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Abstract

The fractionation of natural organic matter (NONhddts impact on the binding of quinolones to
mineral surfaces and transport behaviour under -flowugh conditions have been scarcely
investigated. In this study, the sorption and tpamsof a widely used quinolone antibiotic, Nalidix
acid (NA), were investigated in goethite-coatedds@BCS) columns over a wide concentration range
(5 - 50 mg/L) of Leonardite humic acid (LHA), a repentative NOM. Simultaneous injection of NA
and LHA in GCS columns mutually alter transporeath otheri,e. NA mobility and LHA molecular
fractionation. Preloading of GCS column with LHAadratically facilitated the transport behaviour of
NA, where nonspecific interactions with LHA-covergdethite surfaces controlled NA mobility.
Simulations using a two-site nonequilibrium modewed that a modified sorption rate constant was
required to accurately describe the breakthrougkiesuof NA under these conditions. This altered
rate constant suggests that nonspecific interastadnNA on bound LHA may take place as an
additional binding mechanism affecting adsorptianekcs. NOM fractionation alters sorption
mechanisms and kinetics of quinolone antibiotichjcv in turn affect their fractionation. These
results may have important implications for an aataiassessment of the fate of these types of
antibiotics in aquatic environments.

Keywords: Quinolones; Adsorption; Column; Reactive transpididdeling.
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1. Introduction

Quinolone antibiotics are broad-spectra antimiabbpents that are widely used in human and
veterinary medicine to treat and prevent infectibasterial diseases (Oliphant and Green, 2002).
Due to their extensive uses and incomplete metsinglin vivo, they can be disseminated into
terrestrial and aquatic environments at conceiwtnatias high as several hundred ng per L
(Fatta-Kassinos et al., 201Rdsorption to immobile soil/sediment minerals amdfwbile colloids
is one of the key processes governing the fatenawtaility of quinolones in environment (Marsac et
al., 2016; Xu et al., 2017a; Yu et al., 2019). Timiscess is strongly related to the nature andivela
abundance of mineral phases of common occurrencienEarth’s near-surface environment
(Cornell and Schwertmann, 2003). Among these reactineral surfaces, goethiteFeOOH) is the
most common and stable iron oxyhydroxide miner#h\wigh specific surface area and high reactivity
(Liu et al., 2014), and generally found as coatiogdess reactive soil particles, such as silicalsa
(Stumm et al., 1992), in soils and sediments.

Quinolones binding on minerals can however be gisomfluenced by Natural Organic Matter
(NOM) (Gu and Karthikeyan, 2008; Yan et al., 20B2ng et al., 2015; Martinez-Mejia et al., 2017;
Qin et al., 2018; Cheng et al., 2018). Some studase suggested that the presence of NOM can
provide additional sorption sites for quinolonesdo hydrophobic interactiong;rinteractions,
ligand exchange, and hydrogen bonding between NOWM @uinolones, thus promoting the
adsorption of quinolones (Peng et al., 2015; Ma#iNlejia et al., 2017; Qin et al., 2018). However,
other studies have reported that NOM will suppigssolones binding because of the competition

for sorption sites on minerals (Cheng et al., 20b8)electrostatic repulsions between the coated
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NOM and quinolones (Gu and Karthikeyan, 2008; Yaalg 2012). Although NOM may interact
strongly with both minerals (Vindedahl et al., 2DHhd antibiotics (Aristilde and Sposito, 2013;
Richter et al., 2009), little is known about thes®occurring molecular interactions in natural
settings where water migrates through soils andnssds. This is complicated by the complex
nature of NOM[ which consists of a polydisperse mixture of orgamolecules of varying
molecular size and chemical compositidnand by its molecular fractionation resulting frots
association to mineral surfaces. Currently avadlabudies on the subject (Cheng et al., 2018;
Kulshrestha et al., 2004; Qin et al., 2018; Yamlgt2012) were limited to batch experiments, and
little is known about the influence of NOM on bindi and transport of antibiotics under
flow-through conditions. Accounting for dynamicWaon nonequilibrium sorption of quinolones is
particularly relevant when multiple mechanisnesg(binding vs co-binding and NOM molecular
fractionation) concurrently influence breakthrough.

In this study, we addressed these concerns by isiydlige mobility of Nalidixic acid (NA), a
model quinolone antibiotic, over a wide concentmatiange (5 — 50 mg/L) of Leonardite humic acid
(LHA), a representative hydrophilic NOM. The NOMna@ntration range was chosen in order to
cover a wide variety of dissolved organic carbamia in shallow groundwater, soil pore waters and
surface waters (Degueldre et al., 1996; McKnighalet1992). Transport was studied under water
saturated flow conditions, which are chosen to eteutontaminant migration and transformation in
natural environments such as aquifer and sedim@ontamns were packed with goethite-coated sand,
a structurally stable and hydraulically conductigerous medium, to mimic natural mineral

assemblages (Hanna et al., 2014). Impacts of LHNAfransport was investigated in two scenarios:
5
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(i) NOM initially present in contaminated water atigbn interact with co-occurring compound to
mineral surfaces or (i) NOM found as organic cogs on the mineral surface as in natural
sedimentary materials (McKnight et al., 1992). tnhbcases, molecular fractionation of LHA and NA
breakthrough were monitored by High PerformanceuidqChromatography (HPLC), UltraViolet
Visible (UV-Vis) spectrophotometry and Total Orgaarbon (TOC) analyses of column effluents.
A transport model that accounts for adsorption kasewas used to help us in understanding the
modifications in adsorption and desorption frontgshe breakthrough behavior of NA over a wide
range of conditions. Changes in sorption kinetass i@sult from modifications in binding mechanisms

and thus explain how NA transportation is faciéthin the presence of LHA.

2. Materials and methods
2.1. Materials

All reagents except Leonardite humic acid were pased from Sigma-Aldrich and were used
without further purification. All solutions were gpared with ultrapure water. Leonardite Humic
Acid Standard (1S104H) was purchased from the matésnal Humic Substance Society. A LHA
stock solution (2 g/L, 1276 mg C/L) was preparedilsgolving 2 g LHA in 100 mL of 1 M NaOH,
then diluted to 1 L with ultrapure water. A1 mMbek solution of Nalidixic acid (NA) (purity >99%)
was prepared by dissolving 1 mmole NA in 20 mL &l NaOH, then diluted to 1 L with ultrapure
water.
2.2. Synthesis of goethite—coated sand (GCS)

Goethite was prepared as described in previousestiiflarsac et al.,2016; Hanna et al., 2014),
6
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and coated onto cleaned Fontainebleau quartz saf0-150 um) as previously detailed
(Scheidegger et al.,1993; Hanna et al., 2014)s&thple preparation and characterization procedures
are in the Supplementary Material. All synthetiid®were washed with doubly distilled deionized
water to remove soluble Fe and electrolyte ion® 3dlids were then stored in an anaerobi@N
chamber at ambient temperature.

Previous work (Hanna et al., 2010, 20ftdjn our group confirmed that the coating procediice
not alter goethite particles and no silicates weideased from quartz sand. The goethite content
deposited on the sand surface, measured by aadtehg analysis, was 0.99 g/100 g of sand.
2.3. Breakthrough Column Experiments

Breakthrough column experiments were conductedradtant flow rate and under water-saturated
conditions. pH conditions (i.e. pH 5) were speailiig selected to ensure stable goethite coatings on
sand and high adsorption of NA and LHA on goetieefly, 15 g of dry goethite coated sand was
packed into a glass chromatographic column of tnénternal diameter to give a porous bed length
of 4.7 cm. After packing to a uniform bulk dens{ty.59 + 0.05g/crf), the column was wetted
upward with a 0.01 M NaCl solution at gt and 0.5 mL/min. The pore volumeg)\vas estimated
by weight differences between the saturated andcdtymn. Once the column became water
saturated, the flow characteristics of the poroad lwere determined by a nonreactive tracer
(bromide) experiment and described by the clasbrection dispersion equation (ADE). The fitting
parameters of the bromide elution confirmed thewfloomogeneity and predominance of a
convective regime in the column.

10 uM NA and different concentrations of LHA (0, 5, 130) mg/L) were equilibrated in 0.01 M
7
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NaCl at pH, 5 and then injected simultaneously into columnO& mL/min. LHA and NA
concentrations in the effluents were measured.rAdtal breakthrough of NA/LHA, desorption was
initiated by injecting 0.01 M NaCl at pH5 into column at 0.5 mL/min. After the desorptioh
NA/LHA, the solid was transferred to 0.1 M NaOH aidken for 1 week. Then the supernatants were
filtered (0.2um), and analyzed by UV-Vis spectrometry and TOQyaeg.

In another experimental series, a LHA solution1(®,or 50 mg/L) in 0.01 M NaCl at pHb was
thereafter injected into the column with a continsianode at 0.5 mL/min. The effluent of the
column was collected and stored at 4°C for furtdwealyses. After the complete breakthrough of
LHA, 10 uM NA with the corresponding LHA (5, 10, 50 mg/L)01 M NaCl at pi 5 was injected
in the same column at the same constant flow Keconcentrations in the collected fractions were
measured by HPLC/UV.

The concentration of LHA in the effluent solutiomsvdetermined by a total organic carbon (TOC)
analyzer (Shimadzu TOC-VCSH). The UV absorbandetHtA samples were recorded in the range
of 200 - 800 nm with a UV-visible spectrophotometsing 1 cm quartz cell. The following specific
UV absorbance parameters were calculated as iodscaif NOM fractionation. The relative
absorbance ratioJfE; is defined as the ratio of absorbance at 250 nth3&% nm. E/E; has been
reported to inversely correlate with the molecwaight (Mw) and aromaticity of NOM (Li et al.,
2009; Peuravuori and Pihlaja, 1997; Qin et al.,. )0%pecific ultraviolet absorbance of LHA at 280
nm (SUVAsg) was used to estimate NOM aromaticity by dividihg molar absorptivity at 280 nm
(m™) by the TOC concentration (mg/L) in the solutid@ir{ et al., 2015; Hur et al., 2003). The

parameter S(slope ratio) is the ratio of the slope of thersérowavelength region (275 nm — 295 nm)
8
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to that of the longer wavelength region (350 nnD8 Am) (Helms et al., 2008)r 3 reported to be
negatively correlated with the Mw (Helms et al.p80Valencia et al., 2013).

Aqueous NA concentrations were determined by higihfgpmance liquid chromatography
(Waters 600 Controller) using a UV detector (Wa@489) and a reversed-phase C18 column (250
mmx4.6 mm i.d., m). The mobile phase (1 mL/min) was a mixture atanitrile/water (60:40 v/v)
contained 0.1% formic acid. The detector was s€6&nm for NA.

Column experiments were conducted in duplicatesstwadved a good reproducibility within 5 %
of relative standard deviation.

2.4. Model approach

The transport of NA both in the presence and alessehtHA through the columns was simulated
using a one-dimensional advection-dispersion mocklpled with two-site nonequilibrium
adsorption model (van Genuchten and Wagenet, 198@)two-site nonequilibrium model is based
on the assumption that two types of sorption séeist, an equilibrium site and a kinetic site.
Sorption is instantaneous on the equilibrium sie described by a sorption isotherm (Type 1,
equilibrium), and time dependent on the kineties and follows first-order kinetics (Type 2, kingti

(van Genuchten and Wagenet, 1989). The final gorgrequations of the model are given by:

ac p\ (0S1 |, 89S\ _ 62_6 _ . ac

E-I_(E) (E-I_E) _Daxz Vax (1)
Si=KqC’ )

0

22 = a(1 - f)KCP =S, ] 3)

In these equationg; is the volume-averaged solution concentratiohefadsorbate (NAuM), tis

time (h),p is the bulk density of goethite-coated sand inctlemn (g/cr), € is the volumetric water
9
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content (cnycm®), and it equals to the porosity of the saturateidron, S, andS; are sorbed-phase
concentrations of NA on the equilibrium and kinetanequilibrium sitesymol/g), respectivelyp is
the dispersion coefficient (cifn), x is distance (cm); is the average pore water velocity (cmf#ti3,
the fraction of equilibrium sites (Type 1g,is the first-order rate coefficient associatedhwtite
kinetic site (i), andKq is the Freundlich isotherm adsorption coefficiéoin®/g) related to the
sorption capacity, anlis the Freundlich exponent that characterizesliéygee of nonlinearity.
Hydrus-1D program was used to obtain the modelmatars for the two-site nonequilibrium
model. The values & and D were obtained by fitting the breakthrougladstthe Brtracer, and the
values offf, Ky, f anda were obtained by fitting the transport data of NAe best fitted valueto
describe the mobility of NA aloniged at 0.6. This value was then kept constant@afbsimulations,
which allows to reduce the number of estimatedmatars. A complete sensitivity analysis, including

the modeling approach used in the present wogkogided in the Supplementary Material.

3. Results and discussion
3.1. Mutual effectsf NA sorption and LHA molecular fractionation

Simultaneous injection of NA and LHA in goethiteated sand column alters NA mobility. This can
be seen through thacreased steepness of asymmetrical breakthrougle @i NA at larger LHA
concentrations while the breakthrough point rendicenstant (Fig. 1). The latter was shifted down
only with the highest concentration of LHA (i.e. B®/L), leading to a rapid breakthrough of NA.
While the NA retention did not vary the outflow pptobably due to the low NA loading (1®1), the

presence of LHA caused pH variations in the inisi@ge. The increase in pH suggested that proton
10
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co-sorption is involved when the COO- groups of LKHflaced the surface —OH on goethite due to
ligand exchange mechanism (Gu et al., 1994). Ahdrig HA loading, more COO- groups replaced
surface —OH group resulting in more significantrease in pH. When all —-OH groups are consumed,
the effluent pH decreased and finally approachedrifiuent pH after reaching total breakthrough
(Fig. 1).

Since both NA and LHA can bind to goethite throlighnd-exchange and hydrogen bonding (Cheng
et al., 2019; Xu et al., 2017a), competing for acef sorption sites could occur during simultaneous
injection. Oxygenated polycyclic aromatics and oasfiic compounds, which generally contain in
DOM of high oxidation state and high aromaticitgnd to have higher affinities for iron
oxyhydroxides than alcohols, ethers and aliphd@dseng et al., 2019; Lv et al., 2016, 2018; Coward
et al., 2019). As LHA exhibits high chemical hetggoeity with higher aromaticity (i.e. carbon
aromaticity of 0.58) (Thorn and Cox, 2009) and lovediphatic carbons contents, we expect a
molecular fractionation caused by selective adsmmpbdf LHA to goethite (Coward et al., 2019;
Kleber et al., 2007). This falls in line with theebkthrough behavior of LHA in goethite-coated sand

column, particularly in terms of the discrepancyeen TOC and UV (Fig. 2 for LHA without NA).

Higher TOC values with respect to UV absorbanc25 nm were observed during the first
adsorption stage, before both of the two paramédmsved each other to reach their inflow values.
This can also be seen by the low SUMAvalues observed at the first stage (lower PV \glue
suggesting that aromatics were primarily and pesfeally adsorbed to goethite in the column. In

addition, B/E3 (AbS:sonn{Abssesnm) and & of outflow solution were first lower than the iaitvalue of
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LHA and then increased sharply, and finally deadato reach the initial value (Fig. 2c,d). This
confirms that LHA compounds with smaller molecutaze were preferentially retained, leading to
higher Mw fractions in the column effluent (lowey/lE; and & than the initial LHA). The increase in
both parameters above the initial value suggestadoutflow solution contained lower Mw fractions
with higher aromaticity, while higher Mw fractiomgere adsorbed in the column. Note that different
reports have contrast results for humic acidsifsaation onto Fe-oxides, which is likely relatedhe

HA nature/source (Kang and Xing, 2008; Qin et2015, 2012; Seders Dietrich et al., 2013; Zhou et
al., 2001). Higher molecular weight were preferaitiadsorbed and then replaced by lower ones in
solution for commercial HA (Sinopharm Chemical Re@tgCo. Ltd. China.) to goethite (Qin et al.,
2015), while in other reports lower Mw moleculesN®DM are firstly adsorbed onto iron oxides and
successively replaced by higher Mw fractions (Kangd Xing, 2008; Qin et al., 2012; Seders Dietrich
et al., 2013; Zhou et al., 2001). The prefererd@gorption of relatively small size fractions can b
explained by their fast diffusion to the mineratfage, while the bigger HA compounds containing
more reactive groups can exhibit stronger overialling, and thus replace the lower Mw fractions
during the adsorption process (Weng et al., 200fg primary adsorption of lower Mw of LHA
aromatic components were also confirmed under betctditions, where fast and simultaneous
decrease in TOC and UV was observed over thelftrshin of contact time (Fig. S1a). Higher TOC
values relative to UV were observed during adsorpkinetics, while EE; and & values tend to
exceed the initial value after 6 h of contact ti(Rr&y. S1b), suggesting that the lower Mw of LHA
components first adsorbed may be replaced by tigeld HA components on the goethite surface.

This is consistent with a recent kinetic study (@oivet al., 2019) showing a rapid primary phase
12
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adsorption of aromatic and polycyclic aromatic connpds to goethite at the first stage, followed by
lignin-like and aliphatic compounds.

On the other hand, LHA fractionation under simuttaus injection with NA is illustrated using the
relative UV absorbance at 254 nfxA(s0) and 400 nm&A 400) of outflow solutions for the three LHA
concentrations (empty symbols in Fig. 3). Excepttheg highest LHA loading (50 mg/L), the
breakthrough curves display a first step where higgorbance values were observed following by a
classical breakthrough step, wheré,oogradually increased from zero and tended to 1 (¢et@p
breakthrough). The beginning of a second step a@scowith the NA breakthrough, suggesting that
NA adsorption at the first step may influence LH#ention and thus mobilize some LHA compounds.
Compounds that are flushed out early have greaigfMs4ratios than in raw LHA (Fig. 3 and Fig.
S2). The greater absorbance at 400 nm is attribited - =n* transitions of polycyclic aromatic
compounds (Chen et al., 2002). This suggests hieagrhaller aromatic compounds are preferentially
adsorbed than multiple benzene ring structurebeafitst stage of breakthrough. This result is also
consistent with the fractionation of LHA in columvhere lower Mw fractions were preferentially
adsorbed (lower #E£3; and & than the initial LHA in Fig. 2).

It is worth noting that this early breakthrough abmatics is not observed in LHA transport
experiments in the absence of NA (See UV absorbard@0 nm in Fig. S3), confirming the impact of
NA retention on the LHA molecular fractionationdalumn. NA likely increased the mobility of some
LHA compounds through competitive binding with ot surfaces. The full breakthrough behavior
of LHA in goethite-coated sand columns was alsontbaffected by the co-existing NA (See

Breakthrough Curve (BTC) of LHA with and without NAFig. S4).
13
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At low LHA loadings (5 or 10 mg/L), both NA and LH#ompounds bind to surface sites of goethite
and the breakthrough of NA was only altered indlsorption front (Fig. 1). In contrast, at higher
LHA loading (50 mg/L), NA breakthrough was alteredth in the initial breakthrough point and
adsorption front. This rapid breakthrough of NAikely ascribed to strong competitive adsorption of
LHA compounds to goethite, as well as intermolecuiéeractions between NA and unbound LHA
that decreased NA retention. This was confirmeth&rby a fluorescence test shown in Fig. S6.

This breakthrough behavior can be understood imgeof the competitive binding of NA and
carboxylic/aromatics compounds of LHA to the sanmraxe sites of goethite (Cheng et al., 2019; Gu
et al., 1994). In particular, ligand exchange neactvith singly-coordinate-OH sites of goethite
(Cheng et al., 2019) is likely to drive the firde in the breakthrough curve as our previous
spectroscopic work (Xu et al., 2017b) shows that bAds both as metal- and hydrogen-bonded
complexes on these sites. Therefore, competitivdiibhg of NA and carboxylic/aromatics compounds
of LHA on —OH sites occur at the first step, followed probatyyfurther adsorption of NA to LHA
covered goethite. We note that low amount of rgagbhase (i.e. goethite ~ 1wt %) in coated sand
material as well as the low amount of adsorbed NBH-0.24 pumol / A hinder our ability to directly
assess possible modifications in binding mechanisntee column system. In addition, the great
molecular complexity of LHA components and the stroverlapping of vibrational bands of NA and
LHA compounds explain why our attempt to get moleclevel details in the ternary
NA/LHA/goethite system failed. Instead, we usedacroscopic sorption model as a mean to examine

the possibility of different mechanisms involvedidg the simultaneous injection of NA and LHA. In
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particular, a model integrating a sorption kinégion was applied as a theoretical tool to deschbe
influence of LHA on NA adsorption behavior. The nebddequately predicted NA adsorptiof(r
0.9823, Table 1) using a low&y but a higher at high LHA concentrations, thus suggesting the
modification of sorption mechanisms. The low&rindicates smaller NA surface loadings, whereas
the total amount of NA adsorbed was positively elated withKy (Fig. S7). Moreover, the higher
value indicates faster kinetics, as suggested &yeis tailing of NA in the presence of LHA (Fig. 1
The long tailing observed in the breakthrough cus¥eNA without LHA was likely caused by
chemical kinetic limitations, as previously repdr{élanna et al., 2012, 2010), and confirmed here fo
NA by the tailing mitigation obtained when a lovilew rate (0.1 mL/min) was applied (See Fig. S8).
To test whether modification of sorption kinetiees place when NA interacts with LHA-covered
goethite, injection of NA in LHA preloaded colummas investigated, as detailed in the following
section.
3.2. Sorption of NA in LHA preloaded columns

Preloading of goethite coated sand columns with L#kAmatically changed the transport
behavior of NA in terms of both retardation factand breakthrough curve shape (Fig. 4).
Asymmetrical curve shape with an extensive tailoggame sigmoidal when NA was injected in
LHA preloaded columns. Increasing in LHA concentnag (from O to 50 mg/L) advanced the
breakthrough point, yet the latter remained velysel for the three tested LHA concentrations.
Overall, the preliminary loading of column with LH&onsiderably facilitated the transport of NA,
with a very similar breakthrough behavior over tb@centration range of LHA (5-50 mg/L).

As LHA ligand exchange predominantly involves3.3 sites/nh of the reactive
15
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singly-coordinated —OH groups of goethite (Chenglet2019), it becomes useful to express
breakthrough results in terms of surface loadiBgsed on our previous work (Cheng et al., 2019),
goethite surfaces expose a mixture of non-reactd groups and bound LHA at C/Fe ratios below
0.1 (namely, 26 C/nfi). All -OH groups are, on the other hand, consuateale this ratio (Cheng et
al., 2019). Using the TOC of column effluents (F&g), the integrated area above the BTC shows
that the total LHA adsorbed in the column wag mg C/g goethite, which is equivalenttd2 C
atoms/nm and therefore~3 times the total crystallographic density of aliface oxygens~15
sites/nm) (Boily and Felmy, 2008; Cheng et al., 2019).

Under these conditions, NA retention was mainlyeini by weak van der Waals-type hydrophobic
interactions, and/or througtr electron coupling interactions with LHA-coveredetfute surfaces.
These interactions could govern the transport hehav preloaded columns, independently on the
LHA preloading concentration. This hypothesis washer confirmed in the simulation results using
a two-site nonequilibrium model of the breakthrougirves of NA in LHA-preloaded columns.
Similar adsorption parameter&y( a andp) described the breakthrough curve of NA for thee¢h
preloading LHA concentration (Fig. 4, Table 1). Tirst-order rate coefficient associated with the
kinetically limited site ¢) increased when column is previously loaded wiHhAL. suggesting the
modification of NA sorption kinetics. This phenonoens also observed under batch conditions where
the presence of LHA affected the adsorption kirsebicNA (Fig. S10).

3.3. Impact of LHA on the breakthrough behavioN&f
Dynamic adsorption experiments in column providedevant data on the dual binding

mechanisms of NAj.e. adsorption to (i) goethite in competition with loaxylic/aromatics LHA
16
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compounds, and (ii) LHA-covered goethite throughspmecific interactions, together with the
molecular fractionation of LHA. To highlight the pact of LHA on the NA mobility/transport in the
column system, full breakthrough curve consistinfg both adsorption/desorption fronts was
determined for NA alone and NA in presence of 5@LngdHA.

As shown in Fig. 5a, the full breakthrough curvéNéfis asymmetrical, and exhibits tailing both in
adsorption front and elution-wave, confirming tlagerlimited sorption/desorption process of NA on
goethite surfaces. Interestingly, the desorptiomtfitan be well predicted with the same parameters
used for the adsorption, suggesting a reversibietisn process. As expected from previous column
tests, the presence of LHA alters the desorptiontfrmaking the full breakthrough curve of NA more
symmetrical, with less tailing in both adsorptiordalesorption fronts (Fig. 5b and Fig. S11). Asit
difficult to directly access molecular-level infoation in the NA/LHA/goethite system, we have
used the same model as for the previous columnmrgiitso experiments, to describe the influence of
LHA on NA mobility. If the same adsorption paranrstdi.e. a, Kg, ) were used for full BTC
description, the calculated curve failed to weld&e the desorption tailing (Simulation#1 in F5Q).
Attempt to describe better the latter by changir(gee Table S1) provided a curve where adsorption
front is shifted down with respect to the experitaédata (Simulation#2). An accurate description of
the full breakthrough curve required two differealues ofa for adsorption and desorption fronts
(Simulation#3, See Table S1). Indeed, lowefior desorption than adsorption was needed, thereby
underscoring possible modification of surface neast Due to the very slow and incomplete
desorption of LHA compounds in column, the amouhLBHA desorbed in the effluent solution

becomes below detection limit after 5 PV (Fig. SBE2)d extension up to 800 PV had no influence on
17



342 the amount of LHA desorbed (data not shown). Sphidse extraction conducted on the goethite
343 coated sand solid after termination of the columpeeiment revealed that at least 80 % of total edrb
344  LHA are still present on the solid (total LHA adsed in the column was75 mg C/g goethite or
345 ~42 C atoms/nf). This can also be observed visually since thiel $@lpt its brown color (due to the
346 attachment of LHA), confirming the incomplete LHA&sbrption under our experimental conditions
347 and over the whole breakthrough time. A desorpbiatch experiment showed that only 40 % of initial
348 bound LHA (based on TOC measurement) were remdied3adays and even under vigorous mixing
349 conditions (Fig. S13). This is consistent with poerg works (Gu et al., 1994; Joo et al., 2008) wher
350 the slow desorption kinetics and low desorptioneektof NOM at oxide surfaces have been
351 attributed to the complex nature of NOM compourtti®igh different NOM were used in these
352 studies) and their multiple interactions involvimgltiple binding sites with oxide surfaces (Gulet a
353 1994; Joo et al., 2008)herefore, experimental observations and simulatesults suggested that
354 nonspecific interactions between NA and bound Li#pounds may influence desorption process.
355 While NA desorption is almost complete, most ofbsat LHA compounds remained attached to
356 goethite surfaces, resulting in modification inalggion kinetics.

357

358 4. Conclusions

359 NOM, one of the most widespread and ubiquitous ammepts in aquatic and terrestrial
360 environments, can affect the mobility and fate meeging contaminants. Here, we have considered
361 two situations where target contaminants (i) aresent togethewith NOM in groundwater and

362 surface waters, then bind to mineral surfaces, (8pavhere they interact with NOM coatings on
18
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minerals. In both scenarios, NOM strongly affeqectholone binding to goethite, and thus transport
behavior under flow through conditions. We notaldynonstrated that LHA facilitated NA transport
in columns but this effect depends on how organatten is contacted to mineral surfaces. When
LHA was present as a mineral coating, van der Wagle hydrophobic interactions governed NA
transport. However, when both LHA and NA were giiif present in the influent solution, the
breakthrough was characterized first by a primaep snvolving competitive adsorption of NA and
carboxylic/aromatics compounds, and a second stephing nonspecific adsorption of NA to
LHA-covered goethite. This two-step process costrobth NA retention and LHA molecular
fractionation in column. NOM fractionation altersrgtion mechanisms and kinetics of quinolone
antibiotics, which in turn affect their fractionai. Furthermore, the low and incomplete desorption
of LHA compounds from mineral surfaces also altbesdesorption and mobility of NA under flow
through conditions.

Our work thereby shows how molecular interactioesMeen the NOM and soil materials control
the migration of contaminants within surface antdssuface environments. This calls for in-depth
consideration of molecular characteristics of bmgdimechanisms in assessment studies of
contaminant fate. These findings can have impoitaptications on the prediction of transport of

guinolone antibiotics, and of their ecological imfsin the environment.
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NOM compounds with higher aromaticity and lower Mw are preferentially adsorbed.

NOM fractionation alters sorption mechanisms and kinetics of quinolones.

Multiple mechanisms influence NA mobility when NOM are present together with NA.

Nonspecific interactions govern NA mobility when NOM are found as mineral coatings.

A transport model is developed to interpret the modifications in binding mechanisms.
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