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Abstract: Contamination of soil, water, and wastewater by pharmaceuticals, including antibiotics,
is a global health problem. This work evaluated the use of a natural compound, curcumin (CUR),
as a homogeneous photocatalyst, together with hydrogen peroxide (H2O2) as a benign oxidant,
to promote the photodegradation of ciprofloxacin (CIP). Furthermore, we carried out theoretical
calculations using density functional theory (DFT) to assess the chemical reactivity of ciprofloxacin.
In addition, the intermolecular interaction patterns of two crystalline polymorphs of the antibiotic
drug were analyzed through Hirshfeld surfaces. Finally, calculations using the TD-DFT formalism
were carried out to understand the effects on the CIP molecule caused by the simultaneous presence
of the CUR molecule and ultraviolet-visible light (UV-Vis). A photooxidative effect was observed in
the presence of the CUR photocatalyst (CIP + CUR (1:0.5)), resulting in a degradation of CIP of up to
24.4%. However, increasing the concentration of the CUR photocatalyst (ciprofloxacin + curcumin
(1:1)) decreased the photodegradation of CIP, which may be caused by competition between the
CIP molecule and CUR for ROS generated in situ. Additionally, the calculation results showed that
the electronic excitations caused by the associated CIP + CUR structures affect the CIP molecule,
resulting in the effects observed experimentally. The results show that CUR, when applied as a
photosensitizing catalyst, presents synergistic potential with H2O2 in the photocatalytic degradation
of ciprofloxacin. This photocatalytic process can be applied to the environmental remediation of
pharmaceutical micropollutants, a subject of ongoing studies.

Keywords: photodegradation; environment; antibiotic; ciprofloxacin; curcumin; hydrogen peroxide;
molecular modeling

1. Introduction

Antibiotics are a class of pharmaceuticals that are widely applied to support global
health by treating infectious diseases in humans and animals [1,2]. In 2022, the European
Centre for Disease Prevention and Control reported an antibiotic consumption of 19.4
defined daily doses (DDD) per 1000 inhabitants per day [3]. This large consumption in
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different sectors results in the contamination of soil and water by non-used antibiotics,
resulting in the development of resistant bacteria [4,5]. In this regard, antimicrobial resis-
tance is considered a major global public health issue, being responsible for nearly 5 million
deaths in 2019 and producing US$ 1 trillion in additional healthcare costs by 2050 [6].
Moreover, Sustainable Development Goal 3 reports the need for “access to safe, effective,
quality, and affordable essential medicines and vaccines for all”. This worldwide goal
addresses a wide range of health challenges and improves health systems globally [7,8].

Ongoing research aims to decrease the use of antibiotics in society through awareness
and/or the development of technologies capable of removing or degrading antibiotics in
soil, water, or wastewater [9–14]. In this regard, catalytic processes using adequate light
sources are largely applied, aiming to transform antibiotic molecules into non-toxic degra-
dation products through homogeneous, heterogeneous, and enzymatic catalysis [15–17].
Among these, the use of hybrid metal-based photocatalysts [18–22] and green oxidants
(molecular oxygen, O2, and/or hydrogen peroxide, H2O2) has been showing promising
results with potential applications in large-scale industrial processes [23,24]. Other types of
photocatalysts, based on organic materials such as the biomimetic porphyrin macrocycles
and their metal complexes, have also been recently used as valid alternative photosensitiz-
ing catalysts for pollutant degradation (including antibiotics) [24–27]. The utilization of
natural photosensitizers represents a sustainable pathway for many applications, including
curcumin [28–30], which is widely recognized for its potential in photodynamic therapy
due to its non-toxic nature, availability, and effectiveness in generating reactive oxygen
species under light exposure [28].

This work aimed to evaluate the photodegradation of the second-generation fluo-
roquinolone ciprofloxacin in an aqueous medium, using curcumin (CUR) as a non-toxic
homogeneous catalyst and H2O2 as an oxidant. This study was supported by experimen-
tal tests using different catalyst concentrations in the presence and absence of oxidants.
Understanding the patterns of intermolecular interactions of ciprofloxacin hydrochloride
polymorphs and the electronic structure of the drug and its electronic transitions can pro-
vide relevant information during the photocatalytic processes in wastewater. Therefore,
calculations supported by time-dependent density functional theory (TD-DFT) were carried
out to obtain such information.

2. Materials and Methods
2.1. Hirshfeld Surface Analysis

The supramolecular arrangements of two polymorphs of ciprofloxacin hydrochloride
(CIP) were analyzed. Their structures were obtained from the Cambridge Crystallography
Data Center (CCDC), with the codes 1982374 (polymorph I) and 1982376 (polymorph
II) [28]. The intermolecular interaction patterns of these polymorphs were carried out by
the Mercury program [31], and the intermolecular contacts, as well as the crystal packing
of the polymorphs, were analyzed through the Hirshfeld surfaces (HS) [32] with the aid of
the PLATON [33] and CrystalExplorer 21.5 programs [34]. The HS was calculated based
on the distances between the inner core (di) and the outer core (de) of the molecule [35],
respectively. The normalized contact distances (dnorm) were used to identify the most
important contacts between molecules in the crystals of the polymorphs, and the shape
indices, a function that depends on the HS curvature, were analyzed, providing information
about the hydrophobic interactions in the molecule [36]. Finally, the 2D fingerprint plots
were used to calculate the quantities and frequencies of the intermolecular contacts existing
in the molecule.

2.2. Molecular Modeling

The calculations were carried out using the DFT [37,38] method, which was imple-
mented in the Gaussian 16 software package [39]. To determine the most suitable level
of theory for the studied molecular systems, it was used the M06-2X [40], B3LYP [41,42],
X3LYP [43], and ωB97XD functionals and compared their geometric parameters to those
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obtained experimentally by X-ray diffraction. Frequency calculations were carried out to en-
sure that the wave function reached the lowest energy state. With the molecule completely
optimized, the isosurfaces and the energies of the frontier molecular orbitals (FMO) [44]—
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO)—and molecular electrostatic potential (MEP) [45] were extracted using the
GaussView 6.0 program [46]. From the FMO energies, the chemical reactivity descriptors
of the CIP molecule were predicted and compared to those of the neutral ciprofloxacin
(CIPneutral) molecule. The descriptors analyzed were chemical hardness [47,48], chemical
potential [47], and the global electrophilicity index [49]. Furthermore, through the Fukui
function [50,51], it was possible to predict the reactivity sites, like nucleophilic, electrophilic,
and radical attacks.

To understand the photoprotective process of CUR over CIP, theoretical calculations
of the excited states of the CIP, CUR, and CIP + CUR molecules were carried out. Based
on the MEP of the CIP and CUR molecules, the associated structures were constructed in
such a way that the regions of high charge density of one molecule were placed in contact
with the regions of low charge density of the other and vice versa, forming the structures
represented in Figure S6 (Supplementary Material). The structures were optimized in the
presence of an implicit solvent (water) using the SMD continuum solvation model [52].
From the completely optimized structures, the calculations of the excited states were carried
out using the TD-DFT [53] method using the CAM-B3LYP/6-311++G(d,p) level of theory.

2.3. Photodegradation Process of Ciprofloxacin Using Curcumin as Catalyst

An aqueous stock solution of CIP at 9.43 mM was prepared (100 mL, pH = 7). Then,
H2O2 (final concentration: 3.5%) and/or CUR as photocatalyst (86.8 mg; 9.434 mmol or
43.4 mg; 4.717 mmol) were added (when applicable) resulting in the following groups:

G1: 9.43 mM ciprofloxacin
G2: 9.43 mM ciprofloxacin + 1.16 M hydrogen peroxide
G3: 9.43 mM ciprofloxacin + 4.71 mM curcumin
G4: 9.43 mM ciprofloxacin + 9.43 mM curcumin
G5: 9.43 mM ciprofloxacin + 1.16 M hydrogen peroxide + 4.71 mM curcumin
G6: 9.43 mM ciprofloxacin + 1.16 M hydrogen peroxide + 9.43 mM curcumin

The final solutions (G1–G6) were submitted to irradiation using a fluorescent lamp
(6.4 × 10−4 W/cm2) for 72 h. For analytical analysis, an aliquot (5 mL) was taken from the
reaction media at 0, 24, 48, and 72 h, respectively.

2.4. Chromatographic Analysis of Photodegradation Products

The aliquots obtained from the reaction media were filtrated using a Millex-FH (Milli-
poreSigma, Burlington, MA, USA) 0.45 µm and submitted to chromatographic analysis us-
ing a Shimadzu LC-2050 and the following conditions: C18 column (4.6 mm × 150 mm × 5 µm),
wavelength at 280 nm, mobile phase (2% acetic acid solution: acetonitrile) (84:16), flow rate
at 1.0 mL/min, injection volume of 10 µL, and run time of 14 min. The chromatograms
obtained were analyzed using LabSolutions software (LabSolutions LC 5.92).

3. Results
3.1. Molecular Modeling Analysis

The CIP asymmetric unit for polymorphic forms I (Figure 1a) and II (Figure 1b) is
shown in the ORTEP diagrams. The conformer I crystallizes in the P21/c monoclinic space
group; on the other hand, the conformer II crystallizes in the Pbca orthorhombic space
group, and the crystal data and refinement details for conformers I and II are summarized
in Table S1 (Supplementary Material). The root mean square (RMS) value between the CIP
polymorphic forms I and II was 0.0173, as shown in the overlay of these conformers I (black)
and II (yellow) in Figure 1c. The conformational differences observed on the piperazine
ring of the CIP polymorphs indicate that they are conformational polymorphs.
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Figure 1. ORTEP representation of the ciprofloxacin hydrochloride (CIP) asymmetric unit for poly-
morphic (a) form I, (b) form II with the atom numbering scheme, and (c) overlay of forms I (black)
and II (yellow). Ellipsoids are drawn at the 50% probability level.

Both CIP polymorphic forms I and II make the classical O2–H2· · ·O1 and non-classical
C14–H14· · · F1 intramolecular interactions forming conjugated six-membered rings. We
employed HS mapped over dnorm (ranging from –0.4326 to 1.7436 Å for form I and –0.5706
to 1.4600 Å for form II) to interpret the most dominant interactions, which are analyzed
based on the distances from HS to the nearest atom outside (de) and inside (di) to the surface,
as shown in Figure 2. On the HS dnorm, the red dots represent the strong interactions in the
crystal packing, as shown in Table 1.

The crystal packing for form I of the CIP corresponds to the chloride anion participat-
ing in N3–H3A· · ·Cl1 and N3–H3B· · ·Cl1 intermolecular interactions growing in a zig-zag
chain along the b-axis, which can be described as C1

2(4) [54]. Also, N3–H3B· · ·Cl1 forms
a ring with C17–H17B· · ·Cl1 intermolecular interaction, which can be described as R1

2(6),
as shown in Figure 2a. The red dots in Figure 3b are related to C14–H14A· · · F1 and C12–
H12B· · ·O1 intermolecular interactions forming a ring around the inversion center, which
appears as a two-dimensional (2D) sheet on the crystal supramolecular arrangement, which
can be described as R2

2(18). Finally, non-classical C15–H15B· · ·O3 intermolecular interaction
forms a zig-zag chain, which grows along the c-axis and can be described as C1

1(12), as
shown in Figure 2c. The crystal packing for form I of the CIP is formed by the classical
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and non-classical intermolecular interactions as well as π· · ·π stacking interactions formed
by the centroids Cg1–Cg1 (C1–C6) and Cg2–Cg2 (C3–C4–N1–C9–C8–C7), whose distances
are 3.67 and 3.72 Å, respectively, which can be shown on shape index HS by red and blue
triangles, as shown in Figure 2d.
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Table 1. Hydrogen-bond geometry (Å, ◦) in the crystal structure of ciprofloxacin hydrochloride’s
polymorphs.

CIP D–H· · ·A D· · ·H D· · ·A H· · ·A D–H· · ·A Symmetry Code

Form I

N3–H3A· · ·Cl1 0.88 2.993 2.17 156.00 ½ − x, −½ + y, z
N3–H3B· · ·Cl1 0.88 3.197 2.41 149.00 ½ + x, y, ½ − z

C17–H17B· · ·Cl1 0.96 3.565 2.78 140.00 ½ + x, y, ½ − z
C14–H14A· · · F1 0.96 3.181 2.41 137.00 ½ − x, ½ + y, z
C12–H12B· · ·O1 0.96 3.069 2.16 158.00 ½ − x, −½ + y, z
C15–H15B· · ·O3 0.96 3.452 2.55 158.00 ½ − x, 1 − y, ½ +z

Form II

N3–H3A· · ·Cl1 0.94 3.059 2.13 174.00 2 − x, 1 − y, −z
N3–H3B· · ·Cl1 0.96 3.069 2.11 175.00 x, ½ − y, –½ + z

C12–H12A· · ·O1 0.99 3.324 2.47 144.00 x, 3/2− y, −½ + z
C14–H14B· · ·O3 0.99 2.868 2.19 158.50 1 + x, y, z

The 2D fingerprint plot of the CIP is shown in Figure 4. The 2D fingerprint plots
(di vs. de) identify and quantify the intermolecular interactions in the solid-state arrange-
ment [32]. These H· · ·H contacts make up 36.9% and 33.3% of the HS for forms I and II of
the CIP, respectively. The O· · ·H/H· · ·O contacts are the second largest contributions for
form I of the CIP with 21.9% of the HS, and it is shown as the spikes at the bottom of the
2D fingerprint plot. The red spots Cl· · ·H/H· · ·Cl contacts, which are the second highest
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contributions with 22.4% for form II of the HS of CIP, are shown as the spikes at the bottom
of the 2D fingerprint plot. Finally, C···C contacts represent 8.7% and 7.9% of the HS of CIP
for forms I and II, respectively.
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3.2. Molecular Modeling

Evaluation through the mean absolute percentage deviation (MAPD) indicated that
the hybrid functional ωB97XD yielded the best agreement with the geometric parameters
of ciprofloxacin (Supplementary Material). Specifically, this function exhibited the smallest
average MAPDs for both length and bond angle (0.618%), with a difference of 0.041%
between the two parameters (see Figure S1).

The frontier molecular orbital isosurfaces, HOMO and LUMO, of the CIP and ciprofloxacin
hydrochloride (CIP-HCl) molecules are represented in Figure S3, and the energy values
are presented in Table 2. The orbital structures are π in both molecular structures. The
presence of HCl makes the compound more acidic than its neutral form, according to the
HSAB principle. The HOMO energy, EH, value in CIP is about 18.9% higher than its saline
form, while the LUMO energy, EL, value in CIP-HCL is about 17.9% lower than that in CIP.
The energy gap (∆EH−L) values are also presented in Table 1 and indicate that the saline
form is more stable than the neutral form. Also, the chemical hardness values indicate that
CIP-HCl is a more stable form and, thus, a less polarizable compound.

Table 2. Chemical reactivity descriptors for ciprofloxacin and ciprofloxacin hydrochloride, obtained
at ωB97XD/6-311++G(d,p) level of theory.

Descriptor CIP CIP-HCl

EH –139.641 –157.588
EL –46.881 –55.278

∆EH-L 92.759 102.310
Ionization Energy (I) 139.641 157.588

Electronic Affinity (A) 46.881 55.278
Electronegativity (χ) 93.261 106.433

Chemical potential (µ) –93.261 –106.433
Chemical hardness (σ) 92.759 102.310

Global Electrophilicity Index (σ) 46.883 55.361

According to the global electrophilicity index values, both forms of the antibiotic
drug are moderate electrophiles, with the salt form being 18.08% more electrophilic than
the neutral form. The MEP maps presented in Figure S4 show the presence of a large
electrophilic region in both forms of CIP. However, the electrostatic potential is more
pronounced in the salt form. Furthermore, calculations of the Fukui indices showed that
the C6, C7, and C9 atoms of the fluoroquinolone moiety are susceptible to nucleophilic
attacks in both forms of the compound. The N2 and N3 atoms of the heterocyclic portion
can suffer electrophilic attacks in the neutral form, while in the salt form, the N2 and O1
atoms are susceptible to this type of attack. Finally, radical attacks can occur on O1, C9, and
N2 atoms in the neutral form and on O1 and N2 in the salt form.

The result of the TD-DFT calculations showed that the CIP-HCl system presents
an absorption peak in the range of 180–350 nm of the UV-Vis spectrum, whose wave-
length of maximum absorption (λmax) is located at 258.2 nm, the result of a transition
π → π* (Figure 5a). This electronic transition occurs with a vertical transition energy (E) of
110.75 kcal/mol and an oscillator strength ( f ) of 0.7592, in which the largest contribution
(76.96%) to the excited state is attributed to H–1 → L+1 excitation. In this wavelength
range, electronic transitions were also observed at 289.8 nm, which occurs with an E value
of 98.66 kcal/mol and a f of 0.1911, attributed to the H → L excitation, and at 242.8 nm,
with an E value of 117.75 kcal/mol and a f of 0.3252, attributed to the H → L+1 excitation.
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All these excitations are the result of the transition π→ π*. During electronic excitation,
the analysis of electron density differences between the ground and excited states [55]
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revealed that electrons tend to migrate toward the regions of the carbonyl and carboxylic
groups, as well as the amine group, extending to the cyclopropyl moiety. For CUR, the
UV-vis absorption spectrum showed an absorption peak in the range 275–450 nm of the
UV-Vis spectrum (Figure 5b), consistent with the observed experimental results. The π

→ π* transition observed in the first excited state (S1) at 339.60 nm and attributed to the
H → L excitation is a result of the electronic movement of the aromatic portion towards
the central region of the molecule, where the carbonyl chromophore group responsible for
the photoreactive effects of CUR is present [56]. Finally, in the CIP+CUR structures, two
peaks were observed: one in the range 280–475 nm and another in the range 225–280 nm
(Figure 5c). The results of the calculations showed that the first peak is due to electronic
excitations due to the presence of CUR, whose λmax value is located around 340 nm. In
this state, it was observed H → L excitation occurred at 83.107 kcal/mol with a f value of
1.0392 (like that observed for isolated CUR). The second peak has a λmax value located at
259 nm which occurs from the H−3 → L+3 excitation present in the CIP molecule, at an E
value roughly of 110 kcal/mol. These data indicated that CUR does not act as a protective
agent for CIP in CIP+CUR complex structures.

3.3. Photodegradation Process of Ciprofloxacin Using Curcumin as Catalyst

Aiming to experimentally evaluate the photodegradation of ciprofloxacin using CUR
as a catalyst and H2O2 as a green oxidant, the following groups were prepared: G1: 9.43 mM
ciprofloxacin; G2: 9.43 mM ciprofloxacin + 1.16 M H2O2; G3: 9.43 mM ciprofloxacin
+ 4.71 mM curcumin; G4: 9.43 mM ciprofloxacin + 9.43 mM curcumin; G5: 9.43 mM
ciprofloxacin + 1.16 M H2O2 + 4.71 mM curcumin; G6: 9.43 mM ciprofloxacin + 1.16 M
hydrogen peroxide + 9.43 mM curcumin. These groups were subjected to irradiation using
a light system with fluorescent lamps for time intervals of 0, 24, 48, and 72 h, respectively.
The analytical evaluation and quantification of CIP were determined by HPLC. Figure 6
shows the results of the HPLC analyses in terms of CIP photodegradation percentage under
the different conditions evaluated for the oxidative potential of the photocatalyst, CUR,
and the oxidant, H2O2, respectively.
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Figure 6. Photodegradation data of ciprofloxacin: (a) G1: 9.43 mM ciprofloxacin; G2: 9.43 mM
ciprofloxacin + 1.16 M H2O2; G3: 9.43 mM ciprofloxacin + 4.71 mM curcumin; G4: 9.43 mM
ciprofloxacin + 9.43 mM curcumin; G5: 9.43 mM ciprofloxacin + 1.16 M H2O2 + 4.71 mM curcumin;
G6: 9.43 mM ciprofloxacin + 1.16 M hydrogen peroxide + 9.43 mM curcumin; (b) ciprofloxacin
degradation catalyzed by curcumin and hydrogen peroxide for groups (G5 and G6) in function of
time irradiation. The data are expressed as mean value (n = 3).
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From the analysis of the data obtained and presented in Figure 6a, it was observed that
CIP (G1) undergoes slight degradation (up to 7.3%) at the irradiation time of 72 h. When
H2O2 was added, an increase in CIP degradation was observed (up to 19% in 72 h), which
can be attributed to the direct dissociation of H2O2 into ·OH through absorbing ultraviolet
light (<320 nm) [57]. For group G3 (CIP + CUR (1:0.5)), a photooxidative effect was observed
due to the presence of the CUR photocatalyst, resulting in a degradation of CIP of up to
24.4%. The photooxidative effect likely results from the action of photoactive CUR in the
presence of O2, generating ROS in the reaction medium [58] (Equation (1)). Furthermore,
it was evaluated whether the increase in CUR concentration could result in increased
degradation of CIP via photooxidative action; however, this increase in concentration (CIP
+ CUR (1:1)) supposedly caused competition between the CIP molecule and CUR by ROS
generated in situ [59] (Equations (2)–(4)).

Curcumin + light → Curcumin* (1)

Curcumin* + 3O2 → Curcumin + ROS (2)

Ciprofloxacin + ROS → Ciprofloxacin degradation products (3)

Curcumin + ROS → Curcumin degradation products (4)

CUR acts as a photocatalyst by absorbing light and transferring electrons or energy to
O2, generating ROS. Additionally, CUR undergoes photodegradation via a photooxidative
process, leading to the formation of several photodegradation products (DP 1-9) in the
presence of light and O2 (Figure 7) [57,60]. The competition among these processes increases
the rate of CUR degradation due to the oxidative action of ROS. However, this competition
does not enhance the degradation of CIP, even with an increased amount of photocatalysts.
Finally, the existence of a synergistic effect between the CUR photocatalyst and H2O2 as an
oxidant in the degradation of CIP (G5–G6) was observed. However, the presence of H2O2
potentiated the degradation of the pharmaceutical CIP.
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4. Conclusions

The combination of green catalysts as oxidants can promote the photodegradation
of CIP. Photocatalysis with CUR resulted in the significant degradation of CIP. However,
the concentration of the CUR photocatalyst must be carefully optimized to maximize the
efficiency of the photocatalytic process. Theoretical calculations indicated that the electronic
excitations caused by the combined CIP + CUR structures impact the CIP drug molecule,
influencing its degradation. This preliminary research demonstrated that CUR can be used
as a green catalyst, and when associated with H2O2, it has synergistic potential in the
photocatalytic degradation process, which can be applied in the environmental remediation
of pharmaceutical micropollutants, whose studies are currently underway.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations11090260/s1, Table S1. Experimental details and
refinement data of ciprofloxacin hydrochloride (CIP) polymorphic forms I and II; Table S2. Vertical
excitation energies (E), absorption wavelength (λ), oscillator strength (f), and the corresponding
electronic transition of the twelve excited states of ciprofloxacin hydrochloride, curcumin, and
CIP + CUR complex, calculated by TD-DFT/CAM-B3LYP/6-311++G(d,p) level of theory in water;
Figure S1. In (a), boxplots for the CIP geometric parameters for the B3LYP, M06-2X, wB97XD, and
X3-PLYP functionals and the experimental data (XRD); in (b), the bar graphs for the mean absolute
deviation percent values obtained for the CIP polymorphs I and II; and in (c), the scatter plots for the
comparison of experimental and theoretical geometric parameters; Figure S2. Relaxed scan graph
for the approximation of HCl and ciprofloxacin molecules; Figure S3. Frontier molecular orbitals
surfaces, HOMO and LUMO, of (a) ciprofloxacin and (b) ciprofloxacin hydrochloride, obtained at
the ωB97XD/6-311++G(d,p) level of theory. The orbitals were generated with an isovalue of 0.02;
Figure S4. Molecular electrostatic potential at ρ(r) = 4.0 × 104 electrons/Bohr3 contour of the total
SCF electron density for (a) ciprofloxacin and (c) ciprofloxacin hydrochloride, at the ωB97XD/6-
311++G(d,p) level of theory. Regions of low charge density (electrophilic) are represented by the
color dark blue and regions of high charge density (nucleophilic) by the color red; Figure S5. Fukui
function isosurfaces indicating the sites of (a) nucleophilic, (b) electrophilic, and (c) radical attacks
generated at ρ = 0.002. The structures on the left correspond to the ciprofloxacin molecule and on the
right, to the ciprofloxacin hydrochloride salt; Figure S6. CIP + CUR association structures optimized
for excited state calculations. Interactions in (I)–(IV) structures were estimated from the nucleophilic
and electrophilic regions of ciprofloxacin hydrochloride and curcumin molecules.
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