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Abstract: Antibiotics elimination by some photochemical processes involves ferric ions, but little
is discussed about the fundamental aspects of complexation effects on their degradation. This
study compares the photodegradation of two fluoroquinolones, three β-lactams, and their ferric
complexes in deionized water. The complexed antibiotics were more recalcitrant than the free
antibiotics to the solar light action (the photodegradation rate constants diminished by more than
50%). To better study the photodegradation, other experiments considering two representative cases
(ciprofloxacin and dicloxacillin) were performed. For ciprofloxacin, as the iron amount was increased
from 0 to 7.5 µmol L−1, its photodegradation rate constant decreased from 0.017 to 0.004 min−1. In
contrast, for dicloxacillin, the increase in iron concentration (from 0 to 7.5 µmol L−1) accelerated its
photodegradation (the rate constant augmented from 0 to 0.0026 min−1). When UVC light was used,
the degradations of free and complexed antibiotics were very close, exhibiting values of degradation
rate constants between 0.030 and 0.085 min−1. The antimicrobial activity (AA) was eliminated when
90% of ciprofloxacin and 90–95% of dicloxacillin were degraded. The AA removal was associated
with structural changes in relevant moieties of antibiotics, such as fluorine and piperazyl ring for
ciprofloxacin, or β-lactam ring for dicloxacillin.

Keywords: antimicrobial activity removal; antibiotics transformation; ferric complexes; photodegra-
dation; solar light; UVC irradiation; water treatment

1. Introduction

Currently, antibiotics are recognized as contaminants of emerging concern. These
substances are recalcitrant to conventional processes in municipal wastewater treatment
plants [1]. Thereby, effluents of municipal treatment plants are one of the main routes of
the discharge of antibiotics into the environment [1,2].

Highly consumed antibiotics, such as β-lactams and fluoroquinolone, are frequently
found in the effluents of municipal wastewater treatment plants and environmental surface
water. Indeed, ciprofloxacin (a fluoroquinolone) and cefalexin (a β-lactam) have been
recently proposed as markers of antibiotic pollution in environmental water and municipal
wastewater treatment plant effluents [3]. Nowadays, it is well-known that the continuous
input of antibiotics into municipal wastewater treatment plants and environmental water
becomes a risk factor for resistant bacteria proliferation [4–6]. Bacterial resistance to
antibiotics represents a great threat to human health [7]. For instance, bacterial resistance
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to β-lactam and fluoroquinolone antibiotics has been observed in the environment, which
can be transferred among different bacteria and even to humans [8,9].

In environmental water, drinking water, or even in wastewater, the presence of metallic
cations, such as iron, is common (III) [10,11]. Because of the presence of multiple functional
groups containing alone pairs (e.g., carboxylic acid, amide, amine, ketone, reduced forms of
sulfur) on the β-lactams and fluoroquinolones, these antibiotics can form complexes with
cations of metals, such as ferric ions. The pharmacology field has studied the complexation
of iron (III) with β-lactams and fluoroquinolones [12,13]. However, information about
the degradation of these complexes promoted by solar light and/or UVC light in the
environmental sciences is lacking. In fact, the complexation of ferric ions with β-lactams or
fluoroquinolones can play a relevant role in the interaction of these antibiotics with solar
light in environmental water. The study of the response of these kinds of complexes to light
could be important for understanding the performance of advanced oxidation processes,
such as photo-Fenton, sono-photo-Fenton, photo-electro-Fenton, and the activation of
persulfate or peroxymonosulfate, which involve iron and light for the treatment of β-
lactam or fluoroquinolone antibiotics [14–20]. While it is well-known that antibiotics have
functional groups which are able to complex metallic species, these works did not consider
the direct interaction between the organic pollutants and metal ions.

Although several studies deal with the (photo)-degradation of fluoroquinolone and
β-lactam antibiotics by systems involving iron [18,21–23], there is little information about
the effect of the complexation of these antibiotics by ferric ions, nor the implications of
their photodegradation. Such works depict the degradation percentages of the antibiotic
caused by the radical species action, but none quantify the interaction of ferric ions with
the target pollutants and the role of complexation in the degradation. Only a recent study
has considered the role of iron complexation in the photodegradation of enrofloxacin [17].
Nevertheless, this previous study is focused on treating an antibiotic solely; and, the
effect of iron concentration on the degradation of the complex, or the type of light, is not
evaluated. Furthermore, data about the evolution of antimicrobial activity during the
treatments is not presented.

This research aimed to understand the fundamental aspects of the effect of the com-
plexation of fluoroquinolone and β-lactam antibiotics with ferric ions on photodegradation
from solar and UVC light. In this study, novel aspects (which have not been considered
in previous studies), such as the influence of the antibiotic class, iron concentration, and
light-type on the photodegradation of the complexes, were studied. Additionally, the
evolution of antimicrobial activity and its connection with primary transformations (other
topics missed in the single previous work about the photochemical treatment of a ferric
complex with antibiotics) were studied. Herein, the photodegradation of ferric complexes
of five highly consumed antibiotics was assessed. Initially, the stoichiometric ratio of the
ferric complexes of the target antibiotics in aqueous media was established. Secondly, the
degradation of both free and complexed antibiotics under simulated solar irradiation was
tested. Two representative molecules from the treatment with solar light were selected
(ciprofloxacin and dicloxacillin), which had different behaviors. Then, the effect of iron
concentration and the change of solar light by UVC was evaluated. Afterward, the primary
transformations induced by the photo-treatment on the representative antibiotics were dis-
cussed. Moreover, the evolution of the antimicrobial activity during the photodegradation
was determined, along with its connection to the structural transformations of the repre-
sentative antibiotics. The results from our work could be valuable to the understanding
of the photostability of ferric complexes of fluoroquinolones and β-lactams under sunlit
environmental water, or the action of advanced oxidation processes (AOPs) involving iron
and solar light or UVC light.
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2. Materials and Methods
2.1. Reagents

Ciprofloxacin and norfloxacin were provided by Laproff laboratories (Medellín, Colom-
bia). Cefalexin, dicloxacillin, and cloxacillin were provided by Syntofarma (Medellín,
Colombia). Acetonitrile, Iron (III) chloride hexahydrate, hydrochloric acid, sodium chlo-
ride, and sodium hydroxide were purchased from Merk (Darmstadt, Germany). Formic
acid was obtained from Carlo Erba (Barcelona, Spain). Nutrient Agar, tryptone type I, and
yeast extract powder were provided by HiMedia (Mumbai, India); the culture media and
broths were sterilized at 121 ◦C using an SA-300H Sturdy autoclave (New Taipei, Taiwan).
All solutions were prepared using deionized water obtained from a Barnstead Smart2Pure
Thermo Scientific apparatus (Bartlesville, OK, USA).

Ciprofloxacin and norfloxacin were selected as representative fluoroquinolones be-
cause they are frequently found in raw water, tertiary effluents of municipal wastewater
treatment plants (MWTP), and surface water [24,25]. Furthermore, these fluoroquinolones
have a high antibiotic potency [26,27], and they can negatively impact the environment
through bacterial resistance development and a toxic effect on aquatic species [24,25,28].
Cefalexin, dicloxacillin, and cloxacillin were chosen as target β-lactams due to their high
consumption and elevated excretion through urine as unchanged forms; additionally, they
have been detected in effluents of MWTP and environmental water, and negatively impact
aquatic systems [3,29,30].

2.2. Reaction Systems

A beaker containing 50 mL of the sample to be treated was placed under the irradiation
source, and it was stirred magnetically. For photodegradation using solar light, an Original
Hanau Suntest (Hanau, Germany) was used (the actual photon flux in the reaction beaker:
1.4× 1017 photons s−1, which was measured by actinometry using ferrioxalate) [31]. For the
treatment of the pollutants using UVC light, we used a homemade reflective reactor covered
inside with aluminum foils and equipped with an Osram Puritec (HNS G5, 8W) lamp
(Wilmington, MA, USA), having the main emission peak at 254 nm (the actual photon flux
in the reaction beaker was 3.2 × 1016 photons s−1; this was also determined by actinometry
using ferrioxalate) [31]. As the main focus of our work was on the comprehension of
fundamental aspects, the degradations of the antibiotics and their ferric complexes were
performed in deionized water. All experiments were carried out at least by duplicate,
and the reported data are the mean values, and the error bars correspond to the standard
deviations among replicates. This manner of presenting our results allows us to easily
compare if the average values reported in the figures or tables are statistically similar,
or different. The average values are similar when the error bars intercept them, and the
average values are different if the error bars have no interception.

2.3. Analyses

The formation of complexes was established using an Orion AquaMate 8000 Thermo
Scientific spectrophotometer (Bartlesville, OK, USA). The absorption spectra were mea-
sured from 190 to 700 nm. The degradations of the free antibiotics and their respective
complexes with ferric ions were followed by liquid chromatography using a UHPLC Fo-
cused UltiMate 3000 equipped with a DAD detector and a C-18 Hypersil GOLDTM column
(150 × 4.6 mm; 5 µm) (Thermo Scientific, Bartlesville, OK, USA). In all cases, 20 µL was the
injection volume, and as for the mobile phase, a mixture of acetonitrile and formic acid at
10 mmol L−1 was used. The specific chromatographic conditions for each antibiotic are
summarized in Table 1.
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Table 1. Chromatographic conditions for the following to the degradation of the target antibiotics.

Antibiotic Acetonitrile/Formic Acid
(%/%)

Detection Wavelength
(nm)

Flow
(mL min−1)

Ciprofloxacin
(CIP) 15/85 278 0.6

Norfloxacin
(NOR) 15/85 280 0.6

Cefalexin
(CFX) 20/80 260 0.5

Dicloxacillin
(DCX) 50/50 225 0.5

Cloxacillin
(CLX) 50/50 225 0.5

The actual intensities in the reaction systems were determined by actinometry using
ferrioxalate (at 0.006 mol L−1). This method comprises the photoreduction of iron (III), and
the generated iron (II) is quantified by complexation with 1,10-phenanthroline [31].

The evolution of antimicrobial activity was analyzed by the diffusion agar method [32],
using 50 µL of the sample S. aureus (ATCC 25923) as indicator microorganism, and the
incubation was performed in a HeraTherm Thermo Scientific Incubator at 37 ◦C during
24 h.

The primary transformation products were established using an HPLC Agilent 1200 se-
ries coupled to an Agilent LC/MSD VL SQ mass spectrometer (Santa Clara, CA, USA).
The column and mobile phase were operated at the conditions presented in Table 1. The
injection volume was 10 µL and the mass spectrometer detector was operated in positive
ion mode [18].

3. Results
3.1. Ability of the Target Antibiotics to Form Complexes with Ferric Ions

Initially, to establish the stoichiometry of the complexes, the absorbance (at a wave-
length of maximum absorption of the complex) at different antibiotic/ferric ratios was
measured. The change absorbance at the selected wavelength was followed until achiev-
ing a plateau. The point at which the plateau was reached indicated the stoichiometric
ratio [17].

3.2. Response of the Antibiotics and Their Ferric Complexes to Solar Light

Figure S1 (in the Supplementary Material) illustrates the case of ciprofloxacin for the
stoichiometric relationship determination. For the CIP-ferric ion complex, when the CIP/
Fe (III) ratio changed from 1 to 2, the absorbance at 430 nm increased from ~0.16 to ~0.32.
Then, a plateau (approximately) was reached, indicating that this complex is formed with
two molecules of CIP per one ion of Fe (III). A similar procedure was applied to the other
target antibiotics, and all the results are summarized in Table 2.

Table 2. Stoichiometric relationships for the complexes between the target antibiotics and the ferric ion.

Antibiotic pKa of the Free
Antibiotic

Maximum Wavelength of the
Complex Absorption

(nm) 1

Stoichiometric Relationship
forAntibiotic-Iron (III)

Complex

The Same Relationship
Was Reported by

Ciprofloxacin (CIP) pKa1: 6.2,
pKa2: 8.8 435 2-1 [33,34]

Norfloxacin (NOR) pKa1: 6.3,
pKa2: 8.7 430 2-1 [33]

Cefalexin (CFX) pKa1: 5.2,
pKa2: 7.3 360 1-1 2

Dicloxacillin (DCX) pKa: 2.8 355 1-1 [12]
Cloxacillin (CLX) pKa: 2.7 355 1-1 [34]

1 See the UV-vis spectra of the free and complexed antibiotics in Figures S2 and S3. 2 Not reported.
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The degrading action of solar light on the ferric complexes of the antibiotics was
evaluated. The photolysis of the free antibiotics from the solar light was also assessed.
The pseudo-first-order photolysis rate constants (k) were calculated, and the results are
depicted in Figure 1.

Figure 1. Pseudo-first order rate constants (k) for the degradation of antibiotics and their ferric
complexes under simulated solar light. Experimental conditions: [Antibiotic]: at the stoichiometric
ratio with Fe (III), [Fe (III)]: 2.5 µmol L−1, pHinitial 6.0. Note: DCX, CLX, and their ferric complexes
had no photodegradation; i.e., the k values were zero.

3.3. Effect of Iron Concentration on the Photodegradation by Solar Light

The environmental concentration of the ferric ions varies depending on the nature
of the water [10,11]. Then, the role of the iron concentration on the degradation should
be evaluated. To test the effect of ferric ions amount, CIP and DCX were chosen as
representative cases. This selection was based on the results in Figure 1, where CIP
exhibited the highest and DCX had no photolysis.

Three iron concentrations were considered: zero, the stoichiometric concentration
of ferric ion required to complex the antibiotic, and 3-folds the stoichiometric concentra-
tion of ferric ion for the complex formation. Table 3 contains the k-values of the solar
photodegradation of CIP and DCX for the effect of the amount of the ferric ion.

Table 3. Effect of iron concentration on the degradation of ciprofloxacin (CIP) and dicloxacillin (DCX).

CIP

Conditions 1 k × 10−3 (min−1)

DCX

Conditions k × 10−3 (min−1)

[CIP]: 5.0 µmol L−1 17.0 ± 0.6
[CIP]: 5.0 µmol L−1/[Fe (III)]: 2.5 µmol L−1 7.9 ± 0.5
[CIP]: 5.0 µmol L−1/[Fe (III)]: 7.5 µmol L−1 4.0 ± 0.3

[DCX]: 2.5 µmol L−1 0.0 ± 0.0
[DCX]: 2.5 µmol L−1/[Fe (III)]: 2.5 µmol L−1 0.0 ± 0.0
[DCX]: 2.5 µmol L−1/[Fe (III)]: 7.5 µmol L−1 2.6 ± 0.1

1 All experiments were performed at pHinitial 6.0.

3.4. Effect of Changing Solar Light by UVC Irradiation

Once the ability of solar light to degrade the ferric complexes of the antibiotics was
established, the response to the UVC light (the other light type commonly used in the AOPs)
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was tested. Then, the two representative compounds (CIP and DCX), and their respective
ferric complexes, were treated using UVC, and their pseudo-first-order kinetic constants
(k) were determined (Figure 2). Additionally, the ratios (R) between the constants were
calculated using Equation (1) and compared with the R values obtained for the treatment
with solar light (Table S1).

R = kcomplex/kfree antibiotic (1)

Figure 2. Pseudo-first order rate constants (k) for the degradation of the two representative an-
tibiotics (CIP and DCX) and their ferric complexes by UVC irradiation. Experimental conditions:
[CIP]: 5.0 µmol L−1/[Fe (III)]: 2.5 µmol L−1, [DCX]: 2.5 µmol L−1/[Fe (III)]: 2.5 µmol L−1; pHinitial 6.0.

3.5. Primary Transformations of the Antibiotics and Their Iron Complexes under Light Action

In the case of CIP, both the simulated solar irradiation and UVC light were able to
promote the degradation of the free antibiotic and its ferric complex. Then, to understand
the initial changes induced by these irradiations to this antibiotic, as well as its ferric
complex, the primary transformation products were established using HPLC-MS. Three
stable initial products (named P1, P2, and P3) were identified (Figure 3).

Figure 3. Primary transformations of free and complexed CIP under solar light and UVC light. Main fragments from the
MS analyses for these products are summarized in Table S2.
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3.6. Antimicrobial Activity Evolution during the UV Light Action on the Antibiotics and Their
Iron Complexes

Another important parameter to consider during the degradation of antibiotics is the
change in antimicrobial activity (AA). This aspect has a great environmental impact [35,36].
As UVC light induced stronger photo-degradations of the selected antibiotics and their
complexes (see Figures 1 and 2), this light was used to perform the experiments related to
the AA. The evolution of AA for CIP and DCX treated in the absence and presence of ferric
ions using the UVC irradiation was followed (Figure 4).

Figure 4. Antimicrobial activity (AA) evolution for CIP (a) and DCX (b) and their ferric complexes
under the UVC action. Experimental conditions: [CIP]: 5.0 µmol L−1/[Fe (III)]: 2.5 µmol L−1,
[DCX]: 2.5 µmol L−1/[Fe (III)]: 2.5 µmol L−1; pHinitial 6.0.

4. Discussion
4.1. Complexes Formation and Their Stoichiometric Relationships

The results in Table 2 showed that, at the experimental conditions, the CIP-Fe3+

complex has a 2-1 stoichiometric relationship. Also, the complex of NOR with the ferric
ion has a 2-1 stoichiometric relationship (Table 2). Our results were consistent with the 2-1
stoichiometric relationships reported in the literature previously for CIP and NOR [33,37].
For the two fluoroquinolones, the antibiotic-ferric ions mixture showed a new band between
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400 and 600 nm (Figure S2). Additionally, for the mixture of the fluoroquinolone antibiotics
and the ferric ions, an intense yellow color appeared in the solution (as exemplified for CIP
in Figure S4). These facts indicated the formation of complexes between the iron (III) and
the evaluated fluoroquinolones (CIP and NOR) [17,38]. The piperazine ring and the keto-
carbonyl moiety on the fluoroquinolones are most likely binding sites for the complexation
of the ferric ion [39]. At the experimental pH (~6.0), the target fluoroquinolones were
mainly in their cationic form (with both the piperazyl and carboxylic groups protonated,
as shown in Figure S5). It can be noted that the keto-carbonyl moiety has a higher number
of lone electron pairs than the protonated nitrogen on the piperazine ring. This favors the
interaction between the fluoroquinolones and the ferric ion through chelation of the metal
by the contiguous ketone and carboxyl groups [38–40], which is consistent with the 2-1
stoichiometric relationship where two molecules of fluoroquinolone complexed a ferric ion.

In the case of the β-lactam antibiotics, at the tested experimental conditions, these
antibiotics showed 1-1 stoichiometric relationships (Table 2). In fact, the 1-1 stoichiometric
relationship is very common in the complexes with penicillins and cephalosporins due to
their ability to simultaneously interact through multiple sites with the metal cations [12,41].
We can mention that for the antibiotic-ferric ions mixtures, the absorption increased above
330 nm (Figure S3). Moreover, a small shoulder was found between 340 and 380 nm. These
spectral aspects denoted the formation of the β-lactam-ferric ion complexes. Indeed, peni-
cillins and cephalosporins complex metallic cations through chelates involving carboxyl
group and the amide moiety on the β-lactam ring [12,41,42]. At the experimental pH (~6.0),
the carboxylic acid group on all the considered β-lactam antibiotics were deprotonated
(Figure S6), which favors their interaction with the ferric ions.

A general aspect of all the antibiotic-ferric ion complexes formed herein is their ability
to absorbs light from 300 to 600 nm (Figures S2 and S3), which is associated with a charge
transfer between the antibiotics and the metal ion, and the d-d transitions of the iron [38,43].
These absorptions in the visible range (i.e., wavelengths > 400 nm) are responsible for the
colored nature of the complexes [33], as observed in Figure S4.

We should mention that the information presented in our work provides an initial
approach to the formation of ferric complexes of antibiotics in water. Then, in future works,
it is recommended to perform more specialized analyses (e.g., infrared, proton, and carbon
nuclear magnetic resonance) to confirm the functional group on antibiotics acting as the
chelators, geometric structure, and spectroscopic properties of the complex.

4.2. Response of the Complex to the Simulated Solar Light

As indicated in the caption for Figure 1, under our working conditions, DCX and
CLX, and their corresponding complexes, did not exhibit photolysis by the solar light.
At the same time, the photolysis for the complexes of CIP, NOR, and CPX was lower
(approximately a half) than that observed for the free antibiotics. The results indicate that,
despite their higher light absorption for the complexed antibiotics (Figures S2 and S3),
the complexes are less prone to solar light action than the corresponding free antibiotics
(Figure 1). This is because the metal withdraws electron density from the ligands (i.e., the
antibiotics), relocating part of electron density/charges from the organic structure on the
metal ion, leading to electronic transitions with an energy gap lower than that needed
for the free metal [44]. This generates absorptions at longer wavelengths (e.g., the visible
range) as shown in the spectra (Figures S2 and S3). Meanwhile, as the antibiotics lose
electron density, the photo-degradation (which depends on available electron density on
the compounds) of the complexed antibiotics is diminished with regards to their free forms
(Figure 1).

Indeed, it is reported that the electron density withdrawing by the ferric ion augments
the activation energy for the cleavage and formation of bonds on the ligands. For instance,
previous theoretical works on the complexation of fluoroquinolones have demonstrated
that the interaction of these antibiotics with the metal cations increases the activation energy
for some photodegradation pathways [44–46]. Besides, the interaction of solar light with



Water 2021, 13, 2603 9 of 15

the fluoroquinolones induces a self-photosensitization process forming reactive oxygen
species (ROS), such as singlet oxygen, but this pathway is also affected by the complexation
(these aspects are detailed in Section 4.5).

On the other hand, it is noted that sunlight induces the direct photodegradation of
cephalosporins through decarboxylation and the rupture of the β-lactam ring [47]. As the
complexation of the ferric ion by this class of antibiotics involves their carboxylic group
and β-lactam ring (Figure S6) [12], such photodegradation pathways are limited for the
complexed cephalosporin. Consequently, a diminishing of the degradation rate constant
by the complexation of CFX was found (Figure 1).

4.3. Effect of the Iron Concentration

From Table 3, it can be observed that as the concentration of ferric ion is higher, its pho-
todegradation rate constant for CIP decreased from 17.0× 10−3 min−1 to 4.0 × 10−3 min−1.
On the contrary, since β-lactam as the concentration of iron is higher, the k value is aug-
mented from~0 to 2.6 × 10−3 min−1. The results for CIP are coincidental with those
reported by Wei et al. [44]. They also found that the photodegradation of this fluoro-
quinolone by solar light was diminished as the ferric ion concentration increased. However,
these authors did not explain such results. Thereby, to understand this finding, it is neces-
sary to consider the information provided by the spectra of the solutions at the different
amounts of iron. Figure S7 shows that the absorbance for the mixtures of CIP and ferric
ions, between 290 and 500 nm, is strongly altered as the iron concentration increased. The
spectrum at the 3Fe condition suggests that absorbance at the 290–500 nm range can be
predominantly associated with the excess of iron. Thus, it is proposed that, in addition to
the complexation, which decreases the photolysis as above shown, when the ferric ion is
in excess, this substance competes with the photons, affecting the photolytic process of
the complex.

In the case of the representative β-lactam, the spectra for the mixtures of DCX and
the ferric ion show that the absorbance between 260 and 400 nm is also augmented as
the iron concentration is higher (Figure S8). Furthermore, the high absorbance at the
highest concentration of ferric ions was associated with the excess of the metal ion. Then,
in such conditions, there is a predominance of the aqua-complexes of ferric ion, which
can be decomposed by the solar light, generating hydroxyl radicals (Equation (2), [48]).
Consequently, the produced hydroxyl radical attacks the complex (which had no photolysis,
Figure 1), accelerating the DCX removal, as reported in Table 3. Although, in the case of
CIP and in excess of iron, the action of the radical produced through Equation (2) is also
possible, as the HO* formation competes with the photolytic route, affecting the removal
rate of this antibiotic, as explained above.

Fe3+ + H2O + solar light→ Fe2+ + HO* + H+ (2)

The effect of iron amount indicates that, in a water sample where the ferric ion concen-
tration is higher than CIP, the photodegradation of this fluoroquinolone is diminished by
complexation and shielding by the iron species. Meanwhile, for antibiotics, such as DCX,
which have no significant photolysis, high ferric ion amounts favor their degradation due
to the formation and action of hydroxyl radical coming from the photodecomposition of
the ferric aqua-complexes. Indeed, further research should verify the role of HO* on the
degradation of antibiotics through its reaction with a radical scavenger (e.g., tert-butanol),
or the development of electron spin resonance (ESR) analyses.

4.4. Degradation under UVC Irradiation

Figure 2 shows that the k-values of photodegradation of the free antibiotic, and its
corresponding ferric complexes by the UVC action, were closer among them. Indeed, the R
values for the photolytic process using UVC were very close to one and higher than the R
values for the photodegradation using solar light (Table S1).
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As mentioned above, the activation energy required to cleavage or form a bond on
the complexed antibiotics is higher than that needed for the free antibiotics [44]. Then, the
wavelengths of the solar light have a limited capability to degrade the antibiotic-ferric ion
complexes. However, when these complexes are irradiated with UVC light, these photons
with shorter wavelengths have a higher energy than the photons from the solar light
(Table S3), and the energy provided by the UVC light is enough to promote the degradation
of the free antibiotics and their ferric complexes.

4.5. Primary Transformations of the Antibiotics

Three primary products (Figure 3) were identified during the degradation of both free
and complexed CIP using UVC light (as evidenced from the corresponding chromatograms
presented in Figure S9). The P1 product has a hydroxyl moiety in the place of the fluorine
atom in CIP. The P1 formation can be rationalized considering a photo-substitution mecha-
nism. This is the main pathway of direct photodegradation of fluoroquinolones [39,49–52].
According to the literature, the light (hv) changes CIP from its ground state (1CIP) to
a singlet excited state (1CIP*, Equation (3)), which goes to a triplet excited state (3CIP*,
Equation (4)). Then, 3CIP* is attacked by the nucleophilic hydroxyl anion (from water),
releasing the fluorine atom to form P1 (Equation (5), and Figure S11) [53].

1CIP + hv→ 1CIP* (3)

1CIP*→ 3CIP* (4)
3CIP* + H2O→ P1 + F− + H+ (5)

The P2 product presents a hydrogen atom in place of a fluorine atom, in addition to a
rupture of the piperazyl ring. It is noted that the interaction of the fluoroquinolones with
light also promotes reductive dehalogenation [50], which supports the generation of P2.
Previous studies have demonstrated that fluoroquinolones generate singlet oxygen and
superoxide radical anion through a self-sensitization mechanism. In fact, 3CIP* can interact
with the dissolved oxygen, transferring energy from the 3CIP* to the ground-state of
oxygen (3O2) to produce singlet oxygen (1O2, Equation (6)), and/or transferring an electron
from 3CIP∗ to 3O2 to form superoxide radical anion (O2

•-) and a cation radical of CIP
(Equation (7)) [39,50–52]. Singlet oxygen and superoxide anion radical (ROS) are oxidizing
agents able to attack the secondary amine on the piperazyl ring of the defluorinated CIP
through an oxidative pathway (Figure S10), forming a cation radical centered on the amine
group. This then reacts with water to produce intermediate hydroxylamine, which evolves
toward an imine. Subsequently, the imine is hydrolyzed to form P2 (Figure S10) [36,53].

3CIP* + 3O2 → 1CIP + 1O2 (6)

3CIP* + 3O2 → CIP+• + O2
•- (7)

The P3 product shows a hydroxyl moiety in the place of the fluorine atom and another
hydroxyl group on the secondary amine of the piperazyl. The formation of this product can
be explained considering the photo-substitution at the aromatic ring on CIP, plus the attack
of the ROS, such as singlet oxygen or superoxide radical anion to the piperazyl group in
CIP or P1. As mentioned above, the ROS react with the secondary amine on the piperazyl
ring, generating a cation radical on this amine, which interacts with water to produce P3
(Figure S10) [36,53].

The identified primary products from the photo-degradation for free and complexed
CIP were the same (Figure S9). However, the formation from the complexed antibiotic was
lower than the obtained from the free antibiotic (Figure S11). As reported by Wei et al., the
complexation of CIP with the ferric ion modifies both the strength of the C-F bond and the
energy for the HO− addition [44], thus affecting the photo-substitution pathway that leads
to the formation of P1. Besides, the singlet oxygen generation can be diminished when the
CIP is complexed; the physical quenching of 3CIP* (Equation (8), [39]) may predominate on
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the energy transfer (Equation (6)) [54]. Furthermore, the reactivity of CIP toward the ROS
decreased due to a diminution of the electron density on the complexed fluoroquinolone,
which limits the oxidative pathway on the piperazyl ring [44] that lead to the generation of
P2 and P3.

3CIP* + 3O2 → 1CIP + 3O2 + heat (8)

On the other hand, Figure 2 shows that the photodegradation of the ferric complex
of DCX under UVC was lower than the free antibiotic. Therefore, the formation of photo-
products may be different from that for the complexed DXC. However, to understand
the transformations of DCX under the UVC light action, the experimental elucidation of
primary products using LC-MS techniques in future researches is strongly recommended.

4.6. Antimicrobial Activity Evolution

Before discussing the evolution of AA, it is important to analyze the response of the
indicator microorganism (S. aureus) against the free and complexed antibiotics, without the
photo-treatment (Figure S12). We can remark that the AA for the complexed antibiotic was
slightly lower than the free antibiotic. This result can be rationalized considering that the
complexation of the antibiotics with the iron can decrease the permeation into bacterial cells,
and/or diminish the interaction with target sites inside the microorganisms [55]. Indeed,
our results are consistent with the literature on the complexation of fluoroquinolones, which
reports that the chelation of CIP with metal cations decreases the AA [13,55,56]. Similarly,
previous studies on β-lactam antibiotics have also shown that their complexation with
ferric ion declines the AA, possibly due to modifications of steric, electronic, and pharmaco-
kinetic factors, along with changes in the action mechanism on the bacteria [12,57–59].

From Figure 4, it can be noted that the treatment with UVC light was able to eliminate
the AA associated with both the free antibiotics and their ferric complexes (Figure 4).
The elimination of the AA was linked to the transformations of antibiotics. As Figure 3
shows, the UVC light induced a fluorine replacement on the free CIP molecule and its
complexed form (see P1 and P2), in addition to changes in the piperazyl moiety by the
ROS action (see P2 and P3). It is reported that the fluorine atom on the fluoroquinolones
plays a determinant role in inhibiting the DNA gyrase (which is the action mode of CIP
on bacteria [60]) and controlling the cell permeation [61]. Moreover, the modifications
on the piperazyl ring alter the acid/base speciation of CIP and decrease the lipophilicity,
diminishing the cell permeability [61]. Hence, the fluorine loss and piperazyl rupture
justify the AA removal observed in Figure 4a.

In the case of DCX and its complex, the resultant solution from the treatment with the
UVC had no AA against the indicator microorganism (Figure 4b). Indeed, the AA removal
suggests the photo-treatment using UVC could modify relevant moieties (e.g., β-lactam
ring) on DCX responsible for the antimicrobial activity toward bacteria [35].

5. Conclusions

The six target antibiotics were able to form complexes with ferric ions, and different an-
tibiotic/iron stoichiometric relationships were found, indicating a high dependence on the
antibiotic class and structure to act as ligand. The complexation increased the absorbance
in the UVA range for the β-lactam antibiotics, which generated new absorption bands in
the visible range for the fluoroquinolones. However, the degradation rate constants for the
organometallic complexes under solar light were decreased regarding the free antibiotic.
This indicates that the complexed antibiotics are more photostable than the free molecule,
which is relevant for the comprehension of the environmental behavior of antibiotics.

For ciprofloxacin, as the iron amount was increased, its photodegradation using
solar light decreased. On the contrary, for dicloxacillin, the increase in iron concentration
accelerated its solar photodegradation. Such aspects can be useful to discuss results on
advanced oxidation processes that deal with the degradation of antibiotics through systems
involving iron.
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The photodegradation using UVC light was less sensitive to complexation due to
this light of short wavelengths that have enough energy to promote transformations of
both free and complexed antibiotics. The analyses of primary transformations for the
UVC action on the representative antibiotic ciprofloxacin (fluoroquinolone), and its ferric
complex, showed that despite the products are the same, their accumulation is lower for
the complexed antibiotic. Additionally, the products of the ciprofloxacin demonstrated that
the photodegradation using UVC led to the antibiotic defluorination and modifications
of the piperazyl ring, which contributes to the elimination of the antimicrobial activity.
Similarly, the action of UVC on dicloxacillin (a representative β-lactam) led to the removal
of the antimicrobial activity, indicating a positive effect of this treatment toward mitigation
of antibiotic resistance. Thus, photochemical processes, based on the use of UVC light,
represent a good alternative for the degradation of fluoroquinolones, β-lactams, and their
ferric complexes to decrease their AA.

Finally, it is important to remark that the degradations presented above were per-
formed in pure water to understand fundamental aspects of the complexation of the target
antibiotics. However, future studies must focus on evaluating the treatment of the fer-
ric complexes of antibiotics in matrices such as sewage water, the effluents of municipal
wastewater treatment plants, or environmental water, to study the effects of the water
composition on the photodegradation of antibiotics and their ferric complexes.

Supplementary Materials: https://www.mdpi.com/article/10.3390/w13182603/s1, Figure S1: De-
termination of the stoichiometry, Figure S2: Spectra of fluoroquinolones, Figure S3: Spectra of
β-lactams, Figure S4: Pictures of CIP and CIP-Fe, Figure S5: Chemical structure of fluoroquinolones,
Figure S6: Chemical structure of β-lactams, Figure S7: Spectra for the mixture of CIP and ferric ions,
Figure S8: Spectra for the mixture of DCX and ferric ions, Figure S9: Chromatograms, Figure S10:
Mechanistic pathways for CIP, Figure S11: Products accumulation, Figure S12: Antimicrobial activity.
Table S1: Ratio between rate constants, Table S2: Main fragments MS analysis, Table S3: Energy
of photons.
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