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ABSTRACT

Interactions between aqueous Fe(Il) and solid Fe(Ill) oxy(hydr)oxide surfaces play
determining roles on the fate of organic contaminants in nature. In this study, the adsorption of
nalidixic acid (NA), a representative redox-inactive quinolone antibiotic, on synthetic goethite
(a-FeOOH) and akaganéite (B-FeOOH) were examined under varying conditions of pH and
cation type and concentration, by means of adsorption experiments, attenuated total reflectance-
Fourier transform infrared spectroscopy, surface complexation modeling (SCM) and powder
X-ray diffraction. Batch adsorption experiments showed that Fe(II) had marginal effects on NA
adsorption onto akaganéite but enhanced NA adsorption on goethite. This enhancement is
attributed to the formation of goethite-Fe(II)-NA ternary complexes, without the need for
heterogeneous Fe(II)-Fe(IlI) electron transfer at low Fe(II) loadings (2 Fe/nm?), as confirmed
by SCM. However, higher Fe(II) loadings required a goethite-magnetite composite in the SCM
to explain Fe(Il)-driven recrystallization and its impact on NA binding. The use of a surface
ternary complex by SCM was supported further in experiments involving Cu(Il), a prevalent
environmental metal incapable of transforming Fe(Ill) oxy(hydr)oxides, which was observed
to enhance NA loadings on goethite. However, Cu(II)-NA aqueous complexation and potential
Cu(OH), precipitates counteracted the formation of ternary surface complexes, leading to
decreased NA loadings on akaganéite. These results have direct implications on the fate of
organic contaminants, especially those at oxic-anoxic boundaries.

Keywords: Fe(IIl) oxy(hydr)oxide; Fe(Il); Cu(Il); quinolones antibiotics; modeling.
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Synopsis
This work shows how the fate of antibiotics can be affected in Fe(Il)- and Cu(II)- and

FeOOH-bearing environments, such as oxic-anoxic interfaces.
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1. INTRODUCTION

In natural waters and soils, iron can coexist as solid Fe(Ill) oxy(hydr)oxides minerals and
soluble Fe(II), especially at oxide-anoxic boundaries.! 2 Electron transfer between sorbed Fe(II)
species and solid Fe(IIl) oxy(hydr)oxide surfaces is an especially important mechanism?® in
these settings as it plays a significant role in triggering mineralogical transformations and
altering contaminant dynamics in the environment.®® Some Fe(III)-bearing phases can undergo
secondary mineralization reactions (ferrihydrite — goethite; lepidocrocite — magnetite)!®!2
following Fe(II) adsorption, while other more stable (goethite,'> magnetite * and hematite?)
phases can undergo intensive atom exchange without forming new product minerals.

Heterogeneous systems containing Fe(Ill) oxy(hydr)oxides and Fe(Il) are very efficient in
environmental remediation due to their high reductive reactivity. Consequently, numerous
studies have focused on investigating their efficacy in remediation of both inorganic® '* and
organic contaminants.” % 1 Redox reactions are driven by the high reactivity of adsorbed Fe(II),
as the complexation of Fe(II) with Fe(Ill) oxy(hydr)oxides can significantly lower the redox
potential of Fe(Il), and thus enhance the reductive reactivity.” " '8 However, the influence of
Fe(Il) on the binding capacity of Fe(IIl) oxy(hydr)oxides has been less studied. The existing
research on this subject, limited to a few studies,” ® !° has chiefly focused on inorganic
compounds. For instance, Fe(Il) binding onto goethite and hematite was reported to increase
adsorption of sulfate and phosphate through ternary complexation and -electrostatic
interactions.!” However, Fe(II) had only a minor effect on the fate of arsenate.” In contrast,

Frierdich et al.® found that Fe(Il)-induced recrystallization of goethite and hematite
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repartitioned Ni(Il) at the mineral-water interface and substantially altered the fate of Ni(II).
Still, little is known about the impact of Fe(II) on the binding of organic, redox-inactive species
at Fe(IIl) oxy(hydr)oxide mineral surfaces. Previous work showed that Fe(II) bound to goethite
only slightly enhanced phthalic acid adsorption in the form of ternary outer-sphere species,’ yet
more information on how Fe(Il)-organic binding alters Fe(IIl) oxy(hydr)oxide transformations
in these mixed redox systems is needed.

This knowledge is especially needed given the increasing scrutiny on the fate of antibiotics
(e.g. quinolone) in the environment, a consequence of their overuse and incomplete removal by
wastewater treatments.?>?? Our recent studies have showed that Fe(III) oxy(hydr)oxides such
as goethite (a-FeOOH), akaganéite (B-FeOOH) and magnetite (Fe3O4) play key roles in the
mobility and fate of quinolone antibiotics.?*~** However, Fe(II) coexisting in soils and sediments
with Fe(III) oxy(hydr)oxides, resulting from microbial respiration and weathering of Fe-bearing
minerals, could also affect the fate of quinolone antibiotics. Two of these minerals were chosen
in this study include (i) goethite, which is the most thermodynamically stable iron oxyhydroxide
mineral at low-temperature and has significant implications for contaminant mobility in
terrestrial and aquatic environments,®!' and (ii) akaganéite, a polymorph of goethite that forms
in environments rich in Fe(II) and CI".*? In addition, OH populations, reactive hydroxyl groups

and intrinsic protonation and deprotonation constants were well documented for goethite?> 2>

33, 34 35-37

and akaganéite, which make them ideal model phases for fundamental interfacial
studies.

In this work, we investigated the impact of dissolved Fe(II) on the ability of goethite and
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akaganéite in binding nalidixic acid (NA), a representative synthetic quinolone antibiotic that
is widely present in aquatic and terrestrial environments at concentrations ranging from ng/L to
ng/L.1384% We resolved whether coexisting Fe(II) and NA (i) compete for sorption sites, (ii)
cooperatively bind via ternary complexation, and/or (iii) trigger mineralogical transformations.
To elucidate these mechanisms, we explored Fe(II) and NA loadings on goethite and akaganéite
by batch adsorption and surface complexation modeling, and tracked for phase changes by X-
ray diffraction and transmission electron microscopy. We also explored the role of Cu(Il), a
common trace cation present in groundwater and surface waters alongside Fe(IlI)
oxy(hydr)oxides and antibiotics.?” 4! The inability of Cu(II) to induce transformation of Fe(III)
oxy(hydr)oxides provides an opportunity to explore the binding mechanisms in ternary systems
(cation/NA/goethite) using attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy, without the complication rising from redox-induced mineral transformation
and/or possible Fe(Il) oxidation. The zeta potential of minerals was also measured to account
for the electrostatic effects under various solution chemistry conditions. Our work provides
evidence for cation-NA-mineral ternary complexation, and a Fe(II)-concentration/surface

loading dependence on the recrystallization of Fe(IIl) oxy(hydr)oxides.

2. MATERIALS AND METHODS
2.1 Chemicals
Nalidixic acid (NA, Ci12H12N203), iron(I) chloride tetrahydrate (FeCl,-4H>0), ferric nitrate

nonahydrate (Fe(NO3)3-9H>0), cupric chloride dihydrate (CuCl,-2H20), hydrochloric acid
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(HC1), sodium hydroxide (NaOH), piperazine-1, 4-diethyl sulfonic acid (PIPES) and NaCl were
obtained from Sigma-Aldrich. All chemicals used in the study were of pro-analytical quality or
better and used as received. Ultrapure “Milli-Q” water (specific resistivity, 18.2 MQ cm ') was
used for the preparation of all solutions. A stock solution of NA (purity >99%) was prepared by
dissolving 232 mg (1 mmole) of NA in 20 mL of 1 M NaOH, followed by dilution to a final
volume of 1 L with ultrapure water. All experiments were conducted in an anaerobic chamber
(N2-glovebox, MIKROUNA). All solutions were purged with N2 for 4 h prior to their

introduction into the glovebox.

2.2 Synthesis and characterization of goethite and akaganéite

Goethite?” 3 and akaganéite®>-’

were synthesized as described in previous studies, and the
detailed procedures are given in Text S1(Supporting Information). Phase identity and purity of
minerals were confirmed by powder X-ray diffraction (XRD), using a D§ ADVANCE X-ray
diffractometer (Bruker, Germany) equipped with a Co X-ray source (A=0.179 nm). The
diffractograms were recorded at 40 kV and 40 mA over 20 range from 10° to 85° with a 0.02°
step size and a collection of 3 s per point. The phases were identified using a MDI Jade 6
software. The size and morphology of as-synthesized minerals were analyzed by transmission
electron microscopy (TEM, Tecnai G2 F30 S-TWIN, USA) operated at 300 kV and in bright-
field imaging mode. The TEM images indicated that goethite has a typical needle-like shape,

with length between 110-150 nm and width of 8-12 nm, while akaganéite presents acicular

particles of 4.5-5.7 nm in width and 25-31 nm in length (Figure S1). Nx(g)
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adsorption/desorption isotherms were recorded using a nitrogen adsorption apparatus (JWGB
SCL.& TECH, JW-BK132F, China) at 77 K before degassing overnight at 353 K, and the
calculated B.E.T. specific surface areas were 98 m*/g for goethite and 183 m?*/g for akaganéite,
respectively. The zeta potential of minerals in the presence of different adsorbates was
determined using a zeta potential analyzer (NanoBrook 90Plus zeta, Brookhaven, USA). The
goethite or akageneite suspensions in the presence of NA and/or cations were adjusted to the
desired pH in 10 mM NaCl and equilibrated for 24 h under nitrogen. Aliquots were sampled for
{ determinations and each sample was measured three times with 12 - 30 runs for every

measurement. The  potential values were averaged over 3 measurements.

2.3 Batch experiments

Adsorption batch experiments were carried out in a glovebox (pO2 < 1 ppm) to eliminate any
Os-driven redox reactions. Kinetic adsorption studies were conducted in 50 mL polypropylene
tubes containing suspensions of 50 m*/L goethite or akaganéite with 10 uM NA or 300 pM
Fe(II) in a background electrolyte of 10 mM NacCl. pH was maintained at 7.0 £0.1 using PIPES
solutions. Aliquots were sampled during the experiments and filtered (0.2 um, polyethersulfone
membrane filter) for analysis. Equilibrium adsorption experiments were conducted in 15 mL
polypropylene tubes. Briefly, solutions of 10 or 100 uM NA were mixed with goethite or
akaganéite (50 m%*/L) in 10 mM NaCl. FeCl, (50, 100, 200, 500 uM) or CuCl. (10, 50, 100 and
200 uM) were added to the solutions in order to study the effects of Fe(II) or Cu(Il) on NA

adsorption. The pH was then adjusted to the desired value (4 < pH < 10) with 0.1 M HCI or
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NaOH solutions. Preliminary experiments showed that adding NA or Fe(Il) simultaneously or
sequentially after 24 hours of equilibration had negligible effects on adsorption results (Figure
S2). Desorption tests were conducted at pH 11 to check the mass balance, and an average
recovery of 99 + 1% confirmed the mass balance. In another set of experiments, adsorption
isotherms were collected for varied Fe(II) concentrations (0-500 uM) with 10 uM NA, and the
pH was maintained using PIPES solutions at 7.1 £ 0.1. All suspensions were equilibrated on a
platform shaker at room temperature for 24 h, and suspension pH values were measured again
before filtration (0.2 pm) with a benchtop pH/mV meter (ST3100, Ohaus) calibrated on a daily
basis. To investigate the mineral transformations under examination, mixtures of 50 m%/L
goethite or akaganéite in 10 mM NaCl with 10 uM NA and varying concentrations of Fe(II)
were prepared at pH 9.0 = 0.1 for 24 h. The suspensions were then centrifuged and freeze-dried
before XRD and TEM characterization.

Aqueous NA concentrations were stored in a refrigerator and determined within 24 h using
an Ultimate 3000 high performance liquid chromatography (HPLC) system equipped with a
reversed-phase C18 column (250 x 4.6 mm i.d., 5 um) and a UV detector (258 nm). The mobile
phase was a mixture of acetonitrile/water (60:40 v/v) containing 0.1% of formic acid. The flow
rate of the mobile phase was set at 1 mL/min in the isocratic mode. Aqueous Fe(II) and Fe(III)
concentrations were determined immediately after filtration by the phenanthroline method.**
Concentrations of Cu(Il) were analyzed on an Atomic Absorption Spectrometer (Thermo, ICE-
3500). All experiments were performed at least twice, and the reproducibility of the

measurements was around 3% for NA and 5% for Fe(II) and Cu(II).
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2.4 ATR-FTIR Spectroscopy

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of free NA
species and bound NA onto goethite with and without Cu(Il) were recorded with a Bruker
Vertex 70/V FTIR spectrometer equipped with a DLaTGS detector. All spectra were collected
in the 600—4000 cm ! range at a resolution of 4.0 cm ~! and at a forward/reverse scanning rate
of 10 Hz. Each spectrum was an average of 250 scans. The Blackman-Harris 3-term apodization
function was used to correct phase resolution. Sample preparation for the ATR-FTIR analysis
followed the same procedure as for batch sorption experiments. Two series of experiments were
conducted at pH 4-10 in 10 mM NaCl for 50 m*/L goethite and (i) 100 uM NA or (ii) 100 pM
NA with 100 uM Cu(II). Spectra of goethite suspensions in 10 mM NaCl were also taken in the
absence of NA and Cu(II) and then subtracted from the spectra of sorbed NA and/or Cu(Il) in
order to represent surface complexes only. Prior to ATR-FTIR analysis, tubes from batch
sorption experiments were centrifuged and then the centrifuged wet pastes were transferred
onto a diamond window of an Attenuated Total Reflectance (ATR) cell (Golden Gate, single-
bounce). A reference spectrum of aqueous NA was also acquired from a 10 mM NA solution in
1 M NaOH.
2.5 Surface complexation modeling

Surface complexation calculations were performed with PHREEQC (version 2),* and using
the “minteq.v4” database provided with this geochemical speciation code. The binding behavior
at goethite and akaganéite surfaces was described using the multisite complexation (MUSIC)

model approach.*® Detailed information regarding the proportions of crystal planes and
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corresponding reactive site densities are given in Text S2 in the SI. The electric double layer
and electrostatic interactions were described according to the three-plane model (TPM),*
dividing the mineral-water interface into the 0-, 1-, and 2-planes. Charges of the adsorbates
were distributed among the 0 (H', metal-bound complex), 1 (hydrogen-bound complex), and 2
(Na", CI", outer-sphere surface complexes) planes of the TPM and a charge distribution (CD)
term was employed for their description only if required. The values of surface site densities
and protonation constants, background electrolytes binding constants and capacitances for the

23.24.27 and are presented in

0-plane (C1) and 1-plane (C2) were taken from previous studies
Table S1. The equilibrium constants for the formation of additional surface species are
documented in Table 1. The formation constants of NA—Fe(Il) and NA—Cu(Il) aqueous
complex were obtained from the literature.*’ Precipitation of Fe(OH)x(s) and Cu(OH)x(s) were
taken into account in the calculations (Table S1). Parameters of surface species in simple (binary)
systems were individually fitted using independent data sets, and then kept constant for
simulations in ternary systems. For example, NA—goethite surface complexation constants were
determined using NA adsorption data onto goethite, in close agreement with a previous study,?
and then kept constant for the rest of simulations. The nature of Fe(Il) surface complexes onto
goethite has been previously determined” !° and the corresponding surface complexation
constants were fitted using the Fe(Il) adsorption data obtained in this study. Simulations were
then performed in the ternary goethite—Fe(I[)~NA system without any parameter adjustment.

To mitigate the complexities arising from the precipitation of Cu(I) at high concentrations, we

exclusively used the data for Cu(Il) at 200 uM for simulation purposes, without employing
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them for the adjustment of constants. PhreePlot*®, which was used to estimate parameters,
employs a parameter optimization procedure that minimizes the weighted sum of squares of the
residuals to fit a model to experimental data. A modified Marquardt-Levenberg procedure®
was applied. With this method, PhreePlot provides also a statistical uncertainty of the estimated
parameters (Table 1). For magnetite, we used the 2-pKa-constant capacitance model approach
developed by Jolstera et al.”® The reactive site densities were determined as 1.50 sites nm™, and

the capacitance value was estimated as 2.1 F m™.

3. RESULTS AND DISCUSSION
3.1. Nalidixic Acid adsorption onto goethite and akaganéite
Kinetics experiments showed that NA binding on goethite and akaganéite reached

equilibrium within 24 h (Figure S3), and mass balance confirmed that NA was removed only

by adsorption.
0.25 0.25
(a) (b) Total
~ ~100% NA removal V1B (001/(100)
‘= 0.2 1 TA o 02 fa—gll T e MB (010)
% ~84% NA removal o E . = Dimer (001/(100)
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(=}
g 305 o - = =MBOOD/100/10)|  Eq s o
p - - = HB (001)/(101) ST e
% ~ N 0S (001)/(101) g 3
= 0.1 - L 2 01
=® \ ©
= 0.05 - 20.05
0 [ —....' ....... 0+ -
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Figure 1. NA removal from solution for [NAJwt= 10 uM on 50 m?/L of (a) goethite and (b) akaganéite versus
pH in 10 mM NaCl at 25 °C. The corresponding percentage of NA removal at the plateau is also given. Lines
are model predictions for metal-bound (MB), hydrogen-bound (HB) and outer-sphere (OS) complexes. (c)
MB (d) HB (e) OS of NA at goethite (001)/(101)/(210) and akaganeité (001)/(100) surfaces, and (f) MB of

NA at akaganeité (010) surface.

NA adsorption follows the typically expected anion adsorption envelopes for quinolones.?*
25 Here, surface loadings were highest in acidic to circumneutral pH, and substantially lower
under alkaline conditions (Figure la). This can be explained by the increased electrostatic
repulsion between the deprotonated NA™ (pKa = 6.1) species and negatively-charged mineral
surface sites.

The ATR-FTIR spectra of NA bonded on goethite surfaces at different pH values showed
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that the carbonyl group of bound NA was blue-shifted, and Av (AV = vcoo.as — Vcoos) " 2
increased upon binding compared to the unbound NA (Text S4 and Figure S4a). Accordingly,
the predominant NA binding mechanisms on goethite could involve the ketone group and one
oxygen of the carboxylate group to (singly-coordinated) -OH groups of goethite.?* 2. This
enables us to propose different surface complexes all involving carbonyl and carboxylic groups,
in which -OH groups of goethite may or may not be of the same Fe(III) octahedron.” They
include metal-bound (MB) complex with surface Fe sites, hydrogen-bound (HB) complex
(surface hydration shared ion pair) with surface hydroxo groups and outer-sphere (OS) complex
(solvent-surface hydration-separated ion pair) with protonated singly coordinated sites
(=FeOH,"%?). The structures of the MB, HB, and OS surface complexes are shown in Figure
Ic-e, assuming the participation of two Fe(IIl) octahedra. These can be expressed through the
following reactions (Table 1):

2 =FeOH?%°+ 2 H" + NA" = (=Fe)2(NA)*+2 H,0; log Kmp (1)

2=FeOH"’+2 H"+NA" = (=FeOH,),"NA"; log Kup/os (2)
These reactions show similar stoichiometries but the charge distribution between 0-, 1-, and 2-
planes differ depending on the position of NA at the mineral-water interface. In addition, at high
NA loadings, a NA-NA dimer is formed through intermolecular interactions, in which the
charge of one NA is located at the 0-plane, and the second one at the 1-plane:*’

2=FeOH?"’ +2 H" + 2 NA = (=FeNA), + 2 H;0; log Kdimer 3)

NA adsorption on akaganéite was greater than that on goethite. At pH <7, ~100% of NA

sorbed onto akaganéite, while the maximum NA uptake on goethite was only ~84% (Figure 1b).
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We attribute this mineral-dependent adsorption to the larger (i) pH window for a positive surface
charge and (ii) reactive sites on akaganéite. The larger pH window for a positive charge stems
from the higher point-of-zero charge of akaganéite (9.6—10), compared to goethite (9.1-9.4). 3
s+ The higher reactivity of akaganéite can be also explained by the occurrence of reactive
geminal =Fe(OH»)," groups at the (010) plane, which are known to have strong affinities for
anionic species.>>’

Based on previous crystallographic considerations and spectroscopic investigations,?
surface complexes on the (001)/(100) planes of akaganéite are expected to be comparable to
those on the goethite (001)/(101) and (210) planes.?* Therefore, the model for the (001)/(100)
planes of akaganéite includes the above surface reactions (egs.1-3), i.e. bridging metal-bound,
hydrogen-bound complexes as well as a dimer. Additionally, to account for NA binding with
geminal =Fe(OH2)2" groups at the (010) plane, a monocuclear six-membered chelate complex
was used, as follows (Figure 1f):

=Fe(OH2)(OH) + H'+ NA™ = =Fe(NA) + 2H20; logK (010, 4)
Surface complexation reactions and their corresponding constants for NA (Table 1) provide
insights into the pH-dependent behavior of NA loadings on goethite and akaganéite. NA surface
speciation on goethite suggests a predominance of MB complexes under acidic pH conditions
(Figure 1a) and a predominance of HB and OS complexes at high pH. In the case of akaganéite,
MB complexes are found to be the prominent species at all pH values for low NA loading (10

uM), primarily associated with the binding on the (010) plane (Figure 1). However, at high NA

loading (100 uM), the NA-NA dimer becomes the predominant species (Figure S5a). Moreover,



283  NaCl concentration variation (10-100 mM) exhibited negligible effect on NA adsorption,
284  aligning with the dominance of MB complexes on the akaganéite surface (Figure S5b).

285

286 3.2 Cation-NA co-binding on goethite and Fe(II)-driven catalytic recrystallization

287 As in the NA-minerals binary systems, kinetic experiments revealed that Fe(Il) and NA
288  adsorption reactions reached equilibrium within 24 h (Figure S3). The presence of NA had no
289  effect on Fe(Il) adsorption (Figure S6), and loadings were unaffected by the order of NA and

290  Fe(II) addition to the mineral suspensions (Figure S2).
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293 Figure 2. (a) Fe(1I) and (b) NA removal from solution for[NAJwt= 10 uM on 50 m? /L goethite in 10 mM

294 NaCl versus pH at different Fe(IT) concentrations after 24 h reaction time. (c) NA adsorption versus Fe(II)
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uptake. Experimental conditions: 10 uM NA and 0-500 uM Fe(II) adsorption onto 50 m? /L goethite in10
mM NaCl at pH = 7.1 + 0.1. Lines are modeling results for (a) Fe(Il) and (c) NA adsorption onto goethite
without considering mineral transformations, (b) NA adsorption in the presence of 500 uM Fe(II) accounted

for the transformation of 25% of the initial goethite into magnetite.

Fe(II) enhanced NA adsorption onto goethite at pH > 6, with no significant influence at lower
pH values (Figure 2). While lower Fe(Il) concentrations had only a minimal impact on NA
loadings, higher concentrations (= 200 uM) significantly increased NA loadings and even
changed the shape of the sorption edge. This observation suggests the existence of distinct
mechanisms governing the (co)binding of NA and Fe(II) species. Indeed, the presence of Fe(II)
could affect NA adsorption via several mechanisms. Firstly, Fe(II) can form aqueous complexes
with NA:

NA-+Fe*? = NAFe"; (5)

Secondly, Fe(II) can also adsorb onto goethite via the following reactions:® !% 5

=FeOH"3+ Fe'? < =FeOFe'"’ + H" (6)

=FeOH > + Fe"> + H,0 = =FeOFeOH?’ + 2H" (7)

Here, the charge of the sorbed Fe(Il) is located at the O-plane. At the same time, alkaline
conditions favored Fe(Il) precipitation as Fe(OH)ys (Figure S7). Egs. 6-7, alongside
precipitation, fully accounted for the pH-dependent uptake of Fe(II) onto goethite (Figure 2a).

As aresult, a change in the adsorption curve shape was observed at high amount of Fe(II) (500

uM) and at pH around pH 7, which can be attributed to the precipitation of Fe(OH)x(s).
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Finally, to account for the enhanced NA binding in the presence of Fe(Il), a ternary
goethite—Fe(I1)~NA complex was included in the model:

2=FeOH™" + Fe"> + NA" = (=FeOH),FeNA (8)

Our model successfully predicts NA binding to goethite at total loadings in the range of 50-200
uM Fe(II), by locating charges of Fe(Il) and NA at the 0 plane. This is consistent with zeta
potential variation of goethite surface upon addition of Fe(II) or NA or both Fe(Il) and NA
(Figure S8). For instance, addition of Fe(Il) or Fe(Il) and NA shifts the zeta potential towards
more positive values, creating a favorable condition for NA adsorption through ternary surface
complexation. Accounting for the electron transfer process between sorbed Fe(Il) and Fe(III)
in goethite did not improve the modeling, as previously observed.!”

The effectiveness of the optimized model parameters for Fe(Il) and NA adsorption was
validated by successfully predicting the co-adsorption of Fe(Il) and NA at pH 7 (Figure 2c¢).
This model accurately predicted an increase in NA loadings associated with Fe(II) uptake, thus
providing further validation for including a ternary complex in the model. However, the model
tended to overestimate NA binding at a higher Fe(II) concentration (500 uM) (Figure S9a).
Based on XRD analysis (Figure 3), we observed that Fe(Il) at concentrations of 200 and 500
uM catalytically recrystallized goethite to magnetite. This finding warranted the inclusion of

magnetite in the model to account for NA adsorption upon mineral transformations.
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Figure 3. Powder XRD patterns of the transformation products of 50 m? /L goethite with different
concentrations of Fe(Il) at pH 9. Peaks are identified as goethite (G) or magnetite (M). Magnetite (PDF#79-

0419) was detected at 20 at 35.1, 41.4, 50.4 and 74.1°.

We propose that the formation of magnetite driven by Fe(Il) can be attributed to a topotactic
or reconstructive process resulting from the precipitation of white rust Fe(OH),s) at high pH:>®
58

Fe(OH)2 + 2 0—FeOOH — Fe304+ 2H20 9)

Using the XRD intensity (I) ratios of the most intense magnetite (20 = 41.4°) and goethite (20
= 24.7°), Iw/(Iu+1G) peaks,’” we find that 200 pM Fe(II) transformed only ~3% of goethite,
whereas 500 uM Fe(II) transformed ~24% of the goethite into magnetite. Noting that after post-
addition of 500 uM Fe(Il), the goethite suspension contained a total of 6.2 mM Fe(IIl). As the
maximum amount of iron in magnetite was 1.5 mM, we find that it represented 24 % of this

total iron. This consequently supports the concept that all Fe(Il) added to the suspension
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converted to magnetite as resolved by XRD.

To describe NA binding onto goethite in the presence of 500 uM Fe(II), we imposed a 75%
goethite - 25% magnetite assemblage in the model, and simulated NA binding onto this
goethite-magnetite composite. We considered that NA bound to two surface hydroxy groups of
magnetite, similar to goethite (Eq.1).2° All the modeling parameters are presented in Table S1.
Our best-fitting model predicted NA adsorption at high pH, where significant recrystallization
and transformation occurred (Figure 2b). The overestimation of NA adsorption at pH < 8 was
ascribed to the absence of goethite transformation to magnetite, which can be anticipated by the
lack of Fe(OH), precipitation (Figure S7). Therefore, at pH < 8§, a model solely incorporating
goethite as the mineral phase predicted consistently higher NA loadings (see e.g. Figure S9b).

Because the reaction involving Fe(Il) could have also modified the reactivity of goethite
surfaces towards NA binding, we investigated the effects of Cu(Il) on NA adsorption onto
goethite. As typically encountered for cations, Cu(Il) adsorption increased with pH and
concentration (Figure 4a). Since Cu(Il)-goethite surface complexes have been well documented
and defined based on ab initio molecular geometries and EXAFS spectroscopy,” we describe
the pH-dependence of Cu(Il) adsorption using the already reported equations of Cu(II) binding
onto goethite, as listed in Table 1.°% % The Cu(II) adsorption data can be accurately predicted
by keeping all parameters equal to literature values (Figure 4a).°* In addition, the model also

predict the presence of Cu(Il) precipitation as Cu(OH)z(s) for 200 uM Cu(II) (Figure S10).
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Figure 4. (a) Cu(Il) and (b) NA removal from solution for[NA]w:= 10 uM on 50 m? /L goethite in 10 mM

NaCl versus pH at different Cu(Il) concentrations after 24 h reaction time. Lines are modeling results.

The FTIR spectra of bound NA species in the presence of Cu(Il) exhibited major spectral
variations for ketone and carboxyl groups compared to free NA species (Figure S4b), indicating
the involvement of carboxylic and carbonyl groups of NA in the surface complexation. This is

61. 62 which reported

consistent with previous findings for metal complexation of quinolones,
that the most common is the bidentate coordination mode involving the carbonyl and one of the
carboxylate oxygen atoms (See Figure S11 for NA-Cu(Il) complex).

Accordingly, the presence of Cu(Il) significantly increased NA adsorption and shifted the
sorption edge to higher pH (Figure 4b). NA sorption increased sharply at Cu(Il) concentrations
of less than 100 uM, while larger concentrations did not have any significantly higher impacts
on loadings. As ternary surface-cation-ligand complexes generally enhance ligand binding by

27,41, 60, 63

cations, we modeled greater NA loadings using the following reaction, with locating

charges of Cu(Il) and NA at the 0 plane:
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2=FeOH %° + NA™ + Cu™? = (=FeOH),CuNA (10)

This ternary complexation is also consistent with the zeta potential variation of goethite
surface, where the excess positive charges induced by the adsorption of Cu(Il) may favor the
adsorption of negative NA species, and thus the formation of goethite-Cu(II)-NA ternary
complexes (Figure S8). The difference in the influence of Cu(II) and Fe(II) on NA sorption can
be also related to the hard/soft acids/bases (HSABs) principle.** NA~ and OH" are hard bases,
while Cu(Il) and Fe(II) are hard acids, with Fe(II) being the harder one. As such, the interaction
is stronger in the bond of Cu(Il)-OH/ Cu(II)-NA than that of Fe(I)-OH/ Fe(I[)-NA, *7- 6
which explains the higher adsorption of NA in the presence of Cu(Il) compared to Fe(I).

To further interpret the NA adsorption in the presence of 100 and 200 uM Cu(Il), we
compared the surface species distribution of NA and Cu(Il) (Figure S12). The increase in Cu(Il)
concentration from 100 to 200 uM resulted in a significant increase in goethite-Cu(Il) complex
and Cu(OH), precipitation. However, the amount of the goethite-Cu(II)-NA ternary complex
was very similar under these two Cu(Il) concentrations. This falls in line with our experimental
findings where 100 uM Cu(Il) and 200 uM Cu(Il) induced the same NA sorbed amount,
corresponding to 100 % adsorption of initial added NA (10 uM). This model consequently
contributes to a mounting body of evidence for the importance of ternary surface complexation
in accounting for the binding of metal cations and quinolone antibiotics at goethite surfaces.?”
41
3.3 Cation-NA co-binding on akaganéite and Fe(II)-driven catalytic recrystallization

In contrast to the case of goethite, adsorption of Fe(Il) from akaganéite suspensions
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containing both Fe(Il) and NA had marginal effects on NA loadings (Figures 5 and S13). As
XRD (Figure 6) also revealed that no mineralogical transformations occurred at low Fe(II)
concentrations, we modelled Fe(Il) and NA binding using the same modeling strategy for
predicting adsorption (Figure S14 and Text S3). Our model explains the insensitivity of NA
loadings to 50-100 uM Fe(II), as the competition of Fe(Il) for NA adsorption counteracts the
enhancement in adsorption associated with ternary complexation. The model also predicts that

the higher Fe(Il) surface loadings were achieved in solutions of larger Fe(Il) concentrations

and/or higher pH.
12 0.25
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Figure 5. (a) Fe(Il) and (b) NA removal from solution for[NA]w:= 10 uM on 50 m? /L akaganéite in 10 mM

NaCl versus pH at different Fe(II) concentrations after 24 h reaction time. Lines are modeling results. The

NA adsorption modeling result in the presence of 200 uM Fe(Il) and 500 uM Fe(Il) accounted for the

transformation of the initial akageneite into 100% goethite, and into 50% goethite and 50% magnetite,

respectively. Because of greater akaganéite transformation at 500 uM Fe(II), the corresponding Fe(II) uptake

was not modeled.
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Based on XRD analysis (Figure 6), we also observed that akaganéite underwent
recrystallization into goethite when exposed to 200 uM Fe(II), while in the presence of 500 uM
Fe(Il), it transformed into both goethite and magnetite. From the intensity ratios of the most
intense XRD peaks of the respective minerals, we find that ~52 % goethite and ~48 % magnetite
were formed after exposing akaganéite to 500 uM Fe(Il). Interestingly, the proportion of
magnetite formed (48%) closely matched the Fe(Il) reacted to the Fe(IIl) content of akaganétite
(42%). As goethite was found as the final product of akaganéite in the presence of 200 uM
Fe(II), we used our previously established NA-goethite surface complexation model to predict
NA adsorption. Our best fitting of the adsorption curve required an increasing of the NA-
goethite surface complex constant by only 1.2 log K units. This suggests that the newly formed
goethite exhibits a higher capacity for NA adsorption.

To account for the akaganéite transformation in the presence of 500 uM Fe(Il), we adapted
our NA surface complexation model to include a 50% goethite - 50% magnetite composite
(Table S1). Notably, the updated model successfully predicted NA adsorption in the presence
of 500 uM Fe(II) across all pH values (Figure 5b and S15). It is worth noting that the resulting
magnetite exhibited distinct surface properties and reactivity towards NA adsorption as
compared to previous experiments, as it strongly depends on the type of ferric precursor

(goethite or akageneite).>®
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As in the case of goethite, we also investigated the role that Cu(Il) species could play on NA
binding onto akaganéite. The results revealed that Cu(Il) exerted a significant inhibitory effect
on NA adsorption under acidic pH conditions, with the extent of inhibition increasing with
higher Cu(Il) concentrations (Figure 7b). Previous spectroscopic studies and theoretical
calculations indicated that Cu(II) forms bidentate and tridentate inner-sphere complexes with
the (100)/(001) planes of akaganéite.’® These can be expressed as:

2=FeOH %’ + Cu*? = (=FeOH),Cu" (11)

3=FeOH *3 + 2 Cu™+ 2 HO = (=FeOH);Cu,™° +2H" (12)

Although these added reactions (Table 1) effectively predicted Cu(Il) loadings (Figure S16a),
the model overestimated NA loadings at low pH (Figure S16b). As an attempt to improve this
model, we introduced competitive Cu(Il) binding reactions with the sites of the (010) plane:

=Fe(OH,)OH’+Cu*? = (=FeOCu)OH + 2H" (13)

While this reaction had limited NA-akaganéite loadings (Figure 1b), it still underestimated NA
adsorption in the presence of Cu(Il) (Figure S16c¢). In contrast, incorporating an akaganéite-
Cu(II)-NA ternary complex into the model, as we did for goethite, and locating the charges of
Cu(Il) and NA at the 0 plane and 1 plane, respectively (Table 1), made a considerable
improvement in the modeling predictions (Figure 7b). This improvement was observed even at
larger NA concentration (100 uM) in the presence of 100-200 uM Cu(Il) (Figure S17).
Although there was no overall increase in total amount of sorbed NA observed in presence of
Cu(Il) at high pH values, the modeling data suggests a significant role of ternary surface

complexation in NA binding onto akaganéite surfaces. Unlike goethite, where both NA and
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Cu(Il) bind to the same planes, our model suggests that NA preferentially targets the (010)

planes while Cu(Il) predominantly binds to the (100)/(001) planes, leading to the formation of

ternary complex at the (100)/(001) planes (Figure 8a).
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Figure 8. Modeling results of different surface species. 10 uM NA and 200 pM Cu(II) adsorption onto 50
m? /L (a, ¢) akaganéite and (b, d) goethite in 10 mM NaCl versus pH after 24 h reaction time. Surface Cu(II)

complex on (a) akaganéite and (b) goethite. NA complex in the presence of (c) akaganéite and (d) goethite.

To gain further insights into the mineral-dependent effect of Cu(II), we compared the surface
distribution of Cu(Il) complex between the two minerals in the presence of 200 uM Cu(II)
(Figure 8). Despite similar Cu(Il) uptake was observed on both minerals, there was clear

difference in surface speciation. The akaganéite mineral demonstrated a significantly higher
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amount of Cu(OH), precipitate compared to goethite, whereas the ternary complex on
akaganéite was much lower in comparison to goethite (Figure 8a,b). In addition, the NACu"
aqueous complex was much larger in the presence of akaganéite (Figure 8c,d), which could
potentially explain the decreased NA binding onto akaganéite in the presence of Cu(Il) at low

pH values.

4. ENVIRONMENTAL IMPLICATIONS

Through batch adsorption experiments, surface complexation modeling, ATR-FTIR and
XRD analysis, we have discovered that the co-binding of NA with cations (Fe(II) or Cu(Il)) is
strongly affected by pH, cation concentration and FeOOH phase. Furthermore, we also find that
the type of ternary complexation is strongly linked to the nature of the intervening cation and
mineral surface structure.

These findings have important implications for understanding the fate of quinolone
antibiotics in environments containing Fe(Il) and Cu(Il) and FeOOH, such as oxic-anoxic
boundaries in marine and freshwater basins, oxycline in sediments, and sediment—water
interfaces. For instance, Cu(Il), commonly used as fungicide, could also have contrasting
effects by decreasing the affinity of quinolone antibiotics for akaganéite while increasing their
affinity for goethite. Additionally, Fe(Il) produced through microbial respiration and weathering
of Fe(I)-bearing minerals, could have a considerable impact on quinolone antibiotics binding
on Fe(Ill) (oxyhydr)oxide minerals via ternary complexation and/or mineralogical
transformation. In addition to Cu(II) and Fe(II), other cations such as Ca(1I),% Zn(1I),% Pb(II),*’

Cd(11)*® and Ni(11)* would also influence the adsorption of organic compounds through ternary
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surface complexation. Given the prevalence of mineral-cation-ligand ternary complexes, we
propose that the intriguing phenomenon observed in this study extends beyond NA and can be
generalized to other organic pollutants containing carboxyl and carbonyl functional groups.
Considering that FeOOH-bound Fe(Il) plays an important role in redox-driven
transformations occurring in natural environments, this study provides valuable insights that
can help guide future research on the fate of redox-active organic contaminants in
heterogeneous natural systems. Additionally, the transformation of Fe(IIl) oxy(hydr)oxides into
magnetite can occur upon exposure to Fe(II) at alkaline conditions, and the resulting magnetite
may exhibit varying reactivity depending on the ferric precursor. For example, magnetite
formed from akaganéite appears to possess higher reactivity compared to that derived from
goethite. These findings have thus important implications for better understanding the natural
attenuation of contaminants under reducing conditions, and/or the development of magnetite-
based remediation technologies. Future studies should explore Fe(Il)-induced mineral
transformations as well as mineral-cation-ligand ternary interactions under real-world

conditions of water flow and natural chemical constituents.

SUPPORTING INFORMATION

Synthesis and characterization of goethite and akaganéite particles; ATR-FTIR investigations
and surface complexation modeling; Crystal planes and site densities of minerals and modeling
parameters; Zeta potentials of goethite and akaganéite; Kinetics data of Fe(Il) and NA

adsorption onto minerals; Additional adsorption data of NA and/or Cu versus pH and NaCl
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concentrations in single and binary systems; Additional experimental and modeling data on Cu
adsorption and precipitation, NA adsorbed species distribution under different Cu(II) or Fe(II)
concentrations, and NA adsorption on magnetite, akaganéite, goethite, and goethite/magnetite
composite.
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Aqueous solutions

NAH) = NAH(,
NA~+ H* =@ NAH
Fe*? + NA~ = FeNA"

NA+Cu** = NACu*

Goethite?

2 =FeOH %5+ 2H* + NA~ = (=Fe),(NA)° + 2H,0
2 = FeOH %5 + 2H* + NA~ = (= FeOH,); - NA~

2 = FeOH %5+ 2H* + NA~ = (= FeOH,); - NA~

2 = FeOH %5 + 2H* + 2NA™ = (= Fe),(NA)? ---NA-
= FeOH %5 + Fe*? = = FeOFe*%5 + H*

= FeOH °5 + Fe*? + H,0 = = FeOFeOH°5 + 2H*

2 = FeOH %5 + Fe*? + NA~ = (= FeOH),FeNA
2=FeOH "% + Cu*? ¢ (=FeOH),Cu*

2=FeOH "% + Cu*? + H,0 2 (=FeOH),CuOH + H*
2=FeOH*5 +2 Cu"? + 2H,0 = (=FeOH),Cu,(OH)," + 2H*
2=FeOH "% + 2 Cu*? + 3H,0 = (=FeOH),Cu,(OH); + 3H*
2=FeOH "5 + NA™ + Cu*? * (=FeOH),CuNA
Akaganéite®

2 =FeOH %5+ 2H* + NA~ = (=Fe),(NA)° + 2H,0
2 = FeOH %5 + 2H* + NA~ = (= FeOH,); - NA~

= Fe(OH,)(OH)° + H* + NA~ = = Fe (NA)® + 2H,0
2=FeOH"*+2 H* +2 NA" = (=FeNA), +2 H,0

= FeOH°5 + Fe*? = = FeOHFe*'5

= FeOH °5 + Fe*? + H,0 = = FeOFeOH°5 + 2H*

2 = FeOH %5 + Fe*? + NA~ = (= FeOH),FeNA
2=FeOH "% + Cu*? = (=FeOH),Cu*

3=FeOH "5 + 2 Cu'*+ 2 H,0 = (=FeOH);Cu,""s +2H*

=Fe(OH,)OH'+Cu*? = (=FeOCu)OH + 2H*

Table 1. Surface Complexation Model

2=FeOH "%+ NA™ + Cu*? = (=FeOH),CuNA

log K
-4.0
6.19
3.99

6.155

log K

20.240.1
19.8+0.1
20.940.1
22.240.1
1.3£0.1

-11.3£0.1

13+0.2

9.18

3.6

3.65

-3.1
16.25+0.1
log K
20.6+0.2
20.6+0.1
13.4+0.1
253+0.1
0.85+0.08
-17.240.1
13.740.2
insensitive
6.56+0.1
-420.1

16.2+0.1
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+2
+1

+1

+1
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0
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This study

60
60
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This study
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This study
This study
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This study

This study
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This study
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aTPM with C1= 2.3 F/m? and C>=1.07 F/m?; Site densities: [EFeOH3] = 3.12 sites nm™ and [=Fe30"3] = 3.12 sites nm™ on
(001)/(101) planes (90 % of the surface area), and [ =FeOH] = 7.4 sites nm? on (210) plane (10 % of the surface area).

"TPM with Ci= 2.3 F/m? and C>=1.6 F/m?. [EFeOH %] = 3.09 sites nm2, [EFe2OH]=3.09 sites nm™2, [ =Fe30r %] = 6.18 sites
nm2, [ =Fe30n%] = 3.09 sites nm2on (001)/(100) planes (95% of the surface area), and [ =Fe2OH] = 7.06 sites nm and

[ =Fe(OH2)2] = 3.53 sites nm~2on (010) plane (5% of the surface area)
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