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Ciprofloxacin hydrochloride (CIPRO) is considered an emerging pollutant in aquatic environments
with the capacity to disseminate antibiotic resistance. Considering the pro-oxidant potential of ZnO
and Cu-doped ZnO (Cu-ZnO) wurtzite crystals, the potential Ciprofloxacin photodegradation by
these materials was investigated. CIPRO titration with ZnO and Cu-ZnO promoted the formation
of zinc complexes and ~4% antibiotic adsorption. The carboxylic groups of CIPRO can complex
Zn** by promoting the nanoetching of ZnO and Cu-ZnO crystallite surfaces. The alkaline interfaces
provided by ZnO create a microenvironment favorable for Zn** chelation by CIPRO carboxylates.
The photodegradation degree was similar for CIPRO and CIPRO-Zn under UV light, as revealed by
UV-visible spectroscopy and FTIR. Therefore, the ZnO and Cu-ZnO crystals contributed to the formation
of CIPRO-Zn rather than the photo-oxidative degradation of the antibiotic. Considering that CIPRO-Zn
chelates disfavor bacterial selection for resistance, the treatment of CIPRO-contaminated effluents
with ZnO and Cu-ZnO can facilitate desirable metal chelation without impairing photodegradation.
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1. Introduction

Ciprofloxacin (CIPRO) is a third-generation fluoroquinolone
antibiotic that is widely used to treat a broad variety of
bacterial infections'. The chemical structure of CIPRO
presents two ionizable functional groups, the 6-carboxylic
group with pK = 6.09 and the N-4 of the piperazine ring
with pK , = 8.62, resulting in an isoelectric point (pI) of
7.14 (Figure 1)%. The occurrence of the intersystem crossing
of'the singlet electronically excited state of quinolones after
light absorption is reported in literature®>. Studies of Bani-
Yaseen et al.® assigned quinolone moiety as responsible
for most of fluoroquinolones properties of absorption and
fluorescence spectra. Thus, the photoexcitation of CIPRO
produces triplet excited states that can trigger reactions
leading to photosensitivity in patients undergoing antibiotic
treatment’®. On the other hand, the photophysical properties
of CIPRO are also involved in its photodegradation in diverse
environments exposed to light>!°. The widespread use of
CIPRO has promoted pollution in aquatic environments'-!3.

More recently, CIPRO residues have been found in
agricultural effluents''*, home dirt'"'>!4, and urban water'.
Concentrations of CIPRO detected in groundwater, surface
water and seas vary from ng to mg/L"!, which indicates a real
risk to the environment and human health!®. The biological
decomposition of CIPRO is not favorable because of its
complex and stable chemical structure!’”. Therefore, a
crescent search for effective strategies for CIPRO removal
and degradation has mobilized researchers worldwide.
The use of semiconductors for the photodegradation of
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organic compounds has received considerable attention
due to their potential for commercialization towards the
environmental purification, optical applications, treatment
of papermaking wastewater, in the field of cosmetology,
antibacterial agent, and catalysts'®. Most of them are highly
active under UV/visible irradiation and therefore have
considerable appeal in photocatalytic processes'**.

With the immediate necessity for effective degradation of
the main organic environmental pollutants, semiconductor-
assisted photocatalysis has become extremely appropriate
and advantageous. The strategy consists of employing a
semiconductor metal oxide or one of its doped variants as a
strong oxidizing agent, which after irradiation charges up and
leads to the generation of highly reactive oxidative species
for the remediation of organic pollutants through advanced
oxidation processes (AOPs)*'. AOPs are based on the in situ
production of reactive hydroxyl radicals (*OH) at the solid-
liquid interface with an effective and non-selective oxidizing
capacity, which are responsible for generating electron/hole
pairs with the ability to degrade most organic pollutants®>?,
Most of them are anchored on the oxide surface and are
responsible for generating electron/hole pairs with the ability
to degrade most organic pollutants®'. The initial interaction of
*OH sets off a sequence of oxidation reactions, which finally
results in the mineralization of the target pollutant. ZnO has
been reported as an appropriate catalyst for the mineralization
of organic pollutants because of its well-known capacity to
produce, under irradiation, oxidative species such as OH’,
superoxide ions (O, ", hydrogen peroxide (H,0,), and singlet
oxygen (‘AgOz)z“'”.
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Figure 1. Chemical structure of CIPRO molecule with its ionizable
groups and indication of the respective pK_ values.

ZnO has chemical stability, considerable oxidation
efficiency, low toxicity, low production cost, and easy
availability and applicability. Thus, the choice of ZnO as a
representative [I-VI group semiconductor is justified by its
wide bandgap (E,=3.37¢eV), which guarantees high oxidizing
capacity, pronounced photosensitivity, and environmentally
safe nature®'. Together, these characteristics make ZnO a
suitable photocatalyst for the treatment of organic wastewater
by removing or dissolving organic compounds and solutions
to environmental pollution problems*. It is well known that
the doping of metal oxides with transition metal ions can
potentiate the crystal defects that induce recombination
processes and affect the optical properties, shifting the optical
absorption toward the solar region. An alternative route of
modifying the absorption and emission in the visible region
is by doping the ZnO structure with copper ions**3. In this
study, pure and doped ZnO 1D architectures were synthesized
using the hydrothermal method and their photocatalytic
responses were explored in the decomposition of CIPRO.

2. Materials and Methods

2.1. Chemicals

All chemicals used in this study were of analytical grade
and were used without further purification from Sigma-Aldrich.
Ciprofloxacin hydrochloride salt (500 mg), a commercially
available soluble form used in clinical applications, is
commercially available.

2.2. Synthesis of ZnO and Cu-ZnO photocatalysts

Based on a facile hydrothermal synthesis procedure®1.14 g
ZnCl, (Sigma Aldrich, ACS reagent >98%) was dissolved in
80 mL of deionized water. Then, 4 mL of 30% ammonium
hydroxide solution was added under magnetic stirring.
In the next step, the white milky solution was transferred
into a Schott bottle, maintained at 120 °C for 6 h in an oven
and then cooled to room temperature naturally. Finally, the
white product (ZnO) was washed with deionized water
and ethanol and dried at 60 °C for a few hours®. With the
same experimental procedure as above, Cu-dopped ZnO
was manufactured by adding 1.08 g ZnCl, and 0.06 g
of CuSO,.5H,0 (Sigma Aldrich, ACS reagent >98%) as
precursor aqueous solution. After the hydrothermal step, the
blue light powder was washed and dried. More details about
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the crystal growing (Figure S1) and equations are detailed
in the Supplementary Material.

2.3. Characterization

The crystal phase and crystallinity of the photocatalysts
were investigated using an X-ray diffractometer (Bruker
D8 Discover XRD system) with MoKal radiation
(A= 0.07093 nm). The Fourier transform infrared (FTIR)
spectra of the CIPRO samples were recorded between 4000 and
400 cm™! using a 640-IR FTIR spectrometer from Agilent
Technologies. The surface zeta potentials were measured
using a Zetasizer Nano ZS from Malvern Panalytical.
Scanning electron microscopy (SEM) images were obtained
using a JSM-6010 microscope from JEOL operated at an
acceleration voltage of 10 kV. Ultraviolet-visible (UV—vis)
spectra were recorded using an Evolution 220 Thermo Fisher
spectrophotometer.

2.4. Photocatalytic degradation

Previously to the photodegradation experiments, the
solution of CIPRO was titrated with different masses of ZnO
and Cu-ZnO to establish the spectral changes indicative of
antibiotic-zinc oxide interaction detailed in the Supplementary
Material. The photocatalytic degradation of the antibiotic was
performed using 1.2-20 mg of the photocatalyst in 100 mL of
Ciprofloxacin hydrochloride solution (C = 6.0 nmol L") in
deionized water. Before illumination, the systems containing
the antibiotic and photocatalyst were maintained in the dark
for at least 15 min to ensure the establishment of adsorption-
desorption equilibrium. The samples were irradiated with
a UV lamp at a fixed wavelength (A =254 nm) at 25 °C in
deionized water. A compact 4W UVB lamp (UVGL-25 model,
UVP Company, Upland, CA, USA) was used to irradiate the
samples. The incident light intensity was established at 4 mW
cm?, measured by a laser power meter model FieldMate
with PowerMax thermal sensors at a distance of 4 cm?®.
The degradation was monitored using UV-Vis spectroscopy
every 60 min in the 800200 nm range. photobleaching was
analyzed by the temporal decrease in the absorbance bands
and the differential spectra obtained by subtracting the final
from the initial spectra.

The photodegradation was analyzed by UV-visible
spectrophotometry and Fourier Transform Infrared (FTIR)
detailed in the Supplementary Material.

3. Results and Discussion

To investigate the possible use of the pro-oxidant
properties of zinc oxide materials to promote CIPRO
photodegradation, two syntheses were performed: ZnO and
Cu-ZnO. The morphologies of the as-synthesized ZnO and
Cu-ZnO photocatalysts were characterized using scanning
electron microscopy (SEM). Figure 2A-D shows the profile
of the oxide crystals, which consist of rice grain-like structures
with two sharp tips. The rice grain-like ZnO microrods exhibit
a length of 5.25 + 0.61 pm and a width of 1.20 + 0.11 um,
respectively. For the doped photocatalyst, the observed length
was 7.30 + 0.92 pm with a width of 1.30 £ 0.15 pm. In this
case, doping was detrimental to controlling the size of the
crystal, in which small nuclei can spontaneously grow into
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Figure 2. Scanning electron microscope images of ZnO (A) and (B) and Cu-ZnO microcrystals (C) and (D).
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Figure 3. Structural characterization of ZnO and Cu-ZnO. A) X-ray diffraction of ZnO; B) XPS spectra of O1s, Zn2p of ZnO and C) XPS

spectra of Ols, Zn2p of ZnO and Cu2p of Cu-ZnO.

larger particles. Doping with copper had an important effect
on the photocatalyst morphology, inducing the appearance of
small faults (surface defects) along the length of the rod, which
became less homogeneous. Moreover, the incorporation of
copper ions in the precursor solution altered the mechanisms
governing the nucleation, growth, and ripening rates of ZnO,
and further the incomplete growth of the 1D rods. This may
be because the dopant insertion into the reaction environment

may have formed new Cu-Zn complexes, which may act
as unwanted seeds for the subsequent controlled growth of
rice grain-like ZnO microrods. This profile reveals that the
incorporation of Cu into the ZnO lattice changed the oxide
surface more significantly than its crystalline structure. In the
sequence, the crystal structure of the as-prepared ZnO and
Cu-ZnO photocatalysts was characterized by X-ray diffraction
(XRD), as shown in Figure 3A. All reflection peaks can be
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indexed to the standard hexagonal wurtzite ZnO by comparison
with the data from JCPDS File No. 00-036-1451, indicating the
high purity and crystallinity of the as-synthesized products®’.
Peaks located at 20 = 31.82°, 34.44°, 36.30°, 47,57°, and
56.64°, were identified as corresponding to the (100), (002),
(101), (102), and (110) planes for pure ZnO (Figure 3A black
line). The secondary phase was not observed, and the cell
parameters were a=3.247 A and ¢ =5.201 A. No pronounced
peaks corresponding to CuO or Cu,O were observed in the as-
synthesized Cu-ZnO using the hydrothermal route (Figure 3A,
green line), except for the low-intensity diffraction peak at
39.1° belonging to the monoclinic phase CuO (centered base)
indicated by the arrow?®. The absence of Cu-related peaks rules
out the existence of Cu-based clusters within the detection limit
of XRD due to the low intentional incorporation caused by the
synthesis method. After copper doping, the slight peak shift
towards the larger 26 angle in relation to the undoped ZnO is
related to diffusion and consequently the replacement of Zn**
ions in the lattice by Cu*" ions without considerably altering
the crystal structure, since both have similar ionic radii***.
Thus, the diffraction pattern suggests that the main copper
doping mechanism can be described by the interstitially
Cu*" inserted into the host lattice along with the reduced
substitutional doping, as proposed in a previous work3$4142,
To reinforce this statement, the cell parameters did not change
considerably and the maintenance of the crystallographic
lattice indicated that the Cu-doped ZnO microstructure was
not affected by the presence of intrinsic stress, attributed
to impurities, defects or lattice distortions. The elemental
compositions and surface chemistry of rice grain-like ZnO and
Cu-ZnO were also studied using XPS analysis. The binding
energies (BEs) in all the XPS spectra were calibrated using
the binding energy of C 1s (284.8 eV). Signals of Zn 2p,
Cu 2p and O 1 s from the ZnO surface were selected for
investigation. Figures 3B and C show the comparative XPS
spectra of the Zn 2p, , and Zn 2p, , core states of ZnO for
both the pure and Cu-doped photocatalysts, respectively.
The binding energies of Zn 2p, , and Zn 2p, , of rice grain-like
ZnO microrods were 1022.4 eV and 1045.5 eV (corresponding
to spin-orbit splitting of 23.1 eV), respectively, and are
shown in Figure 3B. For the undoped ZnO, the main peak
of Zn 2p,,, was deconvoluted into two peaks at 1022.3 and
1023.8 eV. The contribution of the higher BE was ascribed to
Zn*" in the wurtzite ZnO structure, while the lowest intensity
was related to Zn** in the hydroxide phase. Figure 3B also
shows the relevant spectra for the O 1s peak for the ZnO
rice grain-like microrods. The two significant peaks were
observed at 531.1 eV and 532.3 eV for the undoped sample®.
The first may be associated with the O* ions present in the
oxygen-deficient regions within the ZnO structural lattice.
The other contribution is associated with weakly bonded
oxygen chemically absorbed on the oxide surface during the
formation process. The binding energies of the rice grain-
like microrods are remarkably similar to the standard values
of ZnO and are in good agreement with the oxidation state
of Zn>* in the wurtzite phase. To investigate the surface
element composition and the chemical state of Cu insertion,
XPS measurements were performed to further support our
proposition on doped structure formation. The spectra
confirmed the existence of Zn, Cu and O atom contributions
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(Figure 3C). Figure 3C clearly shows that the peaks related
to the binding energy of 1021.16 eV and 1044.26 ¢V were
attributed for Zn 2p, , and Zn 2p ,, respectively. For Cu-ZnO,
both the Zn2p, , and Zn 2p, , peaks shift to higher energies by
0.16 eV in comparison with those for pure ZnO, according to
the red line. The slight change in binding energies revealed
that Cu doping partially replaced Zn?* with Cu?*" in the ZnO
lattice and the incorporation of Cu** ions into the ZnO lattice
sites (Cu-O-Zn) may be inferred**. In the Cu 2p spectra, a
prominent peak corresponding to the Cu 2p, , core level was
observed at 933.3 eV, which was assigned to the cationic
copper species (Cu?" ions in the ZnO host material). Based on
data from the literature, in the case of our doped photocatalyst,
the divalent valence state of copper was predominant.
In addition, there are other contributions that correspond to
a mixed oxidation state of elemental Cu, which has already
been observed in similar structures**¢. The divalent state
of Cu was also supported by the XRD pattern, in which
the peaks changed to higher angles owing to the smaller
interplanar spacing®’. The profile for O 1s was broad and
asymmetrical, as shown in Figure 3C, which indicates the
presence of multi-component oxygen species on the surface
region, similar to the result exhibited by pure ZnO.

The two components, located at 531 eV and 531.7 eV,
were attributed to oxygen in the Cu-ZnO crystalline lattice
and the third peak at about 532.6 eV is associated with oxygen
deficient regions in the ZnO arrangement. Accordingly, XPS
analysis demonstrated the formation of pure and Cu-doped
ZnO in the as-synthesized structures. After structural
characterization of the ZnO and Cu-ZnO materials, their
interactions with CIPRO were investigated. An aqueous
solution of CIPRO (0.02 mg/mL) was titrated with ZnO
and Cu-ZnO powder in the concentration range of 0.012 to
0.12 mg/mL.

Figures 4(A-E) and 4(F-J) show the spectral changes observed
by the addition of increased amounts of ZnO and Cu-ZnO
photocatalysts, respectively. Ciprofloxacin spectral changes
were similar to those previously described by Muthumariappan,
2013 for the CIPRO-zinc complex'®. The CIPRO absorbance
spectrum exhibited peaks at 277, 317, and 330 nm. After
titration completion, in which 0.12 mg/mL of ZnO and Cu-ZnO
were present in the solution, the band at 277 nm showed a
hypsochromic shift to 271 nm and the peaks at 317 and 330 nm
were redshifted to 322 and 335 nm, respectively®*. It was
obtained the differential spectra for the complexes obtained
using ZnO and Cu-ZnO by subtracting CIPRO spectrum from
the spectra obtained after the addition of each incremental mass
of ZnO microparticles. From the differential spectra, the plot of
absorbance at 260 and 325 nm and the corresponding plot logA
versus the microstructure mass revealed a two-step process of
complexation. For the spectral changes promoted by the addition
of ZnO and Cu-ZnO addition, a turning point of the complexes
occurred at a microstructure concentration of 0.06 mg/mL.
Considering that the spectra of CIPRO in the presence of ZnO
and Cu-ZnO feature as CIPRO-Zn spectrum, the sample was
centrifuged at 14,000 rpm to check the binding of CIPRO to
ZnO materials. The supernatant spectrum showed that CIPRO
binding to the microstructures was not favored because the CIPRO
absorbance intensity decreased by only ~4.5% (Figure 5A).
Considering that the ZnO microstructure was synthesized using
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Figure 4. Changes in the CIPRO spectrum promoted by the interaction with ZnO and Cu-ZnO materials. A-B) and F-G) CIPRO
photobleaching promoted by titration with ZnO and Cu-ZnO, respectively. The spectra obtained by titration with 0.012 to 0.06 mg/mL
of ZnO and Cu-ZnO is shown in A and F, respectively, and B and G show the spectra obtained with 0.06 to 0.12 mg/ mL of ZnO and
Cu-ZnO. C) and H) shows the corresponding differential spectra for ZnO and Cu-ZnO titration; D) and I) show the spectral changes at
260 and 285 nm and E) and J) the corresponding linearization by using logA, .

ZnCl, as a precursor, the titration of CIPRO with the zinc salt
was performed under the same conditions used for titration
with ZnO, that is, in ultrapure water, at 25°C. Figure 5B shows
the spectral changes obtained from the CIPRO (0.02 mg/mL)
before and after the addition of ZnCl, (0.20 mg/mL) and the
corresponding differential spectrum. The spectral changes
obtained with ZnCl, titration did not resemble those obtained
with ZnO and Cu-ZnO. This result was expected because the
experimental conditions of pH (~6.0) and temperature differ
significantly from those used by Muthumariappan, 2013 for
the formation of the CIPRO-zinc complex using zinc salt'®.
Therefore, the results indicate the formation of a CIPRO-Zn
complex from the etching of ZnO and Cu-ZnO. Another control
experiment was performed to investigate the contribution of

CIPRO-promoted ZnO nanoetching to the formation of the
CIPRO-Zn complex. In this experiment, 0.12 mg/mL of ZnO
was centrifuged twice at 14,000 rpm to sediment the ZnO
rice grain-like nanorods. The supernatant from the second
centrifugation step was removed, CIPRO (0.02 mg/mL) was
added, and the spectrum was compared with that of the CIPRO
aqueous solution (Figure SC and inset). Under these conditions,
the spectral changes were consistent with the partial conversion
of CIPRO to the zinc complex. Taken together, these results
suggest that CIPRO formed a complex with Zn** by chelating
ions previously liberated from the material surfaces, as well as
by promoting nanoetching of the material surfaces.

The zeta potential values of ZnO as-synthesized and ZnO
precipitated after incubation with CIPRO were -1.8 and -3.2 mV,



Tofanello et al.

Materials Research

[0} o}
o o pH 6. 0 A ‘ 0
T o
N
NS N Hey 2.
H\/NQ A — h 2& A 7n + .
H 2+ Zn
H Zn
o o
) —Zn o o—Zn o o—Z7Zn
o ﬁ)ko o
LY TS, Iﬁ* Ifﬁ* Y 0w
”ﬁ:,‘\) A S ; “ﬁu ) ﬁN Sy n
\, \“ Hep®
H H H/ A
1.2 1.0 1.0 -
A) B) 0.2] Q) o.zf\h,\
0.9 0.8+ 51 0.0 \J\/L 0.8+ g 0.0 vA
o o
© T T T <
'-g 0.6 .g 240 320 400 __g 240 320 400
2 2 0.4 Wavelength (nm) | 2 0.4+ Wavelength (nm)
< < <
0.3 0.2/ 0.2
0.0 0.0 0.0
210 280 350 420 210 280 350 420 200 250 300 350 400
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 5. Binding of CIPRO on ZnO crystal surface and complexation with Zn?*". A) Spectra of CIPRO titrated with ZnO before (black) and after
(yellow) centrifugation at 14,000 rpm. B) Spectra of CIPRO before (black) after addition of 0.20 mg/mL of ZnCl, at pH 6.0 (yellow). C) Spectra
of CIPRO aqueous solution (black) and in the supernatant of a colloidal suspension of ZnO after two centrifugations at 14,000 rpm (yellow).

A A

(o] 012__| Cipro-Cipro-UV |
084 C) :
0.08 -
< 004l /\
06 0.00 (\\/"' \
0.0 o
200 250 300 350 400
0:44 Wavelength (nm)
uv
02" l
0.0+
200 250 300 350 400

Wavelength (nm)

——Cipro Cu-ZnO - Cipro Cu-ZnO 2h UV
—— Cipro Cu-ZnO - Cipro

1.2 ——Cipro-Zn Initial 84‘ ——Cipro ZnO - Cipro ZnO 2h UV
...... +UV1h = Cipro ZnO - Cipro
A) ——+UV2h 02{®
o 08 @ 00 /j\\ /—f7\ -
o o \ o
5 3 2
@ 2 -0.29 o
< 04 2 l < <
-0.44
0.0 T T T T T T T
200 240 280 320 360 400 200 240 360 400
Wavelength (nm) Wavelength (nm)
——Cipro Cu-ZnO 0.24
Dy A e +UV 1h E
081 D) +UV 2h )
0.6+
@ ®
£ é \ 4
Q2
S 044 uv 2
2 2 -0.14
S Wi, 2
0.2
1012+
0.0+ T T T 403
200 250 300 350 400 200 250

Wavelength (nm)

300 350 400

Wavelength (nm)
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respectively. The changes in the zeta potential of ZnO exposed
to CIPRO were consistent with the etching of Zn*" ions from
the ZnO microstructure surfaces*. Considering that CIPRO
interacted with ZnO and Cu-ZnO, promoting the etching of
Zn* by complexation with the ions rather than by binding to
the nanocrystals, it was important to investigate the effects

to UV irradiation

of'these events on CIPRO photodegradation. We compared
the photobleaching of CIPRO in the ZnO and Cu-ZnO
suspensions and CIPRO in an aqueous solution exposed

(Figure 6A-E). The CIPRO-Zn chelate

exhibited time-dependent photobleaching under UV irradiation.
Photobleaching was pronounced in the broad band in the
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region of 320 nm, whereas the band at 271 nm was redshifted
to 276 nm (Figure 6A). This redshift may be associated with
the partial zinc release of zinc. Therefore, the differential
spectrum obtained by subtracting the CIPRO-Zn spectrum
after 2 h of UV irradiation from the initial spectrum before
irradiation was overlaid with the differential spectra of the
CIPRO-Zn complex minus the CIPRO spectrum (Figure 6B).
The comparison of the differential spectra suggests that
photo-oxidative changes in CIPRO molecules can result
in a partial loss of the chelating capacity. The CIPRO-Zn
photodegradation was compared with that of pristine CIPRO
(Figure 6C). CIPRO prepared in ultra-pure water exhibited
significant photodegradation after 1 h of irradiation, which was
not significantly increased after more than 1 h of additional
irradiation. In the case of Cipro-Zn produced by incubation
with Cu-ZnO, significant photodegradation was observed
only after 2 h of UV irradiation (Figure 6 D).

Future kinetic studies will be necessary to determine
the effect of doped and non-doped ZnO on CIPRO
photodegradation. The photodegradation of CIPRO in
the absence of another photosensitization indicated that
CIPRO was the source and target of the reactive species.
Normally, organic photosensitizers such as methylene blue®,
phenothiazines® and porphyrins®? produce electronically
excited species by mechanisms type Il and 1. Mechanism
type Il consists of the transfer of electronic excitation energy
from the photosensitizer to molecular oxygen, generating
singlet molecular oxygen O, (‘Ag), a highly reactive species.
Mechanism type [ involves the aggregation of photosensitizers
with the generation of free radicals. Phototoxicity has been
reported for fluoroquinolones; however, the magnitudes of
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O,( ‘Ag) and superoxide ion generation by these compounds
do not appear to be sufficient to explain this side effect in
patients treated with these drugs®. It was proposed that
photoinduced loss of the fluor atom as fluoride and the
associated generation of a highly reactive carbene at carbon
8 could better explain phototoxicity.

Therefore, CIPRO photobleaching should involve
reactions between electronically excited and radical species of
fluoroquinolones. The CIPRO and CIPRO-Zn photodegradation
was also analyzed by FTIR (Figure 7 A and B). The FTIR
signals obtained for CIPRO originate from the functional
groups present in its molecular structure, as indicated by the
insets of Figure 7. The spectral shifts observed in the FTIR
spectra in different conditions are also related to the effects on
ICT (intramolecular charge transfer) as commented before***!.
The spectrum of CIPRO powder (Figure 7A, gray dotted line)
is in accordance with previous report, with the presence of
peaks at 3532, 3373, 3089, 2922, 2682, 2620, 1702, 1623,
1492, 1446, 1383, 1342, and 1267 cm™ >, In the region of
1800-1200 cm™', the same vibration energy is detected in the
hydrated powder, with some differences in the band ratios
due to interaction with water. More significant differences
were observed in the region of 3600 and 2800 cm™' due to
the additional contribution of water vibrations overlapping
the bands of CIPRO.%In this region, similar spectra were
observed for the CIPRO solution spectra in the region of
3600-2800 cm™. For the FTIR spectra of quinolones, the
most informative region was in the range of 1800-1300 cm™.
In Figure 7A, the characteristic band peaking in the
1700-1720 cm™' region, which is assigned to the carbonylic
vibration of the carboxylic group in ciprofloxacin hydrochloride

—Clpm-Zn solution +UV/|
—_— Clpro -Zn soluhon

LM

28|00 1800 1600 1400 1200

Wavenumber (cm™)

%

M

Ul

Absorbance (arb. un.)

0

3600

3200

Figure 7. FTIR spectra of CIPRO exposed to UV irradiation under different conditions. A) FTIR spectra of CIPRO as powder (gray dotted
line), paste (gray line), aqueous solution, and in aqueous solution after UV-irradiation (violet line); B) FTIR spectra of CIPRO aqueous
solution (black line), as Zn complex before (gray line) and after 2 h of UV irradiation (violet line). The spectra panels are colored to a
delimited spectral range associated to vibrations of the functional groups. In the molecular structure of CIPRO, the functional groups are

indicated by the corresponding color.
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Figure 8. Formation of CIPRO-Zn complexes by nanoetching of ZnO surfaces. ZnO suspension promotes alkalinization of pure water
to 7.9 that is above CIPRO pl (7.14). The unprotonated carboxylic group and the carbonyl group and pyridone carbonyl form a bidentate
complex with Zn?" that can coordinate with another CIPRO molecule forming a 2:1 CIPRO-Zn complex.

hydrate, was observed®-*®. This band is intense in the spectra
of the CIPRO powder and paste but absent in the CIPRO
aqueous solution spectrum. This result is in accordance with
other studies reporting the absence of carboxylate carbonyl
bands around 1700 cm™, but instead, only the contributions
of (v, (0-C-0)) and symmetric (v (O-C-0)) stretching
vibrations in the ranges of 1650-1550 cm™ and 1400-1280 cm™,
respectively. Contributions from overlapped bands peaking
at approximately 1640, 1630 and 1610 cm™ were observed in
the CIPRO solution spectrum. The CIPRO solution spectrum
also exhibits a broad band in the 1412-1380 cm™! region
and defined bands at 1307 and 1275 cm-1. In the spectra of
CIPRO photobleached by 2 h of irradiation with UV light,
the contribution at 1700 cm™ is now present and appears
as a composite band resulting from contributions around
1740 (shoulder), 1722 and 1710 (shoulder) cm™'. This result
suggests the formation of diverse photoproducts that retain
the original CIPRO carboxylic group. It is also possible to
form new carboxylic groups in the photoproducts because
of oxidative modifications. Significant changes were also
observed in the spectral ranges of 1630, 1480 and 1270 cm'.
It is important to note that a significant decrease in the signal
around 1618 cm™ was observed in the spectrum of CIPRO
photobleached by UV. The band at 1618 cm™ was assigned to
the stretching vibration of the pyridone functional group®*-¢,
Figure 7B compares the spectra of CIPRO, CIPRO-Zn and
CIPRO-Zn photobleached by UV irradiation. Consistent
with the spectral changes observed in the absorbance spectra,
significant changes were observed in the carbonyl groups of
CIPRO-Zn, which are the groups involved in coordination
with Zn?*. In the region of 1600-1200 cm, the spectra of
CIPRO and CIPRO-Zn were similar. In the spectrum of
CIPRO-Zn subjected to 2h of UV irradiation, the most
pronounced changes were observed in the bands at 1623 and
1580 cm!, which broadened, suggesting the formation of
derivatives that remained coordinated with Zn**. The bands
in the 1440-1340 cm™! range of photobleached CIPRO-Zn

showed a significant decrease. Therefore, absorbance and FTIR
spectroscopy demonstrated that both CIPRO and CIPRO-
Zn were susceptible to UV-promoted photodegradation.
However, it is not possible to ascertain whether, under the
present conditions, CIPRO and CIPRO-Zn were converted
to different photoproducts. Quinolones present FTIR with
numerous overlapping bands that make it difficult to ascribe
their vibrations unequivocally®.

4. Conclusion

To produce a low-cost material, with good biocompatibility
for CIPRO photodegradation, ZnO and Cu-ZnO were
synthesized and used without annealing. Although without
thermal treatment, the XRD measurements showed that the
materials have a high degree of crystallinity. The synthesis
method, without a calcination step, results in the presence of
zinc oxyhydroxide (or zinc hydroxide hydrate phase), which
could be the cause of the low degree of adsorption estimated
in ~4% of CIPRO on the material surfaces. The presence
of a hydrated phase at the interface with water led to the
release of zinc ions in the medium and favored the etching
of the material surface by Cipro, as illustrated in Figure 8.
ZnCl, cannot efficiently substitute ZnO to produce Cipro
chelates because this salt does not alkalize the medium.

Thus, in the presence of ZnO and Cu-ZnO, the formation
of Cipro-Zn chelates occurred, which are desirable species
because they prevent bacterial selection for resistance”’.
In addition, CIPRO-Zn exhibited efficient photodegradation
under UV light exposure. In the next stage of investigation,
we intend to invest in a nanostructured thermally treated
material under different temperatures to optimize its surface
dynamics, binding affinity and photoactivity of ZnO for cipro
removal and degradation. The annealed nanostructured form
has fewer defects and a considerable increase in the surface
area, in which the photoactivated surface reactions are driven.
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