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Environmental context. The concentration, types and distribution of antibiotics in soils can have environ-
mental effects and can be modelled using laboratory systems. Adsorption of ofloxacin (OFL) and levofloxacin
(LEV) enantiomers to goethite can probe this behaviour and each binds differently to the solid phase. The
different behaviour of LEV and OFL in relation to solid-solution partitioning will affect their environmental fate.

Abstract. The adsorption of ofloxacin enantiomers, namely levofloxacin (LEV) and ofloxacin (OFL), to goethite was
investigated using batch experiments. Structural information of aqueous and adsorbed LEV or OFL was obtained with
ultraviolet—visible (UV-Vis), three-dimensional excitation—emission matrix (EEM) and attenuated total reflectance
Fourier-transform infrared (ATR-FTIR) spectroscopic methods. The results indicated that LEV molecules formed a
bridging bidentate complex (=(FeO),~LEV) with the surface of goethite, and OFL formed a monodentate complex
(=FeO-OFL). The adsorption of OFL to goethite was stronger than that of LEV, owing to differences in their
physicochemical properties and bonding modes. The adsorption of LEV and OFL to goethite in single systems was well
simulated using the charge distribution multi-site complexation (CD-MUSIC) model, but their adsorption in the LEV—
OFL—goethite systems was overestimated at pH ~5.2 and high concentrations of LEV-OFL mixture (19.59 pM), in which
the predicted amounts of adsorbed LEV and OFL were higher (20.0, 30.8 %) than the experimental results. Compared with
the unprotonated LEV or OFL, the protonated (>99.9 %) ones were mainly adsorbed to the surface of goethite, and the
single species may be used during their following modelling.
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Introduction corresponding (p)-enantiomers (Ghosh et al. 2011). Additionally,

the adsorption coefficient (Ky) values of the (S)-enantiomers of
acebutolol and metoprolol to sludge were approximately twice
those of the (R)-enantiomers, but there were no significant differ-
ences in Ky values of the enantiomers of pindolol and propranolol
(Sanganyado et al. 2016). The Ky values of (R)- and (S)-enantio-

Pharmaceuticals frequently used in human and veterinary
treatments are often detected in soils, sediments and waters, and
have an adverse influence on the microbial communities in the
environment (Cordova-Kreylos and Scow 2007; Zhou et al.
2020). As reported by Sanganyado et al. (2017), at least 50 %

of pharmaceuticals in current use are chiral compounds. The
differences in the structures of chiral pharmaceuticals may alter
their environmental fate and influence on microorganisms (Liu
et al. 2005; Maia et al. 2018; Buerge et al. 2019).

Adsorption is a key process controlling the transport and
degradation of chiral pharmaceuticals and other organic com-
pounds in the environment. As reported previously, the adsorption
of (L)-enantiomers (e.g. tryptophan, phenylalanine, tyrosine)
to coated magnetic nanoparticles was stronger than of the

Journal compilation © CSIRO 2021

38

mers of metalaxyl (Celis et al. 2015) and abscisic acid (Gamiz et al.
2016) to soils from initial racemic solutions were similar. The
adsorption of (R)- and (S)-enantiomers of mecoprop (or
dichlorprop) to soils were in the same ratio (Matallo et al. 1998).
Consequently, the adsorption behaviours of various chiral organic
compounds to the same adsorbent are quite different.
Levofloxacin (LEV) and ofloxacin (OFL) are widely used
chiral antibiotics, and LEV has a higher antibacterial activity. In
almost all field studies, LEV and OFL in soils and waters cannot
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be separated and analysed by high performance liquid chroma-
tography (HPLC) (Golet et al. 2001; Chen et al. 2018), and
thus LEV is usually mistaken for OFL, which leads to assessing
their adsorption processes and influence on microorganisms
inaccurately. The adsorption behaviours of LEV and OFL to the
same mineral or soil have seldom been reported. The Langmuir
constant (K) of LEV was 1.25 times larger than that of OFL for
their adsorption to aluminium hydroxide, but their maximum
adsorption capacities were similar (Tanaka et al. 1993). As a
result, it can be seen that the adsorption of chiral pharmaceu-
ticals to minerals is still not well understood.

In the present work, LEV and OFL were chosen as an
example of chiral pharmaceuticals. Goethite (x-FeOOH), a
common iron hydroxide in soils and sediments, was used as
the model adsorbent. First, the Charge Distribution Multi-Site
Complexation (CD-MUSIC) model (Hiemstra et al. 1989;
Hiemstra and Van Riemsdijk 1996), which has previously been
used to predict the adsorption of LEV (Qin et al. 20145) or OFL
(Paul et al. 2014) to goethite, was used to describe the adsorption
of chiral pharmaceuticals (i.e. LEV, OFL) to goethite in single
systems. Second, the model with the same parameters derived
from the single adsorption studies was used to predict the
competitive adsorption of LEV and OFL in LEV—OFL-goethite
systems. This is the first modelling exercise to describe the
competitive adsorption of chiral pharmaceuticals on minerals.

Experimental
Materials

Goethite was synthesised by the hydrolysing and aging method
(Hiemstra et al. 1989; Antelo et al. 2005). It was proved to be
pure o-FeOOH according to the X-ray diffraction (XRD)
(Rigaku, D/MAX 2500PC) result. The specific surface area of
goethite is 99.0 + 0.4 m? g~ ' determined with the Brunauer—
Emmett-Teller (BET) method. The pristine point of zero charge
(PZC) of goethite synthesised using the same method is between
9.0 and 9.3 (Antelo et al. 2005; Weng et al. 2008).

Levofloxacin (LEV) and ofloxacin (OFL) (>98.0 %) were
obtained from Tokyo Chemical Industry Co. In our study, the
OFL contained 52 % LEV, and this is named LEV-OFL mixture
in the following sections. Another ofloxacin (OFL) (>99.0 %)
standard was obtained from United States Pharmacopeia (USP),
and no LEV was found in it. Owing to the limited amount
(100 mg) of OFL standard, the concentration of OFL in some
experiments is lower than that of LEV. Both LEV and OFL
molecules contain a carboxyl group and a piperazinyl group.
The protonation constants (pK,; and pK,,) of LEV are 6.02 and
8.15 (Sousa et al. 2012), and the values for OFL are 6.05 and
8.22 (Ross and Riley 1990). Methanol (HPLC grade) was
obtained from JT Baker. Other chemicals used in this study
were analytical reagent grade or higher. MilliQ water was used
in all experiments.

UV-visible, excitation—emission matrix and attenuated total
reflectance Fourier-transform infrared spectroscopy

Structural information on aqueous LEV and OFL was obtained
using ultraviolet-visible (UV-vis) and three-dimensional exci-
tation—emission matrix (EEM) spectroscopic methods. UV-Vis
spectra of LEV (5, 10, 20 uM), OFL (5, 10, 20 pM) and LEV—
OFL mixture (10, 20, 40 pM) were measured from 200 to
540 nm at 1-nm resolution with a UV-vis spectrophotometer
(Hitachi U-3010). The EEM spectra of LEV (0.1, 0.2 pM),
OFL (0.1, 0.2 uM) and LEV-OFL mixture (0.2, 0.4 uM) were
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measured with a fluorescence spectrophotometer (Hitachi
F-7000). The emission and excitation wavelengths were in the
range of 250—600 and 200-500 nm respectively.

Solid samples for attenuated total reflectance Fourier-
transform infrared (ATR-FTIR) analysis were obtained follow-
ing the same procedure used in adsorption studies but at higher
concentrations of the antibiotics (5 mM LEV, 2.5 mM OFL and
10 mM LEV-OFL mixture). Goethite samples were prepared
using the method reported by Kubicki et al. (2012) and modified
in this study. After equilibrium, samples were centrifuged at
35190 g to separate the solids, and dried at 45°C for 48 h
(Zhao et al. 2017). Aqueous samples (0.25 mM LEV, 0.5 mM
OFL and 1 mM LEV-OFL mixture) were also prepared at pH 5.
The FTIR spectra of solid and aqueous samples were recorded
with an ATR-FTIR spectrometer (Nicolet iS10). Spectra were
obtained by averaging 32 scans at 4 cm ™' resolution.

Single adsorption studies

Adsorption edges of LEV or OFL were obtained by batch
experiments. Polyethylene centrifuge tubes (50 mL) were used,
and were flushed with ultrapure N, to minimise the influence of
CO; in the air. Varying concentrations of LEV or OFL solution
(10 mL) and goethite suspension (10 mL of 2.0 g L") (or MilliQ
water as the control samples) were added into the tubes. NaCl
(0.01 M) was used as the background solution. The final total
concentrations of LEV (or OFL) were 3, 5and 10 uM (1, 3,5, 7.5
and 10 pM). After mixing, the concentration of goethite was
1.0 g L™, Solution pH was adjusted in the range of 3—10 using
acid (0.01 M HCI) or base (0.01 M NaOH).

The effect of initial concentrations of LEV or OFL on
adsorption was studied using adsorption envelopes. The suspen-
sions were prepared in a similar procedure to that mentioned
above. The initial concentrations of LEV or OFL were in the
range of 1-10 pM. The final solution pH was 5.0.

The antibiotic—goethite suspensions were shaken at 175 rpm
and 25 °C for 24 h in the dark. Final pH values of all the samples
were analysed after equilibrium. The samples were centrifuged
at 35190 g for 20 min, and the supernatant was stored at 4 °C
in the refrigerator for later measurements. All adsorption
experiments were carried out in triplicate.

Binary adsorption studies

Competitive adsorption studies of LEV and OFL to goethite
were carried out following a similar method. The amount of
goethite was 1.0 g L', During the adsorption edges studies,
the final concentrations of LEV-OFL mixture were 5, 10 and
20 uM. In adsorption isotherm studies, the initial concentrations
of LEV-OFL mixture were in the range of 4-20 pM, and the
final solution pH was 5.0.

Chemical analysis

In single adsorption experiments, the concentration of LEV or
OFL in solutions was measured using HPLC (Qin et al. 2014a).

In binary adsorption experiments, the concentrations of LEV
and OFL were simultaneously analysed using the method reported
by Shao et al. (2008), and modified in the present study. A
Shimadzu LC-20AT HPLC system with an Agilent C18 column
(4.6 x 250 mm, 5 pm particle size) coupled to a diode array
detector (DAD; Shimadzu SPD-M20A) was used. LEV and
OFL were detected at 293 nm. The mobile phase used consisted
of 20 % methanol and 80 % water (4 mM L-isoleucine and 3 mM
CuS0y,). The elution rate was 1.0 mL min~". The injection volume
was 20 pL. The column temperature was 40 °C.
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Fig. 1.

The amounts of OFL or LEV adsorbed on goethite were
calculated according to differences in the initial and equilibrium
concentrations in the solution. According to the results of
control samples (without goethite), there were no significant
losses in the concentration of LEV or OFL.

Modelling approach

The adsorption data for LEV and OFL were simulated using
the CD-MUSIC model (Hiemstra et al. 1989; Hiemstra and Van
Riemsdijk 1996), which was similar to the modelling of LEV
adsorption to goethite (Qin et al. 20145). The CD values of
LEV were from a previous study (Qin et al. 2018), and were also
considered in the calculation for OFL owing to their very similar
structures and bonding modes. The adsorption affinity constants
(log K) of LEV and OFL to goethite were derived by fitting.
During the modelling process, 40 or 24 adsorption data points
(each one being the average value of three samples) of OFL and
LEV at all initial concentrations (1-10 pM) were fitted simul-
taneously. The log K values for LEV—goethite or OFL—goethite
complexes were calculated on the basis of the root mean square
error (RMSE).

Model calculations were performed using the ECOSAT 4.9
program (Keizer and Van Riemsdijk 1998). Optimisation of the
parameters by assessing the differences between modelling
results and experimental data was carried out with Microsoft
Excel 2007 software.

Results and discussion
The structures of adsorbed LEV and OFL

The UV-vis spectra of aqueous OFL, LEV and LEV-OFL mixture
are shown in Fig. S1 (Supplementary material). The spectra of
aqueous OFL, LEV and OFL-LEV mixture are similar, and two
peaks are observed at ~301 and 328 nm. At the same concentra-
tions, the UV absorbance of OFL is much stronger than that of
LEV. Based on the data depicted in Fig. S1, the calculated molar
absorptivity values (at 301 nm) of LEV and OFL are 1.92 x 10*
and 2.13 x 10*mol L' cm ™' respectively. The molar absorptivity
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ATR-FTIR spectra of OFL, LEV, and OFL-LEV mixture before and after adsorption to goethite at pH 5.

(at 301 nm) of LEV-OFL mixture is 1.71 x 10* mol L™ -
which is smaller than the value for LEV and OFL. In all the EEM
spectra of OFL, LEV and LEV-OFL mixture, there is a peak
around Aep/Aex 0f 500/290 nm (Fig. S2, Supplementary material).
The fluorescence intensity of LEV is larger than that of OFL,
which is the opposite of their UV absorbance (Fig. S1). Different
fluorescence or UV intensity values of LEV and OFL have also
been found during their measurement with HPLC coupled to a
fluorescence (Zeng et al. 1999) or UV/DAD detector (Yan and
Row 2007; present study). Consequently, according to the UV-vis
and EEM results, the structures of LEV and OFL in solutions are
different, which may eventually affect their complexation with the
same cations (e.g. Ca", Mg”, F e3+) (Urbaniak and Kokot 2009)
and adsorption to the same mineral (Tanaka et al. 1993). In order
to investigate the interactions between LEV, OFL and goethite,
ATR-FTIR measurements were also conducted.

Fig. 1 shows the ATR-FTIR spectra of OFL, LEV and LEV—
OFL mixture before and after adsorption to goethite. LEV or OFL
has strong absorbance bands such as those at 1708 cm™" (ve—o,
carboxyl), 1621 em™ ! (veo, carbonyl), 1582 cm ! (Vcoo.as)
1526 cm ™! (ve—c, arom), 1398 cm ™! (vcoo,s), and 1271 cm !
(vcoon/dc_on), which are consistent with the reported results
for LEV (Le-Deygen et al. 2017; Yan and Niu 2017), OFL
(Goyne et al. 2005; Paul et al. 2014; Zhao et al. 2019) and
ciprofloxacin (Trivedi and Vasudevan 2007).

We note that there were nevertheless some differences in the
spectra of LEV and OFL (Fig. 1): (1) The carboxyl absorbance
band (ve—o, ~1710 cm™ ") of LEV disappeared after adsorption to
goethite, indicating the carboxyl groups were involved during
the reaction, which was not observed in the other spectra (i.e.
OFL), so carboxyl (vc—p) was not involved in the adsorption of
OFL to goethite; (2) spectral red shifts were only observed in the
asymmetric stretching mode of the deprotonated carboxylate
groups (Veooass ~1587 cm™") of LEV during its adsorption to
goethite; (3) spectral red shifts were observed in the scissoring
of the deprotonated carboxylate groups (Vcoo se, ~1276 cmfl) of
OFL (or LEV-OFL mixture, not LEV) during its adsorption to
goethite.
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LEV-Goethite OFL—Goethite

Fig. 2.
goethite.

The structures for LEV and OFL complexation with the surface of

Spectral red shifts were observed in the aromatic groups (v,
~1526 cm™ ") of the antibiotics during their adsorption to goethite,
which could be attributed to the complexation between LEV or
OFL molecules and Fe ions on the surface of goethite. A similar
spectral red shift phenomenon was also observed in UV-vis
measurements for OFL adsorption to TiO, (Paul et al. 2012).
No significant changes were found in the carbonyl absorbance
bands (vc—o, 1621 cm’l), and symmetric stretching mode of the
deprotonated carboxylate groups (Vcoos, ~1380 em™ 1), so these
functional groups were not involved in the adsorption processes.

Asreported previously (Tackett 1989; Trivedi and Vasudevan
2007), the difference (Av) between the asymmetric and
symmetric carboxylic stretch (Av = Vcoo.as — Veoo.s) was used
to identify the bonding mode of carboxyl groups (~COOH) with
metals or minerals (e.g. goethite), in which Avgeemite_coo 18 the
difference between vcoo s and vepo s of LEV or OFL adsorbed
to goethite, and Avge. coo is the difference between veoo as
and vcoos of LEV or OFL in solutions (control samples,
without goethite). A Av of the mineral-carboxylate complexes
(Avgoethite coo) greater than the Av of the free carboxylate
complexes (Avgee coo) indicates a monodentate complex,
a Avgoethite coo < AVpree coo a bidentate chelate, and a
AVgoethite -co0 X AViree coo @ bridging bidentate complex. In
this study, the calculated Avgoemite-coo and Aveee coo values of
LEV were 183 and 186 cm ', so LEV formed a bridging
bidentate complex with goethite (Fig. 2).

It was difficult to identify the bonding mode of OFL and
goethite using the same method, because the absorbance band
(vcoo .28 ~1582 cm’l) of OFL was not observed in this study.
As discussed above, (1) the carboxyl group (vc—p) was not
involved during the adsorption of OFL to goethite; and (2)
spectral red shifts were observed in vcoo s of OFL adsorbed to
goethite, which was involved in the adsorption process. Conse-
quently, monodentate is the most likely complex during the
adsorption of OFL to goethite (Fig. 2).

Modelling LEV or OFL adsorption in the single system

In the single system, adsorption of LEV or OFL to goethite is
shown in Fig. 3. In a previous paper (Qin et al. 20145), LEV
adsorption to goethite has been discussed. The curve for the
adsorption of OFL to goethite is also bell-shaped (Fig. 3b).
The maximum amounts of adsorbed OFL are reached at pH
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Fig. 3. Adsorption of single LEV (a), and OFL (b) to goethite under
different pH conditions in 0.01 M NaCl. Error bars (£1 s.d., n = 3) are shown
in figures. Solid (LEV) and dashed (OFL) lines in figures are model
calculations using the parameters listed in Table 1.

~5.5, and decrease beyond this pH range, similarly to those of
LEV (Qin et al. 20145) and OFL (Paul et al. 2014).

In the present study, bridging bidentate and monodentate
species were respectively formed during the adsorption of LEV
and OFL to goethite (Fig. 2). As shown in Fig. 3, LEV or OFL
adsorption to goethite is well described by the CD-MUSIC
model (RMSE <0.006, n = 24 or 40), using the parameters
listed in Table 1. When the initial concentration of LEV or OFL
is 10 uM, the calculated maximum amounts of LEV and OFL are
0.038 and 0.040 pmol m 2 respectively. OFL adsorption to
goethite is a bit stronger than that of LEV (Fig. S3, Supplemen-
tary material); the same results are also observed in the adsorp-
tion isotherm studies at high concentrations of antibiotics
(>5 uM) (Fig. S4, Supplementary material), which is because
their physicochemical properties (e.g. pK,) and bonding modes
on goethite surface are different.

In the next section, we use the CD-MUSIC model with the
same parameters to predict their competitive adsorption in the
LEV-OFL-goethite systems.

Adsorption of LEV and OFL in binary system

The competitive adsorption of LEV-OFL mixture to goethite is
shown in Fig. 4. At pH ~5, the amounts of adsorbed LEV and
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Surface species and CD-MUSIC model parameters of goethite, LEV—goethite complexes and OFL—goethite complexes

Site density, capacitance and other basic properties of goethite are from Hiemstra etal. (2010). Az,, Az, and Az, are charge attributed to the 0-plane, 1-plane and
2-plane. Log K values for LEV—goethite and OFL—goethite complexes were calculated on the basis of the root mean square error (RMSE); RMSE; gy =
0.00584 (n =24), RMSE g, = 0.00268 (n =40). LEV and OFL are the zwitterionic or neutral species of LEV and OFL. C, and C, are inner and outer layer
capacitances, respectively

Basic parameters PzC Site density (nm™?) Capacitance (F m %)
—Fe,OH %°  —Fe;0 %° C; C,
9.0 3.45 2.70 0.93 0.75
Sites Charge distribution Tons or ligands log K
Surface species —Fe,OH *°  _Fe;07%° Az, Az, Az, H' Na* ClI~  LEVor OFL
=FeOH; *? 1 0 1 0 0 1 0 0 0 9.00
=Fe,OH""? 0 1 1 0 0 1 0 0 0 9.00
=FeOH---Na'%? 1 0 0 1 0 0 1 0 0 —0.60
=Fe;0---Na™%? 0 1 0 1 0 0 1 0 0 —0.60
=FeOH,---CI %* 1 0 1 -1 0 1 0 1 0 8.55
=FeOH..-C17%° 1 0 1 —1 0 1 0 1 0 8.55
=(FeO),HLEV ! 2 0 1.1 —0.1 1 2 0 0 1 22.46
=(Fe0),LEV’ 2 0 1.1 —-0.1 0 1 0 0 1 6.00
=FeOHOFL "% 1 0 0.1 —0.1 1 1 0 0 1 13.28
=FeOOFL % 1 0 0.1 —-0.1 0 0 0 0 1 0.55
0.05
I LEVin 19.59 pmol L™ mixture
: M OFLin 19.59 pmol L™ mixture
A\ LEVin 10.60 pmol L™ mixture
0.04 A OFLin 10.60 umol L™" mixture
WV LEVin4.61 pmol L™" mixture
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Fig.4. Adsorption of LEV or OFL in LEV-OFL mixture under different pH conditions in 0.01 M NaCl.
Error bars (1 s.d., n = 3) are shown in figures. Solid (LEV) and dashed (OFL) lines in figures are model
calculations using the parameters listed in Table 1.

OFL are respectively 0.030 and 0.026 pmol m 2 in 20 pM

mixture, which is smaller than their corresponding values (0.036
and 0.033 pmol m?) in single systems (Fig. 3). Similar com-
petition between LEV and OFL in binary studies is also found in
the adsorption isotherm studies (Fig. S4). As a consequence, in
the LEV-OFL—goethite systems, LEV and OFL compete for the
sites on the goethite surface during the adsorption process.
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The adsorption data of LEV and OFL in binary systems were

simulated using the CD-MUSIC model with the same para-
meters (Table 1) derived from the single adsorption studies. The
fitis good (Fig. 4), except for the simulation at pH ~5.2 and high
concentration of LEV-OFL mixture (19.59 uM), in which the
predicted amounts of adsorbed LEV-OFL are higher (20.0,
30.8 %) than the experimental results.
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In LEV-OFL mixture, there are small differences in the initial
concentrations of LEV and OFL (52 : 48 % w/w), which also affect
the adsorption amounts of LEV and OFL to goethite during the
experiments. In order to compare the adsorption between LEV and
OFL more exactly, their adsorption processes were calculated
using the CD-MUSIC model (Fig. S5, Supplementary material).
Compared with LEV, more OFL was adsorbed to goethite
(pH < 6), especially in the pH range of 5-7, but there were no
significant differences at pH > 9. This was because OFL has a
larger protonation constant (pK,;) than LEV. Compared with the
unprotonated LEV or OFL, the protonated (>99.9 %) ones were
mainly adsorbed to the surface of goethite, and the single species
may be used during their following modelling.

Conclusions

The adsorption behaviours of LEV and OFL to goethite were
quite different. The ATR-FTIR spectroscopic evidence indi-
cated that LEV formed a bridging bidentate complex with the
goethite surface, and OFL formed a monodentate complex. OFL
adsorption to goethite is stronger than that of LEV. The
adsorption of LEV and OFL to goethite was well simulated by
the CD-MUSIC model. In the natural environment, compared
with OFL (or LEV-OFL mixture), more free LEV may exist in
soils and sediments, and be released into groundwater, which
would increase its toxicity to microorganisms.

Supplementary material

The UV-Vis spectra, EEM spectra, adsorption isotherm of
LEV and OFL, and the calculated amounts of LEV and OFL
adsorbed to goethite in single or binary systems are available on
the Journal’s website.
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