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Investigating nalidixic acid adsorption onto
ferrihydrite and maghemite surfaces:
molecular-level insights via continuous-flow
ATR-FTIR spectroscopyf
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Contaminants sequestration by iron oxides are of particular relevance in environmental chemistry and
Fourier transform infrared (FTIR) spectroscopy in attenuated total reflectance (ATR) mode is used in this
study to investigate the molecular-scale adsorption mechanism of the antibiotic nalidixic acid (NAL) onto
ferrinydrite and maghemite surfaces. High-surface area ferrinydrite and nano-sized maghemite were
prepared as model adsorbents. This work provides a complete band assignment for protonated and
deprotonated NAL to better describe in situ adsorption processes. In situ ATR-FTIR spectroscopy
suggests that NAL mainly adsorbs on both iron oxides by a bidentate mode. Results also suggest that
two sorption sites coexist on Maghemite surfaces leading to two sorption modes through the
carboxylate group: bidentate chelate and bidentate bridging. The obtained results can contribute
significantly towards molecular level understanding of antibiotics binding modes on iron oxides, a
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Introduction

Organic pollution has raised significant environmental concern
due to the uncertain long-term fate of pollutants within natural
media. Prolonged exposure to toxic substances, such as pesti-
cides, pharmaceuticals, and industrial additives, can modify
microbial ecology, thereby posing risks to aquatic life and
human health."? One critical process controlling the spreading
of contaminants is chemical sorption, particularly at the surface
of reactive and high surface area minerals that are widespread
in natural environment."*” Hence, the use of nanotechnology in
remediation processes has expanded with iron substrates being at
the forefront due to their remarkable versatility, sorption capacity
and organics affinity. As a matter of fact, chemical adsorption to
natural or geo-inspired substrates emerge as a potential alleviation
mechanism for mitigating pollution.®

Extensive studies have elucidated the binding mechanism of
various adsorbate and adsorbent (solid substrate) couples.”>%°**
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valuable piece of information to develop environmental remediation strategies.

In the 90s, more abundant and reactive anionic solutes easily
found in groundwater were often targeted in sorption studies,
such as sulfates, phosphates and carbonates,>***"'*> while in
the last decade, pharmaceuticals gained relevance due to their
higher toxicological relevance and appearance even in drinking
water.>'®

Quinolones, ie. a class of antibiotics, have garnered atten-
tion in recent decades due to their toxicological concerns
associated with antimicrobial resistance enhancement and
public health issues stemming from incomplete metabo-
lization.>"” Among these, nalidixic acid (NAL), namely 1-ethyl-
7-methyl-4-oxo-1,8-naphthyridine-3-carboxylic acid (TUPAC nomen-
clature), is a synthetic antibiotic that has been the object of
several sorption studies.™®'®* NAL consists of a bicyclic ring
system that contains some groups attached to a naphthyridine,
i.e. two pyridine rings fused, which provides unique pharma-
cological properties and antibacterial activity; more precisely,
an ethyl group (-CH,CHj3) at position 1, a carboxylic acid
group (-COOH) at position 3, a keto-carbonyl (—C—O)
at position 4 and a methyl group (-CH;) at position 8
(Fig. 1). Its pK, value is reported to be in the 5.8-
6.2 range™'®192326 and due to the presence of the carboxylic
acid group, NAL can also exist in a deprotonated form, the
nalidixate anion (NAL™) above ca. pH 6. Its solubility in water
is thus strongly dependent on pH, varying from 33 (pH 5) to
27600 mg L " (pH 9).%°
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Fig. 1 The nalidixic acid structure.

The escalating presence of NAL in natural environments has
elicited growing concerns due to its deleterious effects since it
is recognized as toxic.”” NAL has been detected in different
environments all around the world: in river sediments down-
stream of Paris®® (with a maximum concentration of 22 g kg™ ),
in municipal waste water treatment plants effluents and rivers
samples collected in Queensland, Australia'® (with maximum
concentrations of 0.45 and 0.75 pg L") and in hospital effluents
samples in Taiwan® (maximum concentration of 67 pg L™).

In situ spectroscopy is vigorously favored to reach a molecular-
scale understanding of sorption phenomena in order to fully
integrate the effect of surface hydration on the geometry of
sorption complexes,'* mimicking colloidal interfaces in natural
settings that typically retain water. Consequently, in situ studies
mitigate the problems usually associated with ex situ investiga-
tions, such as structural modifications caused by drying.®'*
IR spectroscopy in attenuated total reflectance (ATR) mode
arises as a key technique to perform in situ studies of chemical
sorption by exploiting the principles of total reflection.*
Its short path lengths reduce solvent interference, enabling
the study of sorption modes even in presence of strongly IR-
light absorbing media, such as water.

This work explores quinolone, specifically NAL, binding
modes onto maghemite, an iron oxide y-Fe,Oz, and ferri-
hydrite, a hydrous ferric oxyhydroxide (used as model of iron
oxides ubiquitous in natural environments) under dry and
aqueous condition with IR spectroscopy in ATR mode to con-
duct in situ studies to discuss the molecular interactions at
solid-liquid and solid-air interfaces. Maghemite was chosen
since it is a direct oxidation product of magnetite and zero-
valent iron®" and has a well-known surface reactivity and affinity
for inorganic and organic pollutant sorption.*> Maghemite can
exhibit high surface area when prepared in nano-sized form, with
potential use as sorbent for different purposes, such as water
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decontamination. Moreover, high-surface area ‘two-lines’ ferrihy-
drite was chosen as adsorbent because it plays a substantial role in
the sequestration of contaminants from groundwater due to its
abundance in natural media.*?

Materials and methods
Adsorbents synthesis and characterization

Maghemite, y-Fe,0;. Nano-maghemite (Mh) was prepared
by oxidizing synthetic nano-magnetite obtained by co-precipi-
tating Fe() and Fe(m) in aqueous solutions at alkaline pH.***
For this purpose, a starting solution containing 2:1 parts of
ferric and ferrous 1 M chloride solutions was prepared.
By slowly adding 1 M NaOH solution, the pH was raised to 12
and the solution was then stirred for 24 hours. The synthesis
was performed in a Jacomex glovebox under N, atmosphere
(<10 ppm of O,) with O,-free deionized water (18.2 MQ cm;
Milli-pore Milli-Q system and degassed by bubbling N, for
45 min at 85 °C) to avoid Fe(u) oxidation, improving the yield
and quality of the synthesized nano-particles. Final coprecipi-
tate was centrifuged, washed three times and vacuum dried.
A black fine powder was recovered and then heated at 200 °C for
18 h in open-air.® A dark-brown powder was finally recovered.

Two-lines ferrihydrite. Two-lines ferrihydrite (Fh), with a
typical formula Fe;,014(OH),-nH,0,** was synthesized accord-
ing to the classical alkali precipitation method.*® A 0.2 M
nitrate ferric solution was adjusted to pH 7-8 by adding KOH
solution. The solution was vigorously stirred and the precipitate
was centrifuged, rinsed-centrifuged three times with Milli-Q
water and air-dried. A red-brown powder was recovered after
grinding in an agate mortar.

Mineralogical characterization. Selected properties for syn-
thetic adsorbent samples are summarized in Table 1. Miner-
alogical purity of our synthetic samples was checked by powder
X-ray diffraction (XRD) using a Panalytical X’pert Pro diffract-
ometer (see Fig. S1 in ESI). Mean-coherent-domain size (MCD)
of Mh was calculated using the Scherrer formula from line-
width values determined by Rietveld refinement performed
with the XND code®” assuming isotropic crystallite shape
(Fig. S1, ESIT). Surface area (SA) was measured by nitrogen
physisorption at 77 K and determined with the Brunauer-
Emmett-Teller (BET) theory on samples pre-treated at 120 °C
under vacuum overnight.

ATR-FTIR measurements

A Bruker Vertex 80 spectrometer constantly purged with N, gas
and equipped with mercury cadmium telluride (MCT, liquid

Table1l Properties of the synthetic adsorbents used in this study. Mean-coherent domain size (MCD) of Mh was determined using Rietveld refinement of
the XRD pattern. Surface area (SA) was determined using the BET method (see text). Refraction index (n) and point of zero charge (PZC) are reported

based on literature data

Adsorbent Formula MCD SA [m?® g7'] Refraction index [n] Point of zero charge
Maghemite, Mh y-Fe,0; 12.7 £+ 0.2 nm 49 2.54-2.73%8 7.0%°
Ferrihydrite, Fh Fe;,014(0OH),-nH,0 Typically 2 nm*® 275 2.24-2.324142 7.9%
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nitrogen) detector was used. It has to be noted that the detector
is operational (and experiments are possible) up to 24 h after
cooled down before being recharged with liquid nitrogen.
Spectra were recorded in the rapid-scan mode with a 160 kHz
speed and using the double-sided forward-backward interfero-
gram recording. A flow-through horizontal attenuated total
reflection (HATR) accessory from PIKE Technologies was used.
The accessory is composed of a rectangular stainless-steel base,
supplied with 10 reflections flat-long (70 x 10 x 4 mm) zinc
selenide crystal (45° ZnSe), with a screwable metallic lid and
two threaded-to-female Luer ports. Depending on the interface
involved - varying between solid-liquid or solid-air-, back-
ground was differently collected by averaging 2000 scans. For
static experiments, ie. ex situ, the background spectrum was
collected with the mineral substrate over the ZnSe crystal only.
For dynamic experiments, ie. in situ, the background was
collected with the mineral substrate over the ZnSe crystal and
with a constant aqueous flow circulating over it. For static
measurements, samples were recorded with 2000 scans, while
for dynamic experiments, kinetics was monitored by collecting
500 scans per minute and averaged by groups of 4 (i.e. 2000
scans total). Resolution was set at 4 cm™ " and data analysis was
performed with Origin 2018 (OriginLab Corporation) and
Python 3.10.11 open-source.

Nalidixic acid (NAL). NAL in analytical grade (C;,H;,N,O;
98.5%) was obtained from Sigma-Aldrich and analyzed both in
solid-state and in solution varying the pH. Clean ZnSe crystal
was used as background for NAL solid-state characterization.
NAL in polycrystalline powder form exhibiting white to slightly
yellow color was directly deposited onto the ZnSe crystal. For
NAL) analysis, 5 drops of water were randomly spread onto the
powder before drying overnight to assure homogeneous spread-
ing of the powder onto the crystal before collecting the IR
spectrum. Clean ZnSe crystal covered with carbonate-free water
at the same pH was used as background for aqueous state
characterization. For NAL,q measurements, the quinolone
powder was dissolved in water with a 0.1 mM concentration
and pH adjusted to 5 (i.e. pH < pK,) by adding 4 drops of HCI
0.1 M. Solutions were then loaded into the HATR cell and FTIR
measurements were quickly performed to avoid pH fluctua-
tions since no buffer was used.

Nalidixate anion (NAL™). The NAL™ solutions were prepared
by dissolving quinolone powder in water with concentrations
ranging from 0.1 to 2 mM and adding 4 to 10 drops of NaOH 0.1
and/or 1 M to adjust the pH to 9 (i.e. pH > pK,). The NAL™
solutions were analyzed by ATR-FTIR in the same manner that
the NAL(,q) one. The solution containing 2 mM was used as
stock solution for following adsorption experiments, and thus
was protected from light and stored at 4 °C.

Layer deposition. To conduct in situ ATR-IR adsorption
experiments effectively, it is crucial to uniformly deposit thin
layers of mineral substrates with sufficient adherence to the
internal reflection element (i.e. IRE), which in this study is
ZnSe. Attachment is important since the aim is to submit this
deposit to a constant aqueous flow, while IR spectra are
recorded over time. Mineral layers were prepared by spreading
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a sonicated mineral suspension (containing adsorbent mate-
rial, either Fh or Mh) over the flat-long ATR crystal and letting
it dry overnight as described elsewhere.** Suspensions of
2 mg mL ™! (in equal parts of ethanol and pure water) were
used targeting a final amount of 2.4 mg iron(oxy)(hydr)oxide
coatings. The crystal surface was previously gently rubbed with
Q-tips soaked with isopropanol and dried under N, flow to
assure cleanliness.

Static sorption experiments. For static measurements, qui-
nolone is impregnated onto the substrate spread over the ATR
crystal to reach a surface loading of 2 molecules per nm”.
On Mh a total volume of 15.2 mL solution with a concentration
of 0.026 mM was added in 10 steps due to the limited volume of
the ATR cell (i.e. 1.5 mL). In between each step, the sample was
vacuum-dried for about 20 minutes, removing most of the
solvent. The final 1.5 mL added was left to dry at room
temperature overnight. On Fh, a total volume of 16.1 mL
solution with a concentration of 0.137 mM was used in similar
manner. The total volumes used were chosen to mimic the
volumes used in the dynamic adsorption (see below); both
prepared diluting the nalidixate NAL () stock solution
(2 mM with pH 9) at room temperature in pure water, aiming
to reach neutral pH after equilibrium (later detailed for each
experiment). Note that the stock solution is quickly filtered
(Filter HVLP type Millipore 0.45 pm) to remove potential traces
of solid before used.

Dynamic sorption experiment. For these measurements, a
set-up is required to properly investigate the solid-liquid inter-
face. We implemented an attachable re-circulating system
to the FTIR-ATR cell, which is composed of four parts as
illustrated in Fig. S2 in ESL{ In this approach, the nalidixate
NAL™ (5q) stock solution (2 mM with pH 9) at room temperature
is quickly filtered (in the same manner as for the static
approach) and directly injected into a stable re-circulating
water flow via Flask A. No background electrolyte was added
in order to avoid any competition with putative outer-sphere
surface complexes of NAL™ ,q). The total water volume circulat-
ing is 15.0 £ 0.1 mL, on which a variable volume of NAL () is
added (in a 0.2-1.1 mL range) depending on substrate surface
area - to reach a target surface coverage of 2 molecules nm >
considering full adsorption. For Mh sorption, a final 0.026 mM
solution containing quinolone was used within the re-
circulating system, while for Fh, a 0.137 mM solution was used.
A magnetic stirrer was added in the mixing chamber to ensure
flux homogeneity, and a pH electrode in the laminar chamber
to continuously monitor pH. The circulation was supported by
a Gilson mini-plus peristaltic pump under a 0.35-0.45 mL
min~" flux with unidirectional counterclockwise motor.

Density functional theory calculation of IR frequencies.
Density functional theory (DFT) calculations were performed
using the ORCA software in the gas-phase,*® thus not consider-
ing the dielectric constant of the surrounding medium.
We employed the approximation B3LYP*® to the exchange-
correlation term and the Gaussian basis sets def2-TZVPP.*” IR
frequencies obtained were scaled with a factor 0.965 to counter
the inaccuracy within the approximation B3LYP.

New J. Chem., 2024, 48,19403-19417 | 19405
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Results

NAL and NAL™ vibrational band assignments

ATR-FTIR spectra of solid-state NAL, aqueous state NAL(y)
(pH =5 i.e. pH < pK,) and NAL (o) (PH = 9 i.e. pH > pK,)
are shown in Fig. 2. These spectra provide valuable information
about the molecular structure of protonated and deprotonated
quinolone molecules and thus serve as a basis for further
assigning vibrational bands of surface-bounded NAL species.
Solid-state NAL. Experimental FTIR bands for NAL, spec-
trum displayed in Fig. 2a are summarized in Table 2. The
experimental values have been compared with literature data
and with DFT calculations for a full band assignment. The most
intense calculated bands (DFT) have been highlighted in bold
in Table 2 and the experimental spectra are compared to
calculated band positions and intensities in Fig. S3 in ESL¥
Note that among the references, studies using other fluoroqui-
nolones, such as ciprofloxacin (CIP) and ofloxacin, were also
used due to their spectral similarities linked to quinolone
nucleus and the presence of a carboxylic acid group.*®*
Additionally, when it comes to literature using NAL, some
inconsistencies have been found concerning the carboxyl
(COOH) and carbonyl (C=0) band assignments. For instance,
bands at 1715-1712 em™ " have been sometimes attributed to
keto-carbonyl vibrational mode instead of carboxyl."**>° Also,
bands at 1620-1614 cm™ ' have been occasionally wrongly
attributed to vc—¢ vibration of the aromatic rings instead of
keto-carbonyl."*>**® DFT calculations show that each vibra-
tional mode involves simultaneous movement of several atoms/
bonds, which might explain literature discrepancies in their
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assignments. However, a better description of each vibrational
mode is fundamental for further discussion.

The strong peak at 1710 cm ™' in NAL, is attributed to C=0
carboxylic group stretching (i.e. vo—o carboxyl). The equivalent
DFT calculated value is 1736 cm ™" and a higher frequency is
consistent since intermolecular interactions are not taken into
account with DFT. The following experimental strong peak is
centered at 1616 cm ' in NAL), which is largely identified
in literature as the stretching of the C—=O attached to the
naphthyridine (i.e. vc—c carbonyl). Our DFT calculations sup-
port this assignment, despite a downshift in the calculated
wavenumber. This downshift can be due to the fact that in gas-
phase, the OH from the carboxyl and the keto-carbonyl of NAL
(see Fig. 1) have a strong intramolecular hydrogen bond
OH-O—C interaction inducing the formation of a particularly
stable 6-membered ring. This interaction is probably somehow
modified in solid-state NAL, due to the presence of intermole-
cular forces. Other bands and their proposed assignments are
reported in Table 2.

Aqueous NAL and NAL™ species. To help further spectral
interpretation of NAL sorption onto iron (oxyhydr)oxides, we
also address ATR-FTIR spectra of the aqueous phase containing
the NAL species as a function of pH. Both NAL(,q) and NAL ™ )
spectra, see Fig. 2b and c, showed reduced absorbance when
compared to solid-state NAL, which is expected due to their
low concentration, and consequently have been magnified for
better visualization.

The 0.1 mM NAL,q spectrum at pH 5 is displayed in Fig. 2b.
It is important to remind that NAL solubility is limited in water
at this pH (only 0.142 mM?>®), so that it was not possible to

— Solid-state Nalidixic Acid spectra
— 2mM S 0 & AL O DD o “ A
D NS (& A 2D SO S QG P O DY A S P
— 1mM N NISOEEN N RN NN A N RO NN NN N N NN TSI
| |
0.4 mM }
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a. NAL,

VYN

x1

b. NAL

aq

\M/wvv\\NNAF

X
™
o
o

1800 1700 1600 1500

1400 1300 1200 1100 1000

Wavenumber (cm~—1)

Fig. 2 ATR-FTIR spectra of (a) solid-state nalidixic acid (NAL), (b) agueous nalidixic acid (NALuq. pH 5) and (c) aqueous nalidixate (NAL™ (5), pH 9).
Aqueous species spectra have been magnified and vertically shifted for clarity.
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Table 2 FTIR band assignments for NAL() and NAL,q), comparing experimental data with published literature data and with DFT calculations of NAL in
gas phase. Stretching modes are noted as v and deformation as ¢. The most intense calculated bands have been highlighted in bold

Experimental position [cm™"]  Assignment based on literature

Assignment based on DFT

Vibrational mode (the main bands DFT Position

NAL NAL(aq) Vibrational mode Range [cm™ '] involved for each mode are indicated) [cm ']
1710 1709 Ve—o carboxyl 1720-1706' 232448495153, carboxyl 1736
1616 1610 Vo—o carbonyl 1640-1620*5°17%3 Ve—o carbonyl, ¢_y 1st ring 1596
1600 — — Vc-c and ve—y rings 1585
1563 1567 Ve—c 1560-1544°%>* Ve—o carbonyl, d¢_y 1st ring 1560
1537 1526 V¢ and ve—y rings 1522
1517 1505 Vo—c OF Vo 1518-1519°%°* do-11, ethyl, methyl, ¢ g 2nd ring 1478
1475 1483 — dc-n ethyl 1453
1469 — Voen 1470-1473°%% Mainly Jo_g 1443
1442 1451 Vo—n 1444* dc-n ethyl 1440
— — — dc-u methyl, ethyl 1434
1430 — — dc-x methyl, ethyl 1433
— — — dc-u methyl 1425
1409 — Von 1409°° Delocalized 1416
1384 — dc-n-n OF Vo 1384-1385°%%* dc_u ethyl 1368
1370 — — dc-u mainly methyl 1364
1352 — Scon-n O Vo-c 1353°9°4 dc_n ethyl, methyl 1358
— — — Oc-u ethyl, ¢y 1st ring 1340
1325 — Vo-ou 1327°° 70% ¢y ethyl 1335
1293 — Ve-on and dc_on 1300-1260*%>° 70% S¢_y ethyl 1309
1269 1264 Coupled mode vcoon/dcon 1258 " dc-u 1st ring, 15% 6oy 1267
1252 — den 1253-1228 70% ethyl 1253
1227 — dc-p 1st ring 1230
1200 — — dc-u 2nd ring 1212
— — — . (?OH, Ve-coons Oc-u 2nd ring 1183
1129 — dc-cu asy and sy 1130° dc-g rings, ethyl 1132
— — — Torsion of the ethyl group and 1112
bending of C-H in rings
1101 — Sc_c OF Veg 1102°%°* dc-n rings, Ethyl 1079
1093 — — 70% ¢y ethyl 1071
1050 — dc-cn asy and sy 1051°%°* Delocalized 1027
1033 — dc-cop OF Vg 1035-1020°%°* dc-p methyl 1022

increase further the concentration in order to improve the
signal-to-noise ratio. By comparing NALG) and NAL(,q), many
similarities are observable, and band assignments are consis-
tent with those summarized in Table 2. Among modest differ-
ences, we may mention that the keto-carbonyl stretching
slightly downshifts from 1616 to 1610 cm™'. This and other
shifts are likely to be ascribed to intermolecular interactions
with surrounding water molecules.

The NAL™ (,q) spectra at pH 9 for various concentrations are
displayed in Fig. 2c and peak positions and assignments are
summarized in Table 3. The alkaline conditions (pH > pK,)
lead to deprotonation of the carboxylic acid, inducing struc-
tural changes and favoring a resonance-stabilized structure as
well as a much higher solubility (about 0.1 M?®). As previously,
band assignments have also been compared with literature
data and with results obtained from DFT calculations. The
most intense calculated bands (DFT) have been highlighted in
bold in Table 3 and the experimental spectra are compared to
calculated band positions and intensities in Fig. S3 in ESL¥
It is important to note that, to the best of our knowledge, only
partial assignment'®** has been provided for nalidixate in the
literature up to now.

Deprotonation of NAL leads to the formation of a carbox-
ylate moiety (COO™) resulting in the absence of the carboxyl
(COOH) centered at 1710 cm ‘. In some previous studies

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

(see Table 3), bands assigned to the carboxylate group are
located at about 1580 and 1390 cm ' for the carboxylate
asymmetric and symmetric stretching modes respectively.
However, DFT calculations performed in the present work
disagree in part with those assignments. Asymmetric stretching
of the carboxylate is found to contribute to both 1650 and
1614 cm™ " bands, while the symmetric stretching is found to
contribute to the 1276 cm ™ band. In this scenario, both bands
reflecting the asymmetric stretching overlaps with the position
classically identified in the literature'®***»>> to the stretching
mode of the keto-carbonyl (at 1623 cm ™). This discrepancy can be
explained by the conjugation of the carboxyl and carbonyl moieties
in the quinolone molecule, so that the 1623 and 1609 cm™ " bands
(1650 and 1614 cm™" in DFT calculations) both reflect contribu-
tions from the carbonyl C—O0 and the COO™ asymmetric stretch-
ing. In contrast, the symmetric COO™ stretching mode found at
1276 cm™ " with DFT can be correlated to the experimental bands
at 1288 or 1261 cm™ " (see Fig. S3, ESIT). However, Fig. 3 (see below)
shows that the relative intensity of the band at 1262 cm™* is
strongly modified after NAL™ adsorption, which suggests an
implication of this vibrational mode upon adsorption. Conse-
quently, the band at 1261 cm™' for NAL (,q in Table 3 is
assigned to the symmetric COO™ stretching mode. Another
important band to mention is the one centered at 1449 cm ™",
which is known to remain stable under pH modification and

New J. Chem., 2024, 48,19403-19417 | 19407
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Table 3 FTIR band assignments for aqueous nalidixate (NAL™(,q), comparing experimental data with data available in published literature and with DFT
calculations of the anion in gas phase. Stretching modes are noted as v and deformation as 6. The most intense calculated bands have been highlighted

in bold

Experimental position [cm ] Assignment based on literature

Assignment based on DFT

NAL ™ (aq) Vibrational mode Range [cm '] Vibrational mode DFT Position [cm ']
1623 Ve—o carbonyl 1640-1620'823:49:55:56 Ve—o carbonyl, vcoo- as 1650
1609 — Vc—o carbonyl, vgoo- as 1614
1574 Vcoo- as 1586-1578'418:23,48,49,53,55,56 Vg 1st ring, ve g 1574
1525 Vooc ~1540-1528'8:23:49:56 V¢ and vo—y 2nd ring, dc_y 1554
1501 Vo_c OF dcp ~1500-14981823:49 Ve_c and ve—y rings 1523
1469 Voo ~1470% dcu ethyl 1454
1449 Vo OF Oc_gr 1448% dcy ethyl 1450
— — dcy ethyl 1438
1440 — dc-n ethyl, methyl 1436
— — dc-u ethyl, methyl 1429
— — Oc-g methyl 1426
1389 Veoo- S 1395-1380"418:23:48,49,53 dc_u ethyl, 6c_y 2nd ring 1412
1378 — dc-i methyl and ethyl 1360
1366 — dc-u methyl 1357
1358 — dcy ethyl 1351
1345 — dc-p 1st ring 1339
1321 — dcu ethyl 1320
1288 Snmrts 0coo- 1300-1290"8 dcy ethyl 1289
1261 — Vcoo- S, Vec 1276
1234 — dc_u ethyl, methyl 1268
— — dc-y 1st ring 1225
— — Oc-m 2nd ring 1211
1166 — dc-u both rings 1194
1133 — dc-p 2nd ring 1116

consequently has been commonly used for spectra normal-
ization in the literature.>*** Previous works'®*® have assigned
this band to ring stretching or C-H bending. Present DFT
calculations suggest that the band at 1449 em ™' is due to a
bending mode of the ethyl group.

Sorbed NAL vibrational band assignments

IR spectra of sorbed NAL onto Mh and Fh surfaces are displayed in
Fig. 3. In order to normalize the spectra of the sorbed species,
we have used the 1450 + 3 cm ™' band, which is mainly due to 5¢_g
of the ethyl group (as suggested by DFT calculations). In this
comparison, different interfaces are probed, solid-air (air-dried
samples) for the static approach (Fig. 3a) and solid-liquid
(aqueous conditions) for the dynamic one (Fig. 3b). In both cases,
sorbed spectra are compared to the spectrum of the NAL™ (,q) stock
solution, which has been only multiplied 3-fold for clarity (not
normalized). The intensity of the different spectra illustrates the
surface-sensitivity of the ATR-FTIR technique. The intensity of IR
bands assigned to the NAL™ species present considerably higher
intensities when adsorbed than when dissolved in aqueous media
(i.e. NAL (5q) despite a lower number of molecules present in
the HATR cell for the solid samples. For instance, by comparing
Fh-NAL™ with NAL™ ,q) the respective amount of quinolone varies
from 2.2 pmol (16.1 mL of 0.136 mM solution) to 3 pmol (1.5 mL of
a 2 mM solution). The difference in intensity between the sorption
results and the NAL™(,q) arises mainly from the concentration of
the adsorbed species on the absorbent layer deposited on the ATR
crystal.

Static adsorption. The absence of a band at 1710 cm™
confirms that static sorption occurs with the deprotonated

1
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NAL molecule in agreement with the pH of the solutions used
—6.3 and 6.9 for Mh and Fh, respectively. Spectra for the sorbed
species are similar to the deprotonated molecule (Fig. 2c,
NAL ™ (4q) at pH 9), presenting only slight shifts once adsorption
takes place. The strongest peak upshifts from 1623 cm " to
1628 and 1632 cm ™' - respectively at Mh and Fh surfaces - and
shows an extra shoulder at about 1650 cm™'. The band upshift
has been extensively reported, even with other quinolones,'****°
while the broadening has been less discussed, despite also being
observed." These spectral modifications might be a result of
a H-bonding involvement or an interaction induced by the
deprotonated carboxyl group.'**® This particular band has been
largely assigned as the keto-carbonyl stretching (i.e. vc—o car-
bonyl) but according to our DFT calculations, this vibration is
coupled with asymmetric stretching of the carboxylate as already
discussed. Therefore, this band arises both from the keto-
carbonyl stretching and from the asymmetric stretching of the
carboxylate (i.e. vc—o carbonyl and vgoo- as). The shoulder at
1609 cm~' observed in the NAL (oq) is present after static
sorption but slightly upshifted to 1612 cm ™" on both substrates.
At higher wavenumbers, a shoulder arises around 1650 cm !
during adsorption — more evidenced at Mh than in Fh-, which
can also be observed in other sorption study'® but is not
discussed. As far as the 1574 and 1389 cm ™' band are concerned
- identified in literature as carboxylate vibrational modes (see
Table 3) -, they shift to 1580 and 1396 cm " for Mh-NAL ™~ and to
1567 and 1391 cm ™' for Fh-NAL ™. Modifications of the asym-
metric carboxylate band is explained by a distortion of the
carbon angle (i.e. C-O bond lengths), which depends on the

absorbent involved and might upshift and downshift*®°” or even
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Fig. 3 ATR-FTIR spectra for adsorbed NAL onto Mh and Fh (at neutral pH) compared to NAL™ g stock solution (2 mM with pH 9). The target surface
loading of NAL is 2 molecules nm~2 performed via (a) static and (b) dynamic (after 120 minutes circulating) approaches. NAL spectra sorbed on Mh are
normalized with respect to Fh with the intensity of the peak at about 1450 cm™. Spectra have been vertically shifted for clarity.

not be affected by adsorption.* Differences concerning the sym-
metric carboxylate band suggest molecular interaction of this
group with surface hydroxo-groups with various hydrogen-bonds
strengths, leading to an inhomogeneous band broadening,”?
while the upshifts can be attributed to the formation of a surface
bonded complex.**® However, it was detailed above that our
DFT calculations on isolated NAL™ disagree with these assign-
ments (1574 cm™ " for vcoo- as and 1389 cm™* for vcoo- S). DFT
calculations suggest that the asymmetric carboxylate stretching
for NAL™ is at 1623 and 1609 cm™ " while the symmetric COO™~
stretching is at 1261 cm™'. Thus, once adsorption takes place,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

the asymmetric COO~ bands upshifts to 1628-1612 cm™" for
Mh-NAL™~ and to 1632-1612 cm " for Fh-NAL ™, while the sym-
metric band is weakly affected. In this scenario, the asymmetric
COO™ bands might upshift upon carbon angle distortion, as
already pointed out, while being simultaneously affected by
possible H-bonding involvement due to the conjugated keto-
carbonyl stretching mode. Following DFT calculations, the
bands previously assigned to rgoo-(as) and vgoo-(s) at around
1580 and 1390 cm™ " are reassigned to C-C and C-H stretchings
as well as C-H bending, coming mainly from the rings and
might upshift due to complexation. Lastly, concerning the C—=C
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ring stretching mode, the shift from 1525 cm™" to 1533 or
1532 cm ' band for NAL™ species when adsorbed, can be
attributed to variations of the electronic distribution in the
NAL molecule upon surface complexation.>*"*

Dynamic adsorption. Similar to what has been disclosed for
dried samples, NAL™~ adsorption under the dynamic approach
leads to a deprotonated sorbed molecule as demonstrated by
the absence of a carboxyl band (at 1710 cm™ "), which is also in
agreement with the pH measured after equilibrium, respec-
tively 6.3 for Mh-NAL™ and 6.9 for Fh-NAL™. It is noteworthy
that the experimental conditions (NAL concentration and pH)
were set up to be similar for both approaches (static and
dynamic) and the main impact on sorption spectra comes
from the different interfaces. For instance, the shape of the
combined keto-carbonyl/carboxylate band changes noticeably
when compared to the static approach, mainly narrower in the
dynamic mode (water/solid interface). The shoulder contri-
bution at around 1650 cm ™' in the static approach is much
smaller in intensity (and even absent for Fh) in the dynamic
mode suggesting that this feature is highly affected by solva-
tion. The most intense band for Mh-NAL ™ remains centered at
1628 cm ™' (as with the air-dried sample) while for Fh-NAL ™~ it
downshifts from 1632 to 1624 cm™ . In this case, upshifts with
respect to NAL™ (5q) due to H-bonding involvement and/or to the
carbon angle distortion seem to happen but to be somehow
attenuated due to solvation of the sorbed species. Actually,
shifts are mostly smaller in the dynamic (solvated) approach
when comparing to static (dried) one. For instance, the shoulder
at 1609 cm™" slightly shifts to 1612 (Mh) or 1607 em™" (Fh),
while the COO™ symmetric stretching mode stays at the same
position (1261 + 1 ecm ™" for both Mh and Fh). It can also be
noted that the band assigned to the combined keto-carbonyl/
carboxylate band at about 1625 cm™ " is larger for Mh than for Fh
suggesting the existence of more than one sorption site for the
former.

Time-course evolution of the sorbed NAL™ species in dynamic
mode

The adsorption of NAL™ on Mh and Fh were followed in situ by
time-resolved FTIR spectroscopy. The results shown previously
(in Fig. 3b) are the final spectra collected after 120 minutes of
circulating flow. However, more information might be acquired
by following their sorption over time as shown in Fig. 4.

Fig. 5 illustrates the progressive NAL~ sequestration at the
sorbent surface by plotting the relative intensity of target bands
as a function of time (details on the calculation of peak
intensities are provided in ESI,{ as well as detailed numerical
values concerning the fitting — shown as dashed lines in Fig. 5).

Bands at 1525 + 4, 1500 + 4 and 1450 + 1 cm ™! have been
chosen because they are related to the quinolone ring (see
Table 3) and thus are considered as related to vibrations
involving chemical moieties far from adsorption sites.

A major difference among Fig. 5a and b is the order of
magnitude of absorbance, being about 10 times higher for
Fh than for Mh. Since the target surface coverage is the same
(2 molecules nm~?) the main variable is the iron substrate
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involved. ATR-FTIR spectroscopy relies on optical properties of
the material under study and Fig. 5 show that Fh is more
transparent than Mh. This can be explained either by a porosity
effect or a refractive index difference — ngy, is about 2.3 while
Iy 1S about 2.6 (see Table 1). Total reflection, the basis of ATR
spectroscopy, occurs when light traveling through a medium
with a higher refractive index hits the boundary of a medium
with a lower refractive index at an angle greater than the critical
angle, resulting in all the light being reflected into the original
medium. In other words, the nrg must be superior to ngampie to
guarantee the formation of an evanescent wave and probe the
interface of interest. Since nz,g. is a constant in our set-up
with a value of 2.4, when ng,mple increases the measurement
might be globally attenuated - less light is reflected - and
consequently less interface with the substrate is probed, which
explains a lower absorbance for Mh.

In the case of NAL™ adsorption onto Mh surface, bands at
1528, 1504 and 1451 cm ™" (Fig. 5a) can be smoothly fitted with
a biexponential kinetic function, meaning that data can be
model with two different time constants, which suggests the
presence of two different adsorption sites. Changes in band
intensities imply rapid adsorption on one site and slower
adsorption on another one. The variations in relative intensities
for the bands at 1528 and 1504 cm ™~ for the sample on Fig. 4a
are in agreement with this hypothesis. The intensity of the two
bands is almost identical for the 12-minute spectrum (green
line) while the band at 1528 cm™ ' is more intense for the
120-minute spectrum (black line). This change also suggest that
these two bands follow two slightly different kinetics, which
would be in agreement with the presence of two binding sites in
competition. In the same spirit, Fig. 4a shows that the band at
about 1390 cm™ ' for pure NAL () (Fig. 2c) splits into two
bands at 1398 and 1387 cm ' once NAL is sorbed onto Mh
under the dynamic approach suggesting also the existence of
two sorption sites.

Conversely, for NAL™ adsorbed on Fh, the evolution of bands
at 1521, 1498 and 1449 cm ™ (Fig. 5b) can be properly fitted both
by a monoexponential or by a biexponential function since the
adjusted R” values are very close for both functions (see ESIT).
However, no clear changes in relative intensity of bands can
be seen from the spectra shown in Fig. 4b. Therefore, it may be
concluded that progressive NAL adsorption onto Fh likely occurs
through a single adsorption site, or, if more than one adsorption
site is present, they all show similar adsorption kinetics.

Discussion

NAL™~ binding modes as derived from ATR-FTIR band
assignment

Information on the binding mode of sorbed molecules can
be extracted with IR spectroscopy since a modification of peak
positions is observed with respect to the molecules in
solution.'® Carboxylate stretching modes are very informative
in this respect. Table 4 summarizes their peak positions with
different assignments already discussed above.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 4 Temporal evolution of the dynamic adsorption using ATR-FTIR spectra of NAL onto (a) Mh and (b) Fh with initial circulating concentrations of
0.026 and 0.137 mM and a final pH of 6.3 and 6.9 after equilibrium respectively. Spectra have been vertically shifted for clarity and no normalization has

been performed.

Surface complexes from carboxylate-containing molecules
are usually forming either monodentate or bidentate struc-
tures. A way to interpret binding mode of acetate groups in
pure metal acetate was first proposed by Nakamoto.’® This
method is based on assessing the difference between the
asymmetric and symmetric carboxylate stretching modes for
surface complexes, noted as Av, and now largely used in
literature to determine molecular binding mode.>>*°° By
following this methodology, if Av carboxylates for surface
complexes is substantially greater than for the free anion

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

(Avme-coo > Avcoo-), it is suggested that one oxygen of the
carboxylate binds to one surface site as a monodentate
complex.*®>>°% If the contrary happens (Avye-coo < Avcoo-),
it is suggested that two oxygens bind to one surface site as a
bidentate chelate.*®*® Lastly, if Av remains similar, it is sug-
gested that two oxygens bind to two surface sites as a bridging
bidentate complex. Fig. 6 illustrates the possible binding
modes for NAL onto iron(oxy)(hydr)oxides via carboxylate group
attachment involving also potential additional hydrogen bond-
ing discussed in the text.
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Fig. 5 Kinetics extracted from ATR-FTIR spectra for dynamic sorption of NAL™ (55 onto (a) Mh and (b) Fh at a target surface coverage of 2 molecules
nm™2 for three individual bands. Absorbance data were extracted and fitted with exponential functions (dashed lines) in a 10—120-minute window (more

details available in ESIY).

Table 4 Carboxylate peak positions [cm™] for NAL species, whereas asymmetric stretching COO~ mode (vcoo- as), symmetric stretching COO™ mode
(vcoo- s) and the difference between these two bands (Avcoo-) are given. Peak positions are based on Fig. 2c (NAL™ ;) and Fig. 3 (NAL™ sorbed on Mh

and Fh)

Carboxylate assignments via

literature (Table 3)

Carboxylate assignments with
DFT calculations (this work, Table 3)

Vcoo- 4as, Vcoo- S, Avcoo-y Vcoo- as, Vcoo- S, Avcoo-y
em ™! em ™! em ™! cm ! em ™! cm !

DFT calculated NAL™ — — — 1650 1276 374
1614 338
Solution NAL (a) 1574 1389 185 1623 1261 362
1609 348
NAL sorption via Mh-NAL™ 1580 1396 184 1628 1261 367
Static approach 1612 351
Fh-NAL™ 1567 1391 176 1632 1259 373
1612 353
NAL sorption via Mh-NAL™ 1568 1398 170 1628 1262 366
dynamic approach 1387 181 1612 350
Fh-NAL™ 1572 1396 176 1624 1262 362
1607 345

It is noteworthy that there is no consensus on the definitive
value from which Av can be considered similar for the surface
complex and the free anion. Trivedi and Vasudevan noted as
Avpe-coo = Avcoo- when the difference was equal or below
5 cm™ ', under the argument that 5 wavenumber units is not
statistically significant.*® Results using this methodology from
published literature (obtained by ATR-FTIR spectroscopy
on wet-pastes recovered from batch experiments) of NAL and

19412 | New J. Chem., 2024, 48,19403-19417

ciprofloxacin (CIP, another quinolone) sorbed on Goethite (Gt)
- the most abundant iron form in nature - and Magnetite (Mt)
are summarized in Table 5.

Cheng and co-workers'® presented results for NAL adsorbed
on Gt where Av increases upon binding which suggests a
monodentate coordination following literature (Avnar-coo- >
Avcoo-). The authors suggested that the keto-group (i.e. the
ketone group from the quinoline ring) is involved in the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 6 Possible binding modes for NAL sorbed onto iron oxides via carboxylate attachment. Using only one iron site as a (a) monodentate or a
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Table 5 Overview on peak positions from the literature for different quinolones (nalidixic acid (NAL) and ciprofloxacin (CIP)) adsorbed on goethite (Gt) or

on magnetite (Mt)

Free carboxylate

Substrate-quinolone complexed

Absorbent-absorbate pH  vgoo- @S Vcoo- S AVcoo-  VnaL-coo- as UNAL-COO- S AUnaL-coo- Result

Gt-NAL'® 7 1583 1394 189 1583 1387 196 Avnar-coo- > AVcoo-
Gt-NAL* 4-6 1578 1392 186 Not affected by adsorption ~Not marked Not marked  Avnar-coo- > Avcoo-
Gt-CIP*® 6 1577 1381 196 1534 1384 150 Avcrp-coo- < AVcoo
Gt-CIP* 6 1577 1390 187 1572 1391 181 AVcip-coo- < AVcoo-
Mt-CIP>? 4-8 1580 1385 195 1577 1390 187 Avcrp_coo- < Avcoo-

bonding mode either through a direct chemical bond with
surface iron atoms or through hydrogen bonding such as that
shown in Fig. 6a in agreement with other works.***® Overall,
the involvement of the keto-group is usually suggested in
literature when the band attributed to C=O0 of the carbonyl
blueshifts upon adsorption, which is the case for Cheng and
co-workers."® The same group® had previously reached the
same conclusion for NAL on Gt but the exact band position was
not reported for the symmetric carboxylate mode as well as for
AvnaL-coo--

Table 5 also reports results obtained with another quino-
lone-type antibiotic, the Ciprofloxacin (CIP). Trivedi and
Vasudevan,*® Gu and co-workers** and Rakshit et al.>* show that
Av decreases upon CIP adsorption which suggests a bidentate
chelate adsorption mode (Avgp-coo- < Avcoo-). The only dif-
ference in their conclusions is coming from the potential involve-
ment of the keto-group. Trivedi and Vasudevan®® suggest that
the band shift of the carbonyl band is driven by the electron
withdrawing nature of the ortho carboxylate-iron bond, while Gu
and co-workers'* on Goethite and Rakshit et al.>® on Magnetite
suggest that the band widening and shifting is the signature of
the involvement of the keto-group in the surface complex (see
Fig. 6¢ for NAL). It is noteworthy that the involvement of two
functional groups of quinolones onto the surface coordination
might explain its high affinity.*®

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

Experimental data from the present work are summarized in
Table 4. Two approaches are possible regarding the carboxylate
binding mode, whether one considers the carboxylate peak
assignment often reported in the literature (i.e. vcoo- as =
1574 em™ " and vgoo- s = 1389 em ' for NAL ™ (,q) species free in
solution) or the DFT calculations discussed above (i.e. vcoo- as =
1650 and 1614 cm™ " and vcpo- s = 1276 cm™ ' for gas-phase NAL ™).

In the first case, based on the carboxylate peak assignment
often reported in the literature, Avgoo- is 185 cm™* for the
reference NAL ™ (,q). Experimental data for Mh under the static
(dried) approach provide a Av very close to the reference
(184 cm™ " instead of 185 cm ™) while, when hydrated (dynamic
approach), some ambiguity arises from the fact that peak
assigned as vcoo- symmetric is very low in intensity and splits
in two bands as previously discussed. It is proposed to follow
the Av with both positions leading to Av of 170 and 181 cm ™.
If this is the case, the former suggests a bidentate chelate
(AvnaL-coo- < Avcoo-) while the second a bridging bidentate
(AvnaL-coo- =~ Avcoo-) — which agrees with the kinetic results
suggesting that two sorption sites exist for Mh. Experimental
data for Fh provided the same Av of 176 cm ' for both
approaches (static or dynamic), suggesting a bidentate chelate
surface complex (Avnar-coo- < AVcoo-)-

The alternative way to interpret values in Table 4 relies on
peak assignment based on DFT calculations, where the COO™

New J. Chem., 2024, 48,19403-19417 | 19413
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asymmetric stretching mode is conjugated with the carbonyl,
appearing at higher frequencies, simultaneously at 1650 and
1614 cm ™" for the gas-phase NAL while the symmetric mode is
centered at 1276 cm ™', giving a theoretical Av of 374 cm ™" or
338 ecm ! depending on the peak chosen for the asymmetric
mode. When it comes to solvated NAL ™ (,q), values are slightly
downshifted - which is understandable since DFT is not
explicitly considering the solvent - leading to a Av of 362 cm™*
or 348 cm™ ", Under the static (dried) approach, sorption onto Mh
leads to a Av of 367 cm ™" and 351 cm ™, which is very similar to
NAL (oq and consistent with a bridging bidentate sorption
complex previously discussed. In contrast, sorption onto Fh leads
to a Av of 373 em™ " and 353 cm ™. From this, it is more difficult
to draw a definite conclusion since the former suggests a mono-
dentate (Avnar-coo- > Avcoo-) while the second a bridging
bidentate (AvnaL-coo- =~ Avgoo-). Under the dynamic approach,
Av of 366 cm™" and 350 cm™' for Mh and 362 cm™' and
345 cm™! for Fh are found, which are similar to NAL™ (5q) and
indicate a bidentate bridging mode (Avnar-coo- =~ Avgoo-) for
both substrates. Hence, all these results show that the
Nakamoto®® methodology does not allow one to discriminate
binding modes without any ambiguity based on the DFT assign-
ments presented in this work.

Overall, the spectroscopic approach followed in this work
points, predominantly, to the possible existence of two sorption
modes for the aqueous nalidixate ion: a bidentate chelate and a
bidentate bridging mode depending on the substrate (Maghemite
and Ferrihydrite) and the interface considered (solid/air or solid/
liquid). Two approaches have been considered by using the
Nakamoto®® methodology based on the asymmetric and sym-
metric carboxylate stretching modes. These approaches differ
in the assignment of the carboxylate modes whether literature
data or DFT calculations performed in this work are consid-
ered. However, a bidentate mode appears to be predominant
and a monodentate adsorption can be mostly excluded which is
at variance with the results of Cheng and co-workers'® and
Xu et al.>® on goethite. The existence of two adsorption modes
for Maghemite (Mh), bidentate chelate and bridging bidentate,
is also in line with the hypothesis that two sorption sites are
present for this oxide.

Conclusions

Continuous-flow FTIR-ATR spectroscopy provides a real-time,
in situ, monitoring of nalidixate (NAL™) adsorption on iron
oxy-hydroxides, Maghemite (Mh) and Ferrihydrite (Fh), at the
oxide water interface highlighting the critical role of surface
hydration. A complete band assignment for nalidixic acid
and nalidixate is discussed based on literature results and DFT
calculations. The experimental results suggest that the nalidixate
ion (NAL ™) adsorbs onto maghemite and ferrihydrite surfaces via
a bidentate mechanism mostly excluding monodentate adsorp-
tion. However, these result does not permit to fully conclude on
the prevalence of the two bidentate sorption modes: bidentate
chelate versus bidentate bridging. Nevertheless, the temporal
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evolution of IR spectra on Mh suggests the existence of two
sorption sites: (i) band broadening (1628 cm ™), (ii) band split-
ting (1390 cm ') and (iii) kinetic fitting (biexponential function).
Hence, the two sorption modes (bidentate chelate and bidentate
bridging) on two different sorption sites could coexist for Mh
while only one sorption site is identified for Fh.

This study advances our molecular-level comprehension of
NAL adsorption, demonstrating the potential of iron oxides in
environmental remediation applications. The information
gained could help in the development of more effective strate-
gies for mitigating pharmaceutical contamination in natural
water systems, emphasizing the environmental relevance of
iron oxides in contaminant sequestration.
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