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Abstract. The antibiotic norfloxacin was adsorbed on clay and carbon-clay nanocomposites (MD-
210 and MDac3-210-500, synthesized by hydrothermal carbonization of dextrose) but maintained its
antimicrobial activity once adsorbed. To degrade it, direct (DP) and indirect (IP, with sulfate radicals)
photolysis were performed. Antimicrobial activity tests were performed to evaluate the degradation
generated. There were no significant differences between DP and IP for unabsorbed norfloxacin
solution. The IP treatment caused a loss of antibiotic activity in all cases. For DP, the carbon samples
showed better results than those of clay, evidencing the importance of oxygenated carbonaceous
groups in the photolysis of norfloxacin.
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1. Introduction

Antibiotics are emerging pollutants that cause eco-
logical imbalances and contribute to the increase
of bacterial resistance in the environment, damag-
ing the health of humans and animals. Norfloxacin
(NFX) is a fluoroquinolone antibiotic that has been
detected in wastewater and drinking water, and
can be efficiently adsorbed on the montmorillonite
clay (M) and montmorillonite-hydrothermal carbon
nanocompounds (named MD-210 and MDac3-210-
500) [1,2]. According to Zelaya Soulé et al. [1], hy-
drothermal synthesis emerges as an environmentally
friendly and low-cost alternative to conventional
carbon synthesis, it is carried out at a low tempera-
ture (210 °C) and does not involve strong solvents.
The products developed with dextrose as the carbon
source, as MD-210 and MDac3-210-500, presented
a large amount of oxygenated groups on their sur-
face, with double bonds and aromatic groups, which
intervened in the adsorption process of NFX [2,3].

Despite M being reported to have the highest
NFX adsorption capacity at pH = 7, the nanocom-
pound MDac3-210-500 resulted in a better adsorp-
tion of NFX when successive adsorptions were per-
formed [1]. This result along with the fact that M can-
not be used in filters due to its high swelling capac-
ity favors MDac3-210-500 as a possible column filler.
The previous studies of NFX adsorption in batch and
also in continuous systems (columns with MDac3-
210-500 as adsorbent material), constituted a prior
step to encourage the construction of a domestic
filter system [2]. The extra goal, that the NFX ad-
sorbed on M, MD-210, and MDac3-210-500 samples
did not desorb during four adsorption-desorption
cycles performed in water at pH = 7 [1], is no less
important. However, due to the danger of the pres-
ence of NFX in the filtering system, when used in
drinking water treatment, it is necessary to evaluate
if the retained NFX maintains its antimicrobial activ-
ity, also to assess its correct final disposal and/or re-
cycle the solid.

Photodegradation (or photolysis) is the decompo-
sition of a compound caused by the action of natural
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or artificial light, in the UV-VIS-IR zones. Direct pho-
tolysis involves the transformation of a chemical re-
sulting from the direct absorption of a photon. Indi-
rect photolysis (IP) requires that other components
of the medium (known as photosensitizers) absorb
the light and generate reactive species, such as hy-
droxyl and nitrate radicals, that can interact with the
compound of interest [4]. The sulfate radical (SOy)
exhibits broad applications in chemical, biomedical,
and environmental sciences, due to its redox poten-
tial of ca. 2.6 V, similar to the hydroxyl radical [5].
Sulfate radicals-based advanced oxidation processes
are promising technologies for soil and groundwa-
ter remediation. In particular, the generation of sul-
fate radicals, achieved by photolysis of peroxydisul-
fate (szog—), has been shown to degrade NFX [6,7]. In
the present work, this treatment is employed as the
indirect photolysis method to achieve the degrada-
tion of NFX.

The large number of oxygenated groups, double
bonds, and aromatic groups of the hydrothermal
carbons [2,3] that can absorb light, raises the pos-
sibility that they could favor the indirect photolysis
of adsorbed pollutants. In this sense, this work hy-
pothesizes that these organic groups in carbon-clay
nanocomposites (MD-210, and MDac3-210-500)
could benefit the photodegradation of adsorbed
NFX, when compared to NFX adsorbed on M. This
hypothesis arose as a consequence of two observa-
tions:

(1) in natural environments there is an important
effect of the matrix on the substance to be degraded
since photolysis usually occurs because humic sub-
stances, microorganisms or algae contain sunlight-
absorbing chromophores [4,8]. It has been noticed,
for example, that the presence of photosynthetic mi-
croorganisms in soil and of reactive oxygen species in
water, favor the photolysis of pesticides [4,9].

(2) When a photocatalyst made by ultrasound-
assisted hydrothermal fabrication of Agl/MFeO3/g-
C3Ny (M =Y, Gd, La) with a nanosheet-sphere-sheet
structure was used, the release of electrons and reac-
tive oxygen species (-O;, h™ and -OH) improved the
NFX degradation [10].
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Figure 1. Degradation products of NFX atpH =7.

It is critical to keep in mind that photolysis does
not necessarily mean mineralization and might lead
to intermediate products that can be even more toxic
than the parent compound. This makes it neces-
sary to study the nature of the reaction products if a
total degradation is not reached [4]. Photodegrada-
tion of NFX produces at least five identified products
(Figure 1), whose stability depends on the medium
pH [8,11]. Besides, it has been observed that the
photodegradation of NFX (at A = 274 nm lamps) is
more effective in a pH range of 6-10, due to the
occurrence of a light-sensitive zwitterionic form of
NEX[11].

Since the primary objective of degrading the an-
tibiotic is to remove its antimicrobial activity, thus
reducing its associated risks, antimicrobial tests
against Escherichia coli were carried out to compare
the antimicrobial activity of NFX retained on the
solids before and after photodegradation. A similar
methodology was previously used to evaluate the
remaining antibacterial capacity after tetracycline
photocatalysis degradation with TiO» [12]. Although
this procedure does not ensure the complete degra-
dation of the compound, it can assess whether pure
NEX or its (more) active metabolites decrease their
antimicrobial activity after irradiation.
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2. Experimental section

2.1. Materials

The raw montmorillonite (M) was supplied by Cas-
tiglioni Pes and Cia. (Rio Negro province, Argentina)
and used without purification [13]. The MD-210 and
MDac3-210-500 materials were synthesized as indi-
cated in previous work [2]. Briefly, both samples were
obtained by hydrothermal carbonization at 210 °C for
24 h, with dextrose (D) as carbon source. The MDac3-
210-500 sample was achieved from an M+D suspen-
sion with 0.50 V/V of H3PO,/distilled water; followed
by the hydrothermal treatment, and additional post-
activation at 500 °C for 1 h in an inert atmosphere.
The specific surface values, measured with N as ad-
sorbate, were 65.5 rnZ/g, 1.2 rnZ/g, and 131.6 m2/g for
M, MD-210 and MDac3-210-500, respectively [2].

NFX (MW = 319.33 g/mol, solubility in water
0.39 g/L, and isoelectric point = pH 7.4) was pur-
chased from Parafarm. The sodium peroxydisulfate
(Na,S,0g) was provided by Merck.

Deionized water (>18 MW-cm™ ", <20 ppb of or-
ganic carbon) was obtained with a Millipore Co. (Bil-
lerica, Ma, USA) water purification system.

1
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2.2. Adsorption and photodegradation experi-
ments

The NFX adsorption experiments at pH = 7.0 + 0.5
were performed previously and rendered ca. 74%
of NFX adsorption on M and MD-210, and 30% on
MDac3-210-500 [1,2,14]. The photodegradation of
NFX adsorbed on M, MD-210 and MDc3-210-500 was
also studied at pH = 7.0 £ 0.5. The pH value was cho-
sen because it is close to the pH of drinking water,
and the NFX is present in a zwitterionic form, allow-
ing an optimal photodegradation [11].

To monitor the possible desorption of the antibi-
otic because of the light treatment, the NFX con-
centration in the suspensions after irradiation was
quantified by HPLC. In addition, the concentration
of the free NFX solution was also measured after di-
rect and indirect irradiation. The column employed
was a Shimadzu C18 (4.6 mm x 250 mm, 4.6 um), at
A = 278 nm, phosphate buffer:water rate of 25:75 at
pH =3.0£0.5, 0.8 mL/min, volume injection = 10 uL
and retention time = 3.7 min (R? = 0.999 for the cali-
bration curve).

Direct photodegradation (DP)

100 mg of each adsorbent material was mixed with
100 mL of 0.65 mM NFX at pH = 7.0 + 0.5, 25 °C,
and stirred for 24 h at 700 rpm. The NFX concentra-
tion in the resulting solids was 0.56 mmol/g for M
and MD-210, and 0.21 mmol/g for MDac3-210-500.
To normalize the photodegradation assays, a solid
mass with 2.34 mg of NFX adsorbed was used in all
cases (this corresponded to 13 mg of M and MD-210,
and 35 mg of MDac3-210-500). The solids were sus-
pended in 70 mL of Mili Q water and irradiated in a
Rayonet RPR-100 reactor equipped with eight lamps
(A = 254 nm). The free 0.65 mM NFX solution was
also irradiated and used as a control. To evaluate the
photodegradation, aliquots of the suspensions were
taken during the experiments at 0, 1, 2, and 3 h, and
their absorption spectra were immediately measured
with a UV-VIS spectrophotometer (T90+PG). The ab-
sence of significant changes in two consecutive spec-
tra was used to decide the end of irradiation.

Indirect photodegradation (IP)

0.4 or 0.1 M Na,S,0g as additive was incorporated
in M suspensions, and only 0.1 M to the suspensions
of the carbon-clay nanocomposites. The initial NFX
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solution was used as a control sample. The irradia-
tion was performed for 20 min with eight lamps of
A = 300 nm. A different A was used in the IP, com-
pared to that used in the DP assays, because at A =
254 nm both IP and DP effects could occur, and the
intention was to evaluate the effects separately. Due
to the overlap between NayS,0g and NFX absorption
spectra (Figure S1, in supporting information), only
the antimicrobial test was used in the IP experiments
to evaluate the success of the NFX photodegradation.

2.3. Antimicrobial tests

The potential changes in the NFX antimicrobial ac-
tivity after the DP and IP treatments were evaluated
against Escherichia coli. Suspensions of 0.5 mg/mL
of the adsorbents were placed in the plates, and the
antimicrobial activity was compared to those of the
following control samples: 0.65 mM of NFX solution
(NFX), 0.65 mM solution of NFX with the DP treat-
ment (NFX-DP) and 0.65 mM solution of NFX with
the IP treatment (NFX-IP).

The agar diffusion method was employed to as-
say the antimicrobial activity. Escherichia coli (ATCC
25922) was precultured in nutrient broth before start-
ing the tests and incubated at 37 °C for 24 h. After that
period, a new bacterial inoculum containing 1.5 x
10® UFC/mL was seeded in Petri dishes containing
Mueller Hinton agar. Then, sterile disks were placed
over the plates to contain and limit the dispersions of
the samples and solutions (of which 50 pl were cul-
tivated). They were left incubating at 37 °C for 24 h
until the patina development and the inhibition ha-
los were measured. The antimicrobial activity of each
sample was evaluated by measuring the diameter of
the halo, performed with the free software ImageJ V.
1.46r [15]. All experiments were done in duplicate.

3. Results and discussion

The UV-VIS spectra of the 0.65 mM NFX solution
which was diluted ten times, as well as the DP sam-
ples, are shown in Figure 2. As was indicated in the
experimental section (Section 2.2), this measurement
was used to choose the time to finish the irradiation.

The NFX initial solution concentration after ir-
radiation was lower than the detection limit of the
HPLC equipment utilized, indicating that the antibi-
otic was almost completely degraded.
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Figure 2. UV-VIS spectra after direct photolysis, at the indicated time (in hours), of NFX adsorbed in:
(A) M, (B) MD-210, (C) MDac3-210-500, and (D) the initial concentration of NFX with a 1/10 dilution.

Initially (named t0) the NFX bands were detected
in all samples, although, probably due to the pres-
ence of the solid (Figure 2A, B, and C)—the NFX did
not desorb from samples in deionized water at pH =
7 [1]—, the baseline of the spectra changed in the
samples with adsorbent material in comparison to
the spectrum of the NFX initial solution (Figure 2D).

During the DP treatment, the NFX absorption
bands underwent shape modifications assigned to
NFX photodegradation, that could release intermedi-
ate products that absorbs in the wavelengths shown
(Figure 2). The absence of NFX desorption during
the photodegradation treatment was evidenced by
obtaining a negligible NFX concentration in the su-
pernatants of the NFX adsorbed on the different
materials. According to the criteria adopted to end
the experiment, the M+NFX sample was irradiated
for 3 h (t3), and the MD-210+NFX and MDac3-210-
500+NFX samples, for 4 h (t4).

To evaluate the variation in NFX during pho-
todegradation, the comparison of shape and inten-
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sity of bands was made in the UV spectrum for each
sample at different times (in each figure, the spec-
trum at t0 was compared to those at other times
viz., t1, t2, t3 and t4). No quantitative comparison
was performed between spectra of different samples,
therefore Figures 2A, B, and C do not have the same
scale on the ordinate axis. In this sense, the scale of
each figure was chosen to easily show the changes
that were taking place. The changes in the spectra
measured on the MD-210 and MDac3-210-500 sam-
ples (Figure 2B and C) from t0 and t4, were more pro-
nounced than that observed for NFX adsorbed on M
(Figure 2A) from t0 to t3. Since the highest modifi-
cations of the spectra between the initial and final
times occurred for the carbon-clay compounds, the
degradation of NFX in these samples could be at a
more advanced degree than in M. The spectral anal-
ysis provided relevant qualitative information, show-
ing that the NFX molecule was changing when inter-
acting with light. This encouraged antimicrobial test-
ing, which will be discussed below.
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Figure 3. Agar diffusion assay against E. coli. Each plate contains an adsorbent material with different
applied treatments. The numbers correspond to samples listed in Table 1.

The plates of inhibition halos, measured by agar
diffusion assay against E. coli, are depicted in Fig-
ure 3, and halo diameters are summarized in Table 1.

M and MD-210 samples adsorbed more NFX
per gram than MDac3-210-500, whereas in the
antimicrobial tests the concentration of adsorbent
was always 0.5 mg/mL (so, it has the lowest NFX
amount per gram of adsorbent in the MDac3-210-
500 plate). However, the three materials yielded
similar diameters of halos (Table 1), indicating that
MDac3-210-500 preserves more the adsorbed an-
tibiotic activity than M and MD-210. The charac-
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terization performed in previous works revealed
that the M and carbon-clay nanocompounds pre-
sented negatively charged electrical surfaces, and
that the nanocompounds were more hydrophilic
than M [1,2]. Thus, two predominant interaction
types of NFX with the samples at the adsorption
pH (pH = 7.0 £ 0.5) are possible: (a) electrostatic
attraction of the positive amine group of NEX with
the negative carbon-clay compounds or the nega-
tive M surface (internal and external), and (b) -7t
donor-acceptor electron interaction between the
F atom of the benzene group of the NFX and the
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Table 1. Diameters of inhibition halos mea-
sured by agar diffusion assay against E. coli

Samples Diameter (mm)
(1) NFX 36.0 + 0.2
(2) NFX-DP 9.00 + 0.05
(3) NFX-IP 10+3
(4) M+NFX 31+2
(5) M+NFX-DP 29.0 £ 0.2
(6) M+NFX-IP N.O.

(7) M+NFX-IP 0.4 N.O.

(8) MD-210+NEX 285+0.7
(9) MD-210+NFX-DP 23 +2
(10) MD-210+NFX-IP N.O.
(11) MDac3-210-500+NFX 31.21 £ 0.05
(12) MDac3-210-500+NFX-DP 20.4 £0.6
(13) MDac3-210-500+NFX-IP N.O.

“N.O.” was placed when no inhibition halo was ob-
served. For the “IP” treatment the additive concen-
tration was 0.1 M, except for sample M+NFX-IP 0.4,
where it was 0.4 M.

double bond or aromatic carbon groups [16]. For
MDac3-210-200, the NFX adsorption occurs on the
external surface and mostly by -7t donor-acceptor
electron interaction with the external groups, due
to the interlayer space wreckage by the acid treat-
ment executed to improve the specific surface of
the sample. In contrast, in M and MD-210 most of
the NFX adsorption takes place in the interlayer
space by electrostatic attraction. Consequently,
the external surface interaction of MDac3-210-500
with the NFX molecule seems to favor the avail-
ability of the active part of the antibiotic molecule
against E. coli.

When DP was performed on the free NFX (sam-
ple 2 in Table 1), the diameter of the inhibition
halo decreases 27 mm compared to the NFX with-
out irradiation (sample 1), evidencing a significant
decrease in the antimicrobial activity of NFX. The
halo diameter of the M+NFX sample did not change
substantially after the DP treatment, correlated with
the slight spectral variation observed in Figure 2A.
Among the NFX adsorbed on carbon-clay samples,
the DP treatment produced the highest loss of the an-
tibiotic activity for NFX adsorbed on MDac3-210-500
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(with a decrease of 9 mm between sample 12 and 11),
in which NFX is adsorbed at the external surface. For
MD-210 there was a reduction of 5 mm, and the NFX
adsorption occurred mainly in the interlayer space.

The observations mentioned above also agree
with the working hypothesis: the double bonds, oxy-
genated and aromatic functional groups of carbon fa-
cilitate the DP of the retained NFX. Future radical-
quenching experiments will be useful to reveal the
mechanism of degradation in these materials. In ad-
dition, when NFX is on the external surface (as in
the MDac3-210-500 sample) the interaction with the
light was improved, compared to its location in the
interlayer space (M and MD-210 samples). However,
although the NFX activity after DP slightly decreased,
the antibiotic remained active. Thus, an IP strategy
was proved to enhance the destruction of the NFX-
active form.

When NayS,0g was used (Table 1 and Figure 3)
the diameter of the inhibition halo (see NFX-IP) was
not significantly different from the NFX-DP. This re-
sult indicates that when NFX is in its free form (not
adsorbed), the additive does not enhance its pho-
todegradation. Besides, the NFX-IP adsorbed on the
three adsorbent materials (samples 6, 7, 10, and 13
in Table 1) did not show inhibition halo: a higher
degree of degradation was achieved in these cases,
compared to the NFX-free IP (sample 3).

For the M sample (number 6 of Figure 3) neither
the 0.1 M nor 0.4 M of NayS,0g showed inhibition
halo, indicating that IP degraded the NFX adsorbed
on M, or atleast its active form. Because of this result,
only 0.1 M NayS;0g was employed with the other
adsorbent materials. Similarly, the MD-210+NFX-IP
and MDac3-210-500+NFX-IP (numbers 10 and 13 in
Table 1 and Figure 3) did not display inhibition halo.
The additive contributes to the degradation of NFX,
to such an extent that the amount of remaining an-
tibiotic does not have sufficient bactericidal capacity
to develop a halo.

4. Conclusion

NFEX adsorbed on the clay and carbon-clay nanocom-
posites maintained its antimicrobial activity, which
could promote bacterial resistance and harm human
and animal health. Due to the interaction of NFX ex-
clusively with the external surface of the MDac3-210-
500 sample, the antibiotic functional groups could be
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more exposed to microorganisms and thus preserve
more antimicrobial activity, compared to the M and
MD-210 samples.

The direct photodegradation of the antibiotic was
partially successful for free NFX and the NFX ad-
sorbed on carbon-clay nanocomposites. However,
the NEX activity decreased but did not disappear
completely. The changes observed between the aver-
age diameters before and after irradiation could be
assigned to the double bonds, oxygenated and aro-
matic groups of carbon, which could favor the inter-
action with the light. The sample with the lowest di-
ameter of inhibition halo was MDac3-210-500, which
could be related to the external surface interaction
between this sample and NFX, mentioned above. The
NFX adsorbed on M did not suffer a significant degra-
dation after the DP treatment.

When an indirect photodegradation pathway was
used, the inhibition halo of free NFX (NFX-IP) was
like that of NFX-DP, showing that when NFX is not ad-
sorbed, it is not worth adding the additive. The NFX-
IP adsorbed on the three materials failed to inhibit
the growth of microorganisms on the plates, suggest-
ing the success in the destruction of the active NFX.

Additionally, the high antimicrobial activity of
NFX adsorbed on MDac3-210-500, found in this
work, raises the possibility of its uses for the devel-
opment of drug-controlled release devices, helping
to maintain the threshold dose of NFX for a longer
time.
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