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ABSTRACT: In this work, fluorescence excitation—emission
matrices (EEMs), in combination with the chemometric tool
and parallel factor analysis (PARAFAC), have been proposed as an
unexplored methodology to follow the removal of the fluorescent
contaminants of emerging concern, fluoroquinolones (FQs).
Ofloxacin, enrofloxacin, and sarafloxacin were degraded by
different advanced oxidation processes employing simulated
sunlight (hv): photolysis, H,0,/hv, and photo-Fenton. All
experiments were performed in ultrapure water at three different
pH values: 2.8, 5.0, and 7.0. With the obvious advantage of
multivariate analysis methods, EEM-PARAFAC allowed the
monitoring of degradation from the overall substances (original
and formed ones) through simultaneous, rapid, and cost-efficient
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fluorescence spectroscopy determinations. A five-component model was found to best fit the experimental data, allowing us to (i)
describe the decay of the fluorescence signals of the three parent pollutants, (ii) follow the kinetics profile of FQ-like byproducts
with similar EEM fingerprints than the original FQs, and (iii) observe the formation of two families of reaction intermediates with
completely different EEMs. Results were finally correlated with high pressure liquid chromatography, total organic carbon, and
toxicity tests on Escherichia coli, showing good agreement with all the studied techniques.

1. INTRODUCTION

Advanced oxidation processes (AOPs) have been demonstrated
to be useful to degrade pharmaceuticals and other so-called
contaminants of emerging concern (CECs).' ™ Within this field,
analytical techniques such as high pressure liquid chromatog-
raphy (HPLC) and high-resolution mass spectrometry were
mainly employed, allowing the user to gain good insights into
the CEC removal as well as their oxidation byproduct
formation.””® However, this kind of technique is sophisticated
and expensive. Therefore, research on simpler and cheaper
methodologies for AOPs is still meaningful.

Fluoroquinolones (FQs) are one of the most consumed
antibiotics in the world.® Like most of the antibiotics, they are
poorly metabolized by living organisms, thus being commonly
found in urban discharges and wastewater treatment plants
(WWTPs),””"" where they are not efficiently degraded, and thus
they constitute a pathway for the incorporation of these
substances into ecosystems.'~'* In addition, FQs could
produce proliferation of new bacteria with resistance against
these substances''® and toxicity against other aquatic
organisms.'’ ™' As an extreme example of the presence of
these CECs, the case of India must be highlighted, where
concentrations in the range of ytg/L, and even mg/L, have been
found in WWTPs because of their uncontrolled use and
unloading.”*~**
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On the other hand, FQs are fluorescent molecules, thus being
advantageous for their determination at low concentrations in
complex samples.”’ However, without a separation method such
as HPLC, when measuring a single emission fluorescence scan
from a solution containing a mixture of these compounds,
signals will likely overlap. In order to solve this problem,
chemometric tools are required. In this sense, the parallel factor
analysis (PARAFAC) is one of the most employed methods
within this area, which is capable of decomposing the underlying
signals from a fluorescence excitation—emission matrix (EEM)
data set.”* Nevertheless, in addition to other chemometric
applications, such as principal component analysis or artificial
neural networks, PARAFAC requires a solid programming
background, which might be its major drawback. Till date,
however, because EEM-PARAFAC usage is rapidly rising, free
graphical user interfaces have been developed.””*°

So far, EEM-PARAFAC has been mainly employed in the
characterization of complex water samples containing naturally
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Table 1. Molecular Structure and pK, Values of the studied FQs“
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“According to values reported by Van Doorslaer et al.”
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dissolved organic matter,” as well as for monitoring the
organic matter in a WWTP,*”** and more recently, it has been
also applied in CEC degradation studies.’"* In addition to this,
it has also been previously employed in combination with
routine HPLC analysis and different bioassays to get a better
understanding of the transformation of a FQ, enrofloxacin
(ENR), under different (photo)-oxidative conditions.”* How-
ever, application of this methodology to more complex samples
remains, as far as we know, unexplored. Analyzing the changes
within the fluorescence matrices, not only qualitatively, but
measuring the different components (identified as original
pollutants and reaction intermediates) in a mixture of three FQs
is challenging, as it would confirm EEM-PARAFAC as a
powerful tool to gain insights into the behavior of the sample,
avoiding the use of expensive and sophisticated tools, which are
not always available.

With this background, in this work, the degradation of three
FQs with a high occurrence in water bodies is reported.
Ofloxacin (OFL), ENR, and sarafloxacin (SAR) will be
simultaneously determined by a time-course EEM with the
subsequent PARAFAC analysis. Treatment of the mixture by
solar-simulated photo-Fenton has been studied and compared
with the corresponding controls: photolysis, H,O,/hv, and
Fenton (Fe/H,0,).** The process will be also followed by the
most commonly employed techniques: HPLC for pollutant
removal, mineralization by total organic carbon (TOC), and
antibacterial activity decay by the zone of inhibition halo test
with Escherichia coli. Finally, the possible correlations between
the different information extracted from all the applied
methodologies will also be investigated.

2. EXPERIMENTAL SECTION

2.1.Reagents. OFL, ENR, and SAR (Table 1) of high purity
(>99%) and catalase (lyophilized powder from bovine liver
2000—5000 units/mg protein) were purchased from Sigma-
Aldrich. Na,SO; anhydride (85—90%), FeSO,-7H,0, H,0,
(33% w/v), ascorbic acid, 1,10-phenanthroline 1-hydrate,
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H,SO, (96% w/w), and UHPLC-grade methanol and
acetonitrile were obtained from AppliChem-Panreac. Formic
acid (80% w/w) was purchased from VWR Chemicals.
Ultrapure water was prepared with a Merck Milli-Q_system.
The zone of inhibition tests was made using E. coli CECT 101
strain, employing tryptone soya and Mueller—Hinton broth,
both provided by Scharlau.

2.2. Solar Simulator Photoreactor. Experiments were
carried out in an open batch reactor (total volume 500 mL),
loaded with 250 mL of the FQ mixture, consisting of 8 mg/L of
each of the compounds, OFL, ENR, and SAR. This
concentration is above the values commonly found in
ecosystems, but it allows for better monitoring of the process
(e.g, accurate kinetic data, reliable values of mineralization).
Besides, AOPs can also be used for the concentrate stream
treatment after membrane processes, where high concentrations
of CEC are expected.”

Irradiations were performed with a solar simulator Oriel
Instrument, equipped with a high-pressure Xe lamp (Ushio
UXL-302-0). The initial pH values of the solutions were
adjusted to 2.8, 5.0, and 7.0 by dropwise addition of H,SO, 0.5
M and/or NaOH 1 M. When required, 125 mg/L of H,O, was
added, which accounts for the total stoichiometric amount
needed to mineralize the three FQs, to prevent exhaustion of this
reagent during the reaction. For the (photo)-Fenton experi-
ments, 5 mg/L Fe(Il), as FeSO,-7H,0 salt, was added to the
reactor. All the assays were carried out for 120 min, taking
samples in time intervals and processed differently depending on
the type of analysis, as described in the “Sample Preparation”
section.

FQ_ mixture solution has proved to be stable in the dark under
each of the studied pH values, and the addition of H,0, did not
produce further degradation. Comprehensively, the Fe(II)/
H,0, system in dark conditions (Fenton reaction) produced
considerable FQ_degradation, as described in the “Results and
Discussion” section.

https://dx.doi.org/10.1021/acsomega.0c05370
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2.3. Sample Preparation. For HPLC and EEM measure-
ments, all samples contained H,SO, 5.0 mM (to provide acidic
media for all the analysis) and methanol 0.25 M to quench the
excess H,0, and ensure that the Fenton reaction has stopped.*
For TOC determinations, excess Na,SO; was used to get rid of
hydrogen peroxide in order to avoid interferences caused by the
addition of extra organic substances. In antibacterial activity
assays, all samples were first adjusted to pH 7.0 with 1 M NaOH,
and afterward, excess catalase enzyme was added to eliminate
the remaining H,O,.

2.4. Chemical and Toxicological Determinations. The
removal of OFL, ENR, and SAR was determined by HPLC
analysis using a Hitachi Chromaster apparatus with a UV/vis
detector. A C18 Machery-Nagel column Nucleodur-7* 5 yym was
used as the stationary phase, and an isocratic flow of 0.25 mL/
min of formic acid 0.1 M 80% and acetonitrile 20% was used as
the eluent. The column oven was set at 40 °C, and the detection
was performed at 285 nm. Mineralization measurements were
performed in a Shimadzu TOC-V equipment with an ASI-V
autosampler. Fluorescence was measured in a Horiba PTI
Quanta Master 400 spectrofluorometer, equipped with a Xe arc
lamp. EEMs were recorded within the excitation range of 250—
500 and the emission range of 300—650 nm (both recorded
within S nm intervals). Inner filter effect corrections (250—650
nm) were performed with a Hitachi-UHS300 spectrophotom-
eter. The same device was used to measure the dissolved Fe(II)
and total iron content, according to the ISO 6332:1988
standardized method with the 1,10-phenanthroline reagent.
Antibacterial activity assays were performed employing E. coli
bacteria, which was previously grown in a nutrient media for 18
h. The colonies were inoculated in a tryptone soya broth, having
a suspension of 0.5 units in the McFarland scale. A sterile cotton
swab was used to pick bacterial suspension and spread it on the
surface of the Mueller—Hinton agar in the petri dish. Then, 0.85
cm wells were made and filled with 100 L of the sample. Finally,
the petri dishes were incubated at 37 °C for 24 h before
measuring the zone of inhibition diameters.

2.5. PARAFAC Analysis. PARAFAC analysis was performed
employing Matlab2018b with the free graphical user interface
EEMlab.”> When needed, samples were previously diluted
accordingly, with the initial samples being diluted at a 1:20 ratio
and diminishing this factor proportionally with degradation
time. The analyzed data set consisted of 118 absorbance spectra
and EEM (also including the ones belonging to the individual
FQs, as shown in Figure 3A) and 14 blanks. The intensity
standardization was carried out using the water Raman scatter
peak at 350 nm excitation wavelength, thus also being added to
the data set 14 water Raman scans.”’

During the preprocessing stage, EEMs with negligible
fluorescence signals were treated as outliers, and thus they
were eliminated. The first-order Rayleigh scatter band was
corrected with missing values, and second-order Rayleigh and
both Raman scatter bands were handled by interpolation. EEMs
were always normalized prior to any PARAFAC analysis, so that
all samples contained similar weighting. Once the best model
was chosen, normalization was reversed.

The number of components (underlying fluorophores) was
assessed according to the chemical consistency of the obtained
data, residual distribution, and the core consistency diagnostic
(CORCONDIA)* (see Figure S1 and Table S1).
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3. RESULTS AND DISCUSSION

3.1. Photolysis with and without H,0, Addition. The
first series of experiments were devoted to check the stability of
FQs versus photolysis with simulated sunlight at different pH
values, 2.8, 5.0, and 7.0 (Figure 1A—C, respectively). Noticeable
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Figure 1. Degradation kinetics of the three studied FQs (8 mg/L each)
under simulated sunlight irradiation (hv) and also with the addition of
H,0, 125 mg/L (H,0,/hv) at initial pH: (A) 2.8, (B) 5.0, and (C) 7.0.
hy: OFL (M), ENR (@), and SAR (A); H,0,/hv: OFL (O0), ENR (O),
and SAR (A).

antibiotic removal was observed, following the trend ENR >
SAR > OFL, in agreement with other works;*”* this might be
indicated by the presence of electron-donating groups in the
meta position with respect to the fluoride, where in this case,
only OFL has it (Table 1).*' Besides, the highest removals were
obtained at pH 7.0, evidencing the fact that FQ photolysis rates
are not only structure-dependent, but pH-dependent as well.
Because at pH = 7.0 the neutral/zwitterionic ionization form of
the FQs are predominating according to pK, given in Table I,
these species suffer from faster photolysis than the cationic form
that can be found at pH 2.8 or 5.0, which is in line with the other
works reporting higher photolytic quantum yields for FQ neutral
forms than the cationic ones.">*’

When H,0, 125 mg/L was added into the system with
sunlight irradiation, it enhanced FQ degradation in all cases. At
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pH 2.8 (Figure 1A), OFL, ENR, and SAR reached the 50%
degradation in ca. 45 min, whereas in the analogous case,
without the H,0O, addition, the removal percentage obtained at
that time was lower than 10%. Therefore, two issues are relevant:
(1) faster removals are related to the effect of higher ®°OH
concentration produced in situ by H,0, dissociation from
photon absorption within the UV region of the Xe emission
spectra’® and (2)because bimolecular kinetic constants rates
between ®OH and OFL are comparable to the other FQs (at pH
7.0,9+2%10° M s7! for OFL, 10 + 3 X 10° M~ s7! for ENR,
and 12 + 3 x 10° M~' 57! for SAR)," there are no significant
differences between OFL and ENR or SAR, contrary to what was
observed with light irradiation alone. A comparable trend was
obtained at pH 5.0 (Figure 1B).

On the other hand, at pH 7.0, OFL showed again higher
stability than ENR and SAR (Figure 1C), most probably because
of the high contribution of the photolysis process at this pH,
where, as stated above, OFL showed a more refractory behavior
than the other two FQs.

3.2. Fenton and Photo-Fenton Treatments. Dark
Fenton at pH 2.8 was able to remove the FQs in only 20 min
(Figure 2A). As expected, a decrease in the reaction efficiency
was observed with an increasing pH value: at pH = 5.0 ca. Two
hours was required for the elimination of the FQs, while at pH =
7.0, the removal was scarce (Figure 2B,C). In general, changes in
the reactivity of the different pollutants were negligible,
attributable to the similar kinetic rate constants of ®OH with
the three FQs mentioned in the previous section.

The irradiation with simulated sunlight resulted in an
enhancement of the process (photo-Fenton). At pH = 2.8, the
FQs were eliminated in only S min. Interestingly, the reaction
was still very fast at pH = 5.0, as observed previously for the ENR
alone.”® This is a very important result in view of the real
implementation of the process, as strong acidification of the
solution can be overcome without the need for adding extra
chemicals, such as iron-chelating agents.”’45 This result is
attributable to the ability of FQs to form stable complexes
[formation constant rate between 45 and 50 with stoichiometry
3:1 FQ/Fe(III),* which are able to extend a photo-Fenton-like
process to higher pH domains,”” even until neutral pH (see
Table S2). In sharp contrast to pH 5.0, as it can be observed by
comparing Figures 1C and 2C, at pH = 7.0, Fe(1I)/H,0,/hv
was less efficient than H,0,/hv. This means that, first, even
though there is significant iron in aqueous solution, photo-
Fenton seems to be no longer efficient at this pH, and on the
other hand, that FQ—iron complex might be more stable against
photolysis than the antibiotic itself, as it has been reported for
other FQ/metal complexes.””*® Because of these statements,
the photodegradation contribution to their overall removal is,
therefore, lower, thus explaining the faster removals obtained in
the case without iron.

3.3. EEM-PARAFAC Analysis. 3.3.1. PARAFAC Model.
Although FQs were degraded by most of the studied processes
and experimental conditions, only with photo-Fenton at acidic
pH, significant mineralization was evidenced. Under these
conditions, after 2 h, 77 and 62% TOC decrease was achieved at
pH 2.8 and 5.0, respectively, being negligible in all the other
cases (Figure S2). These results are indicative of a large
formation of transformation products along with the oxidative
reaction. In order to analyze the FQ degradation and their
byproduct formation in an innovative and cheaper way, EEMs
were measured and then processed with PARAFAC, decom-
posing each fluorescence matrix into its individual components.
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Figure 2. (Photo)-Fenton degradation kinetics for the three studied
FQs (8 mg/L each) at initial pH: (A) 2.8, (B) 5.0, and (C) 7.0. Fenton:
OFL (M), SAR (A), and ENR (@); photo-Fenton: OFL (O), ENR
(0O), and SAR (A).

This procedure has been already tested to investigate the
degradation of ENR alone, but the system here investigated is
more complex because it involves a mixture of three parent
compounds with very similar molecular structures.

A set of 118 EEMs were considered in this study, obtained
from the sampling at different times during the tested AOPs. As
described in the Experimental Section, a model consisting of 5
components was chosen. Figure 3A shows the EEM from the
individual FQs together with their mixture, and in Figure 3B, the
modeled fingerprints obtained from the PARAFAC model are
shown.

The first three components of the model (C1-3) can be
associated with the parent pollutants, OFL, ENR, and SAR,
respectively, although the contribution of some byproducts with
a similar structure cannot be disregarded. Component C4
exhibited shifts toward shorter excitation wavelengths (<250
nm), but remained close to the FQ’s emission range, ca. 480 nm.
On the other hand, C5 showed a big emission shift close to 390
nm, which can be associated to deeper changes in the molecule
than C4, such as cleavage of their piperazine side chain, as it is
the group which mainly modulates the FQ fluorescence
spectra.“’49

https://dx.doi.org/10.1021/acsomega.0c05370
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Figure 3. (A) Normalized EEMs after their preprocessing with EEMlab and (B) five-component fingerprints from the EEM-PARAFAC analysis.
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Figure 4. OFL, ENR, and SAR (8 mg/L each) degradation with light irradiation followed by EEM-PARAFAC (S-component model) methodology at
pH (A) 2.8, (B) 5.0, and (C) 7.0, and with H,O, 125 mg/L addition at pH (D) 2.8, (E) 5.0, and (F) 7.0. PARAFAC component representation: C1
(m), C2 (@), C3 (A), C4(9),and CS ([>).

3.3.2. PARAFAC Components Evolution after hv and H,O,/ with components with similar EEM as ENR but with a higher

hv. Based on EEM-PARAFAC analysis, the variation of each fluorescence quantum yield that cannot be resolved by the
component was followed. At pH 2.8 and 5.0, a negligible model (Figure 4A,B). On the contrary, at pH = 7.0, decrease in
decrease in C1 and C3 score values was observed. However, C1 and C2 was monitored with an increase in C3 (Figure 4C).
some increase in C2 was recorded, most probably associated In this case, the destruction of Cl1 and C2 structures and
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Figure 5. OFL, ENR, and SAR (8 mg/L each) degradation followed by EEM-PARAFAC (S-component model) methodology with the Fenton process
atpH (A) 2.8, (B) 5.0, and (C) 7.0 and photo-Fenton at pH (D) 2.8, (E) 5.0, and (F) 7.0. In all cases, [H,0,], = 125 mg/L and [Fe(1I)], = S mg/L.
PARAFAC components representation: C1 (H), C2 (@), C3 (A), C4 (9), and CS ([>).

concomitant release of new photoproducts have to be
hypothesized; a tentative explanation could be that the
photoproducts formed from OFL, ENR, and SAR degradations
should emit within the region of C3. C4 and CS5 score values
were negligible in all cases, indicating that photolysis resulted in
scarce modification of the FQ molecule. These observations
show that in agreement with HPLC results, not only FQ
photolytic kinetics are pH-dependent but also their photo-
degradation pathways.

When H,0, was added under irradiation, the sample
fluorescence exhibited a faster decay (Figure 4D—F). Also, in
this case, significant differences were observed between pH 7.0
and acidic conditions. Analyzing the components related to the
parent pollutants, at pH 2.8 and 5.0, C1 and C2 presented decay
of similar score values, whereas the faster ones were obtained for
C3, those fitting with SAR’s EEM. On the contrary, at pH 7.0,
removals followed the same trend than the one obtained with
HPLC measurements shown in Figure 1C (ENR > SAR >
OFL); thus, C2 > C3 > Cl. C4 formation was higher than the
one without H,O, addition, which proves a stronger attack to
the FQ_structure due to the higher photogenerated ®OH, the
growth of its score values being faster at neutral pH, in line with
the faster decrease of C1-C3.

3.3.3. PARAFAC Component Evolution after Fenton and
Photo-Fenton Treatments. Analyzing PARAFAC score value
behavior after Fenton and photo-Fenton (Figure S), C1-3
presented slower removal kinetics than the ones observed for
OFL, ENR, and SAR with HPLC-UV/vis (Figure 2). For
instance, at pH 2.8, C1-3 disappeared after ca. 15 min, whereas
the parent pollutants were degraded in only 5 min. This confirms
that products with similar fingerprints as OFL, ENR, and SAR
are included in C1—C3 components, as they cannot be
completely resolved by the model. As expected, PARAFAC
components exhibited a faster decay at pH 2.8, followed by 5.0,
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and 7.0, respectively, for Fenton and photo-Fenton. In line with
the mineralization results (Figure S2), only for Fenton at pH 2.8,
and photo-Fenton at pH 2.8 and 5.0, the fluorescence was
negligible at ca. 60 min, in sharp contrast with all other processes
where this goal had not been reached.

Regarding the time-course profile of the PARAFAC
component, a continuous decrease was observed for both C1
and C3, while a sharp increase was obtained for C2 in the first
stages of the process followed by a fast decrease. Once more, this
is ought to the formation of products that cannot be solved by
the model and that show similar fingerprints to ENR. C4
appeared at the beginning of the process and then disappeared.
Similar to the system without iron, C5 formation was always
negligible, and in fact, was only visible in the model because of
the normalization of the EEM during the preprocessing of the
data set (see Experimental Section).

Finally, when comparing Figures 4 and §, it can be observed
that in the last, the initial score values are slightly lower. This is
attributed to the chelation with Fe(III) formed through
oxidation of Fe(II) in water, diminishing the fluorescence
intensity of these compounds (see the example for ENR in
Figure S3B and Stern—Volmer plots for each FQ in Figure S4).
Although it is an unexpected behavior because coordination
complexes generally exhibit greater fluorescence quantum yield
than the ligand alone, these observations are in line with the
other works reporting FQ fluorescence quenching in presence of
Fe(Ill) and some other transition metals or even with 4-
quinolone molecules.”* ™

Therefore, in order to prove if the Fe presence was an
interference for EEM-PARAFAC results, the metal was
eliminated prior to the fluorescence measurements and included
in the PARAFAC data set. This issue was solved by preparing
each sample similarly as described in Section 2.3, but having
NaOH 10 mM instead of H,SO, to precipitate iron. Afterward,
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samples were flown through PTFE filters 0.45 ym and acidified
again in order to measure them in the same condition as all the
predecessors.

In Figure S5A,B, PARAFAC score value results for dark
Fenton pH 7.0 with iron elimination are shown. Although initial
score values did not increase, differences can be observed. For
C2, an increment in score values was observed, indicating that
iron presence produced quenching of byproducts emitting in
this region, and for C3, a slightly faster decay was obtained. For
Cl1, C4, and CS, negligible changes were observed. Nevertheless,
the overall trends of the PARAFAC component scores did not
change.

3.4. Antibacterial Activity. Antibacterial activity assays
were performed for (photo)-Fenton processes and photolysis at
pH 2.8, measuring the decay on the diameter of the inhibition
halos formed by E. coli strains. The results indicated that only for
Fenton and photo-Fenton processes, E. coli started growing
again around the wells containing the samples of degradation
experiments, thus indicating a decrease of the zone of inhibition,
whereas it remained constant during the 2 h of the photolysis
process.

In Figure 6, the zone of inhibition diameter and the
summation of the PARAFAC model components decay, both
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Figure 6. Antibacterial activity decay by E. coli-normalized inhibition
halo determinations; the insert shows the plot of the summation of
component score value (C1 + ... + CS) decay, also normalized, of the
FQmixture (8 mg/L each) at pH 2.8 treated with light irradiation (<),
Fenton (), and photo-Fenton (% ); in the last two, [H,0,], = 12§
mg/L and [Fe(1I)], = S mg/L.

normalized, is shown. Interestingly, antibacterial activity decay
presented the same trend than the disappearance of the S
PARAFAC components. These results are in line with the ones
reported in the previous work,*® which show that antibacterial
ability might be associated with the FQ core.'”>>>*

4. CONCLUSIONS

The applicability of EEM-PARAFAC as a complementary tool
to monitor the behavior of antibiotics in an AOP has been
extended to more complex samples, containing mixtures of
several parent compounds. Although it was not able to give
detailed data on the chemical substances present, it provides
valuable information on the behavior of the FQ core that can be
related with toxicity.

According to the abovementioned results, three interesting
tasks should be addressed in the next future for a better
understanding of the process: (a) investigate the nature of the
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interaction between Fe and the FQs to explain the good
performance of photo-Fenton at mild pH, (b) to combine EEM-
PARAFAC with smart HPLC-mass spectrometry analysis to
correlate the components obtained in the mathematical model
with a compound or group of compounds, and (c) to explore the
real applicability of the methodology here developed with lower
pollutant concentrations (e.g., yug/L), using different aqueous
matrices (role of salinity and dissolved organic matter) and
scaling it up to higher volumes using real sunlight as the
irradiation source.
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