changes drastically. Ozone
decomposes rapidly into hydroxyl radicals due to the high concentration of hydroxide
ions in the water. This means that the amount of molecular ozone available to directly
attack aromatic species (like DCF) is very low. Hydroxyl radicals are extremely reactive but
poorly selective. In this highly basic system, radicals attack not only aromatic rings but also
any other available molecules, promoting complete oxidation of the intermediate products.
This leads to a rapid destruction of the aromatic species formed in the initial degradation
steps. The decrease in aromatic species is due to hydroxyl radicals efficiently destroying
intermediates that still contain aromatic groups.

Regarding nitrates, the high concentration of radicals in highly basic solutions may
promote the complete oxidation of nitrogen-containing compounds but may also cause
more advanced degradation products to be nitrogen gas (N) or nitrites (NO, ™) instead of
nitrates, which would explain the decrease in nitrate concentration at this pH range. As
regards oxygen scavengers like bicarbonate, under very-high-pH conditions, bicarbonate
ions tend to convert into carbonate (CO327), which may reduce their ability to act as scav-
engers. Additionally, hydroxyl radicals are so abundant and reactive that they exceed the
scavengers capacity to neutralize them, leading to a decrease in their effective concentration
in the solution.

3.4. Effect of pH on Water Color Evolution During DCF Ozonation: Physical Transformations

The spectral changes observed not only indicate the structural decomposition of DCFE,
but also reveal the transient formation of conjugated intermediates and chromophores—
molecular structures that are often linked to pharmacological activity or environmental
toxicity. Figure 9 shows the formation of a yellow-brown color in the aqueous solutions
during the DCF ozonation.
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Figure 9. Effect of initial pH on water color changes during the DCF ozonation. Experimental
conditions: [DCF]y = 50.0 mg/L; Cg i = 14.3 mg/min; T = 20 °C.

Aqueous solutions of DCF are initially colorless, but when DCF ozonized, the water
turns a yellow color, the intensity of which depends on the operating conditions. Once a
maximum value is reached, the color loses intensity until the treated water is colorless in
appearance. Operating at [pH]y = 12.8, the color forms abruptly, observing a pronounced
peak because the ozonation conditions are strongly oxidizing and concentrate the formation
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of colored intermediates in a short period of time. Operating at lower pH values, the colored
species’ generation is distributed throughout the reaction.

The formation of a yellow color in water during the ozonation of aqueous DCF
solutions with ozone can be explained by the partial degradation of the diclofenac structure
and the formation of decomposition intermediate compounds. This phenomenon occurs
through the mechanisms of oxidation of DCF by ozone, where ozone attacks various parts
of the DCF structure, including double bonds, aromatic rings, and functional groups. DCF
contains aromatic rings (benzene-like) and functional groups susceptible to oxidation, such
as the carboxylate group (-COO™) and chlorine atoms (-Cl). When ozone reacts with these
parts of diclofenac, bonds are broken, leading to the formation of intermediate products
like carboxylic acids, ketones, aldehydes, and quinones.

Next, the formation of chromophoric intermediate products occurs. During ozonation,
intermediate products containing conjugated structures, that is, systems with alternating
double bonds, such as oxidized aromatic compounds, quinones, or phenolic derivatives, are
generated. These compounds are responsible for light absorption in the visible spectrum,
which can result in a yellow coloration. A possible class of intermediate compounds are
quinones, which are typical products of aromatic ring oxidation. Quinones, especially ben-
zoquinones, are yellow compounds that can form when ozone oxidizes the aromatic system
of DCE Also, oxidized phenolic compounds can also produce a yellow color. Oxidation of
the aromatic rings in DCF may lead to phenolic derivatives that exhibit coloration.

In addition, the ozonation process can generate low-molecular-weight products such
as organic acids (e.g., oxalic acid, formic acid) or oxygenated fragments of the original
DCEF structures, which are more difficult to fully oxidize and may contribute to the yellow
coloration. These by-products are hard to remove completely and may be responsible for
the persistence of the yellow color in the solution. This color may gradually disappear
as the oxidation process continues and the intermediate products degrade into simpler
compounds, such as carbon dioxide and water, in the final stages of ozonation.

Beyond the progressive color changes observed during ozonation, additional physical
transformations were also evident, particularly at low pH values, where a notable increase
in turbidity was detected (Figure 10). While color evolution is primarily attributed to the
formation and subsequent degradation of soluble chromophoric by-products, the appear-
ance of turbidity indicates the presence of suspended, insoluble phases. This phenomenon
becomes especially relevant under acidic conditions, where the solubility of DCF (see
Figure 5) dramatically decreases, leading to visible precipitation.
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Figure 10. Effect of initial pH on water turbidity during the DCF ozonation. Experimental conditions:
[DCF]p = 50.0 mg/L; Cg in = 14.3 mg/min; T =20 °C.
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Turbidity generation during DCF ozonation is strongly influenced by the initial pH of
the solution, particularly under acidic conditions (pHy < 4.0). As DCF is poorly soluble in
water at low pH, the adjustment of the aqueous solution to acidic conditions results in the
immediate formation of a white suspension. This turbidity corresponds to the precipitation
of neutral DCF molecules, which are generated via protonation of the anionic carboxylate
group (C14H;9Cl,NO, ™) into its non-ionized carboxylic acid form (-COOH). The loss of
charge and increased hydrophobicity upon protonation significantly reduces solubility,
leading to colloidal or particulate dispersion in the water matrix.

At an initial pH of 3.0, the maximum turbidity was recorded (~75 NTU), confirming
that insolubilization of DCF is most pronounced under these conditions. This behavior
aligns with the solubility profile previously discussed, where DCF remains largely non-
ionized and poorly soluble below pH 4. Despite this turbidity, the ozonation process
demonstrated high efficiency in degrading not only dissolved DCF but also the suspended
fraction, ultimately yielding treated water with turbidity values below 1 NTU.

These results highlight the dual role of ozonation in both chemical oxidation and phys-
ical clarification, and emphasize the importance of pH control to minimize colloidal forma-
tion during treatment. Given the environmental persistence of DCF and the limitations of
conventional treatment systems, the integration of ozonation as a pre-treatment stage prior
to Nature-Based Solutions (NBSs) could be a promising strategy. The pre-oxidation of DCF
at controlled pH values can reduce its toxicity and improve its biodegradability, potentially
enhancing the performance of downstream biological systems such as constructed wetlands
or soil aquifer treatment. Moreover, monitoring optical and physicochemical indicators
during ozonation provides a practical tool for real-time optimization in decentralized water
reuse schemes.

4. Conclusions

This study offers a comprehensive molecular-level assessment of diclofenac (DCF)
ozonation across a broad range of pH conditions, highlighting the influence of pH on
degradation efficiency, transformation pathways, and water quality indicators. Under
acidic conditions, molecular ozone selectively reacts with the neutral form of DCE, targeting
its aromatic moieties. In contrast, alkaline environments promote the decomposition
of ozone into hydroxyl radicals, which drive non-selective oxidation of both DCF and
its intermediates.

These pH-dependent oxidative regimes significantly affect key parameters such as
aromaticity, turbidity, nitrate formation, and color evolution in treated water. Crucially, the
results indicate that optimized ozonation can serve as an effective pre-treatment within
Nature-Based Solution (NBS) frameworks. By reducing the persistence and toxicity of DCF,
and improving the quality of effluents for reuse, ozonation may enhance the performance
of downstream natural or biological systems. Overall, the findings support the develop-
ment of integrated, sustainable water treatment strategies that align with circular water
management principles and environmental protection goals.

UV /Vis spectroscopy and macroscopic indicators such as color, turbidity, and aromatic-
ity revealed dynamic molecular transformations and the transient formation of quinonoid,
phenolic, and chromophoric intermediates—structures that may retain or even amplify
biological activity and environmental toxicity. Importantly, this study also identified condi-
tions under which physical phenomena, such as turbidity due to DCF precipitation, emerge
as functions of pH and solubility.

These findings underscore the importance of understanding pH-driven oxidative path-
ways for structurally complex pharmaceuticals. The results contribute to the rational design
of AOPs that not only ensure high removal efficiency but also minimize the formation of
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persistent or bioactive by-products—key considerations in medicinal chemistry and water
quality management.
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