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Abstract

Predicting the fate and transport of pharmaceuticals in terrestrial environments requires knowledge
of their interactions with complex mineral assemblages. To advance knowledge along this front,
we examined the reactivity of pipemidic acid (PIP), a typical quinolone antibiotic, with quartz
particles coated with a mixture of manganese oxide (MnO3) and goethite (a-FeOOH) under static
and dynamic flow conditions. Batch and dynamic column experiments showed that PIP binding to
MnO: proceeded through a heterogeneous redox reaction while binding to goethite was not redox-
reactive. Mixed columns of aggregated goethite-manganese particles however enhanced redox
reactivity because (i) goethite facilitated the transport of dissolved Mn(lIl) ion and increased the
retention of PIP oxidation products, and (ii) MnO> was protected from passivation. This mobility
behavior was predicted using transport models accounting for adsorption and transformation
kinetics of PIP on both goethite and MnO>. This work sheds new light on reactivity changes of
mixtures of Fe and Mn oxides under flow-through conditions, and will have important implications
in predicting the fate and transport of redox-active organic compounds as well as development of

new geomedia filters for environmental remediation.

Keywords: pharmaceuticals; goethite; manganese oxide; redox; geomedia filter; transport;

modeling.
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Synopsis

This work shows how goethite may overcome the drawbacks of Mn-oxides to be used as a

geomedia-filter for environmental remediation
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Introduction

Iron (Fe) and manganese (Mn) are the two most common redox-active elements in the
Earth's crust. They are present in wide range of environments with different composition,
mineralogy, and morphology2. For example, Fe and Mn-oxides may co-exist with each other as
discrete particles, mixture of component phases or particulate coatings in soils and sediments®. In
deep sea waters, Mn and Fe are oxidized to form ferromanganese crusts and nodules on the oceans
floor, a mineral of immense economic interest. Because of their specific nanoscale properties, high
surface area, low cost, strong oxidation and sorption abilities, iron and manganese oxides are
widely used in various environmental applications 2. They play a key role in controlling the fate
and mobility of elements and toxic compounds in nature, and can also be used as an
environmentally friendly geomedia filter in water treatment technologies and/or aquifer recharge
management %1,

Goethite (a-FeOOH) is one of the most thermodynamically stable iron oxyhydroxide under
ambient conditions, and the most abundant one in natural settings®*2. For this reason, numerous
theoretical and experimental studies explored organic or inorganic compounds binding
mechanisms to goethite surfaces and their impact on migration in nature!®!4, Birnessite-type
layered manganese oxides are, at the same time, of great interest given their strong redox- and
cation exchange reactivity®>6, Their interest is also motivated by their structural similarity to the
biogenically precipitated natural manganese oxides, which are the most commonly occurring forms
of MnO; in surficial environments?.

Although the reactivity of each individual or single phase has been widely investigated "~
21 knowledge is limited on how binary mixture of these two phases, goethite and MnOg, alter the

overall reactivity of environmental compounds. Previous studies??* have reported that binary
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mixture of Fe(OH)sz with AI(OH)z or SiO2@m) have exhibited different adsorption properties from
their component parts due to changes in surface site availability and surface charge. This has been
ascribed to the dissolution of Al(OH)s or SiO2@m) and sorption/precipitation of the dissolved ions
at Fe-oxides surfaces. Other studies?® have reported that mixtures of MnO; with other oxides like
Al>,O3 or SiOz@amy or TiO2 inhibited MnO> reactivity mainly through heteroaggregation between
particles and/or adsorption of metal ions released from the second oxides on the MnO: surface.
Two recent studies?®?’ even showed that Fe oxides inhibited MnO; reactivity through
heteroaggregation of positively charged Fe oxides particles with negatively charged MnO;
particles, thereby reducing the number of surface sites of MnO,. However, little is known on how
this reactivity is affected under dynamic, flow-through, conditions that are far more prevalent in
environmental and/or engineered systems than the static (batch) modes more commonly employed
in laboratory studies. This is particularly relevant because dissolved ions and/or redox by-
products (e.g. dissolved Mn(Il)) concurrently affect surface reactivity of manganese and iron
oxides minerals and the mobility of target compounds. As such, experimental work under
continuous flow conditions can better emulate natural environments (e.g. geochemical systems
containing Fe- and Mn- oxides) or engineered infiltration systems (e.g. managed aquifer recharge
(MAR) and water treatment systems), where the target pollutants and the generated reaction
products travel through and are then flushed out of the column system. In addition, most traditional
environmental models are based on a single phase or simple system, and little is known on the
redox reactivity within complex mineral assemblages. Knowledge of the adsorption and redox
reactions that take place in the mixed mineral phases or complex environmental systems and under
flow-through conditions is consequently needed to explore contaminant transport.

This study aims to assess the roles that co-existing iron and manganese oxides play on the

fate and transport of contaminants under conditions of water flow. This was achieved by working
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with columns packed with sand microparticles (CS) coated by MnO> (MCS), goethite (GCS), or
mixed goethite-MnO> (MGCS). Pipemidic acid (PIP) was, in turn, chosen as a representative
redox-active quinolone antibiotic widely used in human and veterinary medicine®®, and commonly
found in ng/L to pg/L levels 23 in aquatic environments and agricultural settings®2-34.
Investigation of redox transformation of compounds contacted to reactive minerals is also required
for an accurate assessment of ecological impacts of quinolone antibiotics. As the redox reaction is
strongly depended on pH value and MnO/compound ratio, dynamic flow experiments of PIP were
performed with two different MnO2 amounts in the MGCS system and at pH 5.2 and 7.0, which
are within the typical pH range for shallow groundwater and soil pore waters>. A transport model
that accounts for adsorption and oxidation kinetics was used to predict changes in PIP transport in
coated sands under flow. This work additionally explains how goethite-MnO: interactions affect
PIP reactivity, and potentially how these mechanisms affect similar other environmental emerging
contaminants.
2. Materials and Methods
2.1 Synthesis of minerals and coated phases

Pure Fontainebleau quartz sand (200-300 um; < 0.06 m?/g) was chosen as an inert support,
due to its very low reactivity and aqueous solubility under our experimental conditions®. The
quartz sand was cleaned with HCI, H20- and ultrapure water to remove any colloidal or amorphous
silica particles and organic/inorganic contaminants (see Sl for detailed cleaning procedure). Acid
birnessite (MnO.) prepared according to McKenzie*” was coated on quartz sand (MCS) as in our
previous study!’, and summarized in the Sl. Likewise, goethite (a-FeOOH) goethite-coated quartz
sand (GCS) were synthesized as described in previous studies'®*-4 and summarized in the SI.
The B.E.T. specific surface area of uncoated goethite and birnessite phases was 81 + 4 and 65 £ 1

m? g respectively, and the point of zero charge (PZC) determined at 298 K in 0.01, 0.1 and 1 M
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NaCl solutions by the potentiometric titration method, was pH 9.1 for goethite and 2.4 for
birnessite. Coating coverage was thereafter evaluated by total Mn and Fe concentrations of acid
digested MCS and GCS. Concentrations, measured by Inductively Coupled Plasma-atomic
Emission Spectrometry (ICP-AES), revealed 0.60 + 0.02 (SD) mg Mn per 1 g of MCS and 6.2 mg
+ 0.20 (SD) Fe per 1 g of GCS. These coating amounts are within the previously reported range
for natural coated subsurface materials®>#!, and they allow stable coated minerals to be achieved.

The possible dissolution of the used quartz sand was, additionally checked in 1 and 10 g/L
sand suspensions that were continuously stirred over a range of pH values (4-10) in pure water or
0.01 M NacCl for up to one month. In all cases, the dissolved silicate concentrations were below the
detection limit of the molybdenum blue spectrophotometric method (<1 pM) and ICP-AES (<0.2
HM).

Binary mixtures of iron and manganese oxides (MGCS) were prepared by adding different
amounts of MnO; suspension to GCS. Small aliquots of MnO. suspension were pipetted
homogenously over the GCS surface, then mixed with a polypropylene spatula, and dried overnight
at room temperature. The resulting solid was thereafter washed four times with 10 mM NaCl to
remove any uncoated MnO», then dried again at room temperature. Two different MGCS were
prepared: 1) 0.05 MGCS and 2) 0.1 MGCS, where 0.05 and 0.1 indicate the percentage of MnO
in the MGCS system.

The Mn content in the MGCS was determined by dissolving in 30 mM ascorbic acid
following the protocol of Charbonnet et al.*? and analyzed by ICP/AES. The measured amount was
0.29 + 0.02 (SD) mg of Mn in 1 g of 0.05 MGCS and 0.60 + 0.02 (SD) mg of Mn in 1 g of 0.1
MGCS. Scanning electron microscopy (SEM) was applied to study the surface morphology of the
MGCS matrix. Samples were examined with a JSM JEOL 7100 F microscope with a field emission

gun and an OXFORD Genesis energy-dispersive Xray spectrometer at 20 kV at a working distance
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of 5—10 mm and magnifications from 15000% to 30000x. SEM images of MGCS showed a mixture
of goethite and MnO> particles deposited on the sand (Fig.S1). Due to the extremely low Mn
amount in the MGCS, X-ray diffraction could not be used for MGCS characterization.

2.2 Batch and column experiments

Three different sets of batch experiments were conducted to determine the 1) pH dependent
adsorption of PIP on GCS with or without Mn(ll), 2) pH dependent Mn(I1) adsorption on GCS
with or without PIP, 3) kinetics of PIP removal on 0.05 MGCS at pH 5.2, and 4) kinetic Mn(l1)
sorption on MCS and MGCS at pH 5.2 under static conditions. Details on the experimental setup
are provided in the SI.

Dynamic breakthrough experiments were conducted at room temperature and under water-
saturated conditions. Briefly, 15 g of GCS, MCS or MGCS were packed in glass columns with an
internal diameter of 1.6 cm and bed length of 4.7 cm. The column was wrapped with aluminum
foils to avoid any photo-induced degradation. The bulk density of the packed MGCS was 1.52 +
0.05 g/cm®, and the column pore volume (PV or Vp) was 4 + 0.1 mL. The column was first saturated
with a background solution of 10 mM NaCl (previously purged with N2) at pH 5.2 or 7.0
(depending on the experimental pH) with a constant flow rate of 0.5 mL/min (residence time of 8
min). A bromide tracer experiment was performed using an input solution containing 10 mM NaBr
in 10 mM NaCl at pH 5.2 or 7.0. Br breakthrough curves for different columns (GCS, MCS, 0.05
MGCS, 0.1 MGCS) were obtained by analysis of the effluent solution using ion chromatography
(Fig. S2).

Different column experiments were performed by injecting input solutions consisting of a
constant amount of 10 mM NaCl and 10 uM PIP but at two different pH values, 5.2 (+ 0.1) or 7.0
(£ 0.1). The investigated inflow concentration of PIP may appear higher than the level amounts of

pharmaceuticals commonly detected in environmental systems?®3!, but close to total dose of

9
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organic compounds found in industrial effluents or urban stormwater and municipal wastewater
used in aquifer recharge*?. Furthermore, since the Mn-based redox reaction is strongly dependent
on red/ox ratio, different MnO2 amounts and thus different PIP/MnO: ratio were investigated. The
experimental flow-rate was constant throughout the course of the experiment at 0.5 ml/min. The
input solution was purged with N2 to avoid CO> contamination and to maintain the experimental
pH throughout the course of the experiment. Flow interruption method was applied in selected
experiments to check the occurrence of kinetic limitations. All effluent solutions were collected
using a fractional collector. The pH of the effluent solution was determined through the experiment
by using an online pH meter. The effluent solution was also analysed for PIP and by-products with
high-performance liquid chromatography (HPLC) and an ultrahigh-performance liquid
chromatography—tandem mass spectrometry (UPLC-MS/MS) system, and for dissolved metal ions
using ICP-AES. More details about experimental conditions and measurements are reported in the

Sl (Table S1).

2.4 Transport modeling
First, the hydrodynamic parameters were obtained by fitting the bromide breakthrough data

using classical Advection Dispersion Equation (ADE):

% =D5a-va (1)

Breakthrough curves (BTC) for Br~ suggest the absence of great dispersion/diffusion or physical
nonequilibrium effect (Fig. S2 in the SI). Macroscopic dispersivity (~ 1.89 mm) was obtained by
the ratio of the dispersion coefficient (D) and of pore velocity (v). Molecular diffusion was
considered negligible with respect to the dynamic dispersion. The Péclet number (Pe = vL/D) was

~25 in the column, suggesting the predominance of a convective regime, and the flow can be

assumed to be homogeneous. During water saturation and tracer experiments, total dissolved Mn,

10
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Fe and Si in the outflow was below the ICP-AES detection limit (0.1 pM for Mn, 0.2 uM for Fe
and 0.2 uM of Si), and therefore the possibility of mobilization and/or dissolution of minerals can
be excluded. Blank tests conducted also confirmed no adsorption of Mn(11) ions to the quartz sand
(< 0.06 m?/qg).

The reactive transport model is based on a two-site, advective-dispersive transport model with
degradation and Freundlich-Langmuir Kinetic sorption. The liquid and sorbed concentrations are
ruled by the following differential equation that governs the chemical non-equilibrium transport

for a homogeneous system under steady-state water flow*34;

oc | pOS) _ potc  oc P
ot T oo _Daxz Vox me 0“55 2)

where 6 is the volumetric water content (L*/L®), C is the volume-averaged solution concentration
(M/L3), tis time (T), p is solid bulk density, S is the sorbed concentration (M/M), D is the dispersion
coefficient in the liquid phase (L%T), v is the water velocity (L/T), tu and us are first-order
degradation rate constants (T™) for the liquid and sorbed phases.

Because quinolones binding to oxide surfaces may proceed through a non-specific and fast surface
complexation reaction, such as outer-sphere or hydrogen-bound, and a specific surface
complexation reaction, generally slower, such as metal-bound complexes, we assume that
adsorption sites can be divided into two fractions, instantaneous (Type-1) and kinetic (Type-2)
sites**.

S=5+S5, 3)

Where S; and S; are solid phase concentrations associated with Type-1 and Type-2 sites
respectively. Considering Type-1 adsorption sites are always at equilibrium, S; can be expressed

as:

chB

S1=/K 1+nch

(4)

11
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The Type-2 adsorption sites are assumed to be a first-order Kinetic rate process:

25,
at

cB
1+nCB

= a|(— DK o= 52— 1sS2 (5)

where « is a first-order kinetic rate coefficient (T2), f is the fraction of instantaneous adsorption
sites (Type-1), and K,  and 1 are empirical coefficients.

Transport modeling was performed with HYDRUS 1D“*3. This code allows for the numerical
resolution of equations 2-5 for several boundary and initial conditions: concentration flux at the
inlet, zero concentration gradient at the outlet, and no solute at time zero. By using a least-squares
optimization routine, HYDRUS 1D also allows inverse modeling to fit the model solution to the
data to estimate fate and transport parameters*®. Because of PIP transformation reactions only
occurred at MnO; surfaces and not in solution, s was set to 0. This also allows reducing the number
of estimated parameters, and thus avoiding non-uniqueness issues (a sensitivity analysis has been
done in previous work’). Values for the sorption parameter K, fraction of equilibrium sites £,

kinetics adsorption o and the first-order degradation rate us were determined through fitting the

breakthrough curves of PIP, and are reported in Table S2.

12
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3. Results and Discussion

3.1. Influence of goethite and/or birnessite coating on the PIP breakthrough

1.2
101 -t -5 - - e
0.8 1
o
00.6 .
2 e 0.05MGCS
@) ¢ MCS
0 0.4+ A 0.1MGCS
0.2
0.0 =
0 200 400 600 800

VIVp
Figure 1. PIP Breakthrough curves MnOz-bearing columns (0.60 mg Mn/g MCS; 0.29 mg Mn/g
0.05 MGCS; 0.60 mg Mn/g 0.1 MGCS). The dashed line indicates the theoretical complete
breakthrough of PIP (C/Co = 1), and solid lines are model predictions. Inflow conditions: 10 uM
PIP; pH 5.2 £ 0.1; 10 mM NaCl; PV 4 mL; flow rate 0.5 mL/min. V/Vp is the ratio of injected

volume and pore volume).

MnO- in MGCS columns strongly slows down PIP mobility with respect to the (MnO2-free)
GCS column (Figure 1). This can be appreciated by extensive tailing of the breakthrough curve
(BTC) and incomplete breakthrough of PIP in the MCS column (0.60 mg Mn/g 0.1 MCS),
compared to the GCS column with a sigmoidal-shaped low-tailing BTC with total breakthrough
(C/Co = 1) by 60 PV. In strong contrast, the 0.1 MGCS with the same Mn loading as MCS (0.60
mg Mn/g 0.1 MGCS) exhibited breakthrough at 81 PV, achieved a brief steady-state just below
~200 PV at C/Co ~ 0.45 and a final steady-state at C/Co ~ 0.91, just as in MCS, after 744 PV.

However, halving Mn loadings to 0.29 mg Mn/g in 0.05 MGCS produced BTC attributes

13
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intermediate to those of GCS and MCS, with the breakthrough point of PIP at 45 PV and a steady
breakthrough at C/Co~ 0.94 at 308 PV.

The pH of the output solution from the GCS column initially slightly decreased by ~ 0.4
unit but finally returned to 5.5 when steady-state breakthrough was reached (Fig. S3). However,
the transformation of PIP on MnO: or the reductive conversion of MnO: released Mn(l1) through:
MnO; + 2e” + 4H" — Mn?* + 2H;0 (6)

As this is a proton-promoted process, pH initially increased to 5.9 and then decreased to initial pH
value on MCS column (Fig. S3). In the MGCS column, no pH changes in 0.05 MGCS, while pH
followed the same behavior as for the MCS column in 0.1 MGCS (Fig. S3). As PIP was mostly
present in the zwitterionic form (pKa: = 5.20, pKaz = 6.38) (Fig. S4), adsorption to goethite
occurred via surface complexation reactions involving carboxylic and keto groups, with a
possibility of oxidation reaction involving the piperazine ring.*> However, the BTC shape and the
lack of by-products in the effluent did not provide evidence for PIP oxidation by goethite. The
modeling results also support the absence of PIP oxidation since no heterogeneous degradation rate
(us) was required to fit the BTC of PIP (Fig. 1, Table S2). Conversely, modeling of the partial PIP

breakthrough in the Mn-bearing MCS and MGCS columns did require ps (Fig. 1, Table S2).

The total amount of PIP removal (by adsorption and/or oxidation) was calculated by
integrating of the area above the BTC of PIP. In the MCS column, the total PIP removal was ~5
umol at ~800 PV, while the same Mn loadings in the 0.1 MGCS column removed ~11 umol PIP
at the same breakthrough time. This consequently implies that the 0.1 MGCS column removed
almost twice the amount of PIP than in the MCS column despite having the same Mn loading. As
the 0.1 MGCS and GCS columns contained the same goethite loadings, the contribution of goethite

in PIP removal can be estimated at ~1.5 umol.

14



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

Enhanced MnO> content not only improved PIP removal in the MGCS column (3.2 pmol
PIP removal in 0.05 MGCS column vs 11 pmol in 0.1 MGCS column), but also modified the
breakthrough behavior. Indeed, a two-step behavior, two fronts and two plateaus, was observed
corresponding to the pH variation during the transport experiment (Fig.S3). This breakthrough
behavior can be described by considering three stages, and different parameters are necessary to
describe each stage of the full BTC of PIP (Table S2). If the same adsorption and oxidation
parameters (i.e. a, K, f, us) were used for full BTC description, the calculated curve failed to
describe the transport process of PIP, especially for the transitional plateau (Fig. S5). This mobility
behavior could be explained by the pH impact on heterogeneous redox reaction and/or
(re)adsorption of redox products. It has been reported that fluoroguinolone binding to negatively
charged Mn-oxide surfaces proceeds through a heterogeneous redox reaction, whereby two one-
electron-transfer or a single two-electron transfer oxidize PIP and reduce surface-bound metal sites

17.1948 This will be investigated in the next section.

3.2. Impact of manganese oxide content on PIP oxidation in column

To further investigate PIP transport in MGCS columns, redox by-products (dissolved Mn(l1) and
oxidized by-product of PIP) were monitored in the outflow solution throughout the breakthrough
experiment and upon flow interruption. Our flow/no flow/flow sequence protocol allowed us to
check kinetic limitations through determination of BTC of species before interruption and after

resumption of flow.

15
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Figure 2. Breakthrough curves of a) PIP, Mn(Il), and b) pH in the 0.05 MGCS column. The
horizontal dashed line indicates the theoretical complete breakthrough of PIP (C/Co = 1) and solid
lines are model predictions. The vertical dashed lines indicate the moment of flow interruption
(duration 24 h). The empty symbols in the shadow area indicate the second-stage after flow
resumption. Inflow conditions: 10 uM PIP; pH 5.2 + 0.1; 10 mM NaCl; PV 4 mL; flow rate 0.5

mL/min. V/Vp is the ratio value of injected volume and pore volume.

In the 0.05 MGCS column, Mn(Il) was detected in the effluent solution at the same time as
PIP, then reached a steady-state concentration of 1.2 uM. Increasing the residence time of PIP in
the 0.05 MGCS column by interrupting the flow for 24 h (376 PV) did not influence the incomplete
breakthrough as the same partial breakthrough (C/Co = 0.94) was still observed upon flow
resumption (Fig. 2a). This flow interruption period allowed species to react over a longer period
during flow-through conditions. Here, relative concentrations of PIP dropped from 0.94 to 0.76
while those of Mn(l1) increased sharply from 1.2 to 5 uM, yet solution pH values were stable
throughout the course of the experiment (Fig. 2b). This behavior pointed to rate-limited
sorption/redox processes from co-occurring adsorption reactions and heterogeneous redox

reactions. Note that BTC curves in separate bromide tracer experiments did not change following

16
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329

330

a flow/no-flow/flow sequence, thereby excluding the possibility of physical non-equilibrium or
diffusive mass transfer that might cause changes in PIP and Mn(ll) concentrations. Upon flow
resumption, both PIP and Mn(Il) concentrations reached the steady-state concentrations prior to
the stop-flow. Although Mn(ll) was detected by ICP-AES as the reduced by-product, no oxidized
by-product of PIP (hereafter referred as PIPox) was detected in the effluent throughout the course
of the experiment (Fig. 2a). This could be explained by the very low concentrations of generated

redox products and/or strong binding to minerals at the working pH value (5.2).

a i N R 2.5 bl T T T T T T T
gL Sownterupieny L. A 16
_ ~~ 7_ . pH _
0.9 LY ) -2.0Lr>o . e Mn(ll) i
T 15 x " 125
o 0.6 1 T © 6 f _ _ =1
9_-/ v I 8 flow-interuption ~
S B0 r10s = J . NN D 8 £
5 0.3 = 5 e 00T J
s -0.5% 5 e . r4
0.0 g e PIPox -0.0 4 et seme® -0
0 300 600 900 0 300 600 900
VIVp VIVp

Figure 3. Breakthrough curves of (a) PIP and PIPox (peak area of PIP by-product; M-26) and (b)
Mn(Il), pH in 0.1 MGCS column. The horizontal dashed line indicates the theoretical complete
breakthrough of PIP (C/Co = 1) and solid lines are model predictions. The vertical dashed lines
indicate the moment of flow interruption (duration 24 h). The empty symbols in the shadow area
indicate the second-stage after flow resumption. Inflow conditions: 10 uM PIP; pH 5.2 + 0.1; 10

mM NaCl; PV 4 mL; flow rate 0.5 mL/min. V/V, is the ratio of injected volume and pore volume.

In the 0.1 MGCS column, redox products (Mn(ll) and PI1P.x) were detected throughout the
course of the experiment (Fig. 3a). LC/MS analysis confirmed the PIPox had a m/z value of 227
(M-26), formed through N-dealkylation of the piperazine ring of PIP (Fig. S6). As previously

17
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observed for quinolone compounds®’*®, one electron is transferred from sorbed compound to the
surface-bound Mn'"V, yielding radical intermediates, and Mn'" that can be further reduced to give
Mn'" as follows:
=Mn'"" + PIP— =Mn'"" —PIPsg— =Mn""' /Mn"' —P1P*— Mn'' + PPy (7)

As seen in Figure 3a, PIPox concentration in the effluent solution reached its maximum, and then
decreased after ~175 PV. Prior to flow-interruption, the BTC of PIPo followed the outflow pH
values, as PIPox binding to minerals is pH-dependent. However, the peak area of LC/MS data
corresponding to PIPox was not constant (no-steady-state values) during the course of the
experiment. Increasing the residence in the column with flow-interruption, decreased PIP
concentration but increased that of PIPox. When the flow was resumed, PIP concentration reached
again a plateau, with a steady-state value lower than that before flow interruption (0.9 to 0.8). High
MnO; content exhibited greater removal ability of PIP and more Mn(Il) generation. For example,
a higher k value, first-order degradation rate coefficient (including sorption and oxidation), was
obtained in the 0.1 MGCS (k =2.1x10** min't) compared to 0.05 MGCS (k =1.4x10** mint), by:

Ca
I n(q)

k= — (8)

t

Here, C is the PIP effluent concentration before (Cp) and after (Ca) flow-interruption, and t is the
duration of interruption (24 h).

The shape of the breakthrough curve of Mn(l1) in the 0.1 MGCS column was similar to that
of 0.05 MGCS column. However, Mn(11) did not exhibit breakthrough with PIP (as the 0.05 MGCS
column) and was only detected after injection of ~300 PV. This delayed Mn(Il) breakthrough
corresponds to an increase in the outflow pH value (see Fig. 3b), and thus can be explained by
increasing in Mn(ll) binding onto goethite with increasing pH (See batch data in Fig. S7). The

effluent concentration of Mn(l1) thereafter reached a plateau-like, steady-state, value when the pH
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decreased down to the inflow pH (~5.2). In MCS no Mn(11) desorbed into the effluent solution (Fig.
S8). The presence of dissolved Mn(ll) in outflow solutions of MGCS columns (0 uM in MCS
column vs. 2.5 uM in 0.1 MGCS column at pH 5.2) suggests that the presence of goethite altered
Mn(11) uptake by MnO:at this pH value, and thus increased its mobility through the column system.
This was confirmed further by Mn(11) batch adsorption data on MCS and MGCS (Fig. S9), where
70% of dissolved Mn(l1) were removed by MCS while only 40% was removed with MGCS under
the same experimental conditions (See Fig. S9). Additional batch experiments showed that PIP was
continuously removed (sorption + oxidation) by MGCS, yet only Mn(Il) (no PIPox) was detected
in solution (Fig. S10). As observed in the column system, the presence of goethite likely ensured
preferential adsorption of PIP or PIPo over Mn(ll) onto MGCS at pH 5.2. This aligns with our
batch adsorption tests (Fig. S7) revealing strong PIP and weak Mn(l1) loadings at this pH value.
PIP binding was also lower and Mn(11) binding greater at larger pH, and even because competitive
sorption at pH > 6. Taken together, these findings confirmed that interactions between positively
charged goethite (PZC 9.1) and negatively charge MnO, (PZC 2.4) particles decreased overall
cation adsorption in the MGCS system. As a result, dissolved Mn(ll) ion was flushed out of the
column, thus preventing further interactions with MnO2 and mitigating surface passivation, which
is generally observed in MnO,—based redox reactions (e.g. as in MCS column) #1742, Indeed, it has
been reported that Mn(11) binding at the MnO- surface may decrease the oxidation rate of organic
compounds because (i) Mn(ll) may block redox reactive sites on the oxide surface, preventing
adsorption of the organic compound or competitively reacting with MnO_ and (ii) surface bound
Mn(11) may decrease the average oxidation state of MnO2, and therefore slow the rate of electron
transfer 174246 This may explain the higher reactivity of the MGCS system in total PIP removal

with respect to MCS.
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3.3. PIP transport at two pH values
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Figure 4. Breakthrough curves of (a) PIP and PIPox (peak area of PIP by-product; M-26) and (b)
Mn(ll), pH on different pHs in 0.05 MGCS column. The horizontal dashed line indicates the
theoretical complete breakthrough of PIP (C/Co = 1) and solid lines are model predictions. The
vertical dashed lines indicate the moment of flow interruption (duration 24 h). The empty symbols
indicate the second-stage after flow resumption. Inflow conditions: 10 uM PIP, pH 5.2 + 0.1 and
7.0 £ 0.1, 10 mM NaCl, PV 4 mL, flow rate 0.5 mL/min. V/Vp is the ratio of injected volume and

pore volume.

An additional PIP breakthrough experiment in 0.05 MGCS column was repeated but at pH
7.0. In contrast to experiments at pH 5.2 (Fig. 4), no variations in pH occurred. Only 1.8 pmol of
PIP was removed at neutral pH, compared to that at pH 5.2 (3.2 pmol), because acidic conditions
favored PIP oxidation and adsorption onto MnO. and/or goethite. Steeper BTC and earlier
breakthrough point, with complete breakthrough were achieved, whereas no PIPox or Mn(Il) was
detected in the column effluent, indicating extreme low or no PIP transformation occurred at pH 7.
This observation is consistent with our modeling result since setting us= 0 can well fit the BTC of

PIP at pH 7 (Table S2).
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No oxidation occurred during the first stage, but when the residence time is increased, Mn(l1)
and PIPox were detected upon flow resumption. The PIP relative concentration drops to 0.6 at pH
7 but only to 0.8 at pH 5.2 when the flow was resumed (Fig. 4a). According to Eq. 8, more PIP was
removed and a higher k value was obtained during flow interruption period at pH 7 (1.4x10™* min-
Lat pH 5.2, 3.5x10* mint at pH 7, Table S3). As only sorption happened in the first step, we
suppose that the pristine MnO surfaces may enable more PIP oxidation during flow interruption
period. Furthermore, less MnO; passivation can be expected, as more Mn(Il) can be adsorbed by
goethite at pH 7 (see batch data in Fig. S7).

In summary, both experimental and modeling results show that binary mixtures of
manganese oxides and goethite are capable of oxidizing and removing PIP more efficiently than in
the single phase. MGCS may overcome the major drawbacks of MCS to be used as a potential
geomedia for antibiotic removal. Indeed, preferential adsorption of Mn(I1) on negatively charged
MnO., and the progressive build-up of Mn(ll) in the column decreased the reactivity of the MCS
column over breakthrough time. However, MGCS preferential adsorbed PIP or PIPox over Mn(l1)

and thereby reduced the passivation effect by dissolved Mn(lI).

4. Environmental significance

This study contributed to mounting evidences that the environmental fate of pollutants can
not be predicted based on the sorption/oxidation data of single minerals. A thorough examination
of the redox reactivity within complex mineral assemblages under both batch and continuous flow
conditions is necessary for an accurate assessment of contaminant transport in natural environments
(e.g. soils and sediments) or engineered infiltration systems (e.g. MAR). Here, we showed that
coexisting minerals, in our case goethite, can alter the overall reactivity of the redox-active MnO:..

In particular, interactions between the positively charged goethite and the negatively charged MnO>
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particles decreased Mn(Il) surface loadings, thus facilitating its mobility through the column. In
addition to advancing ideas on environmental processes, knowledge that goethite-MnO;
interactions decrease MnO- passivation could be used to design novel geomedia filters. Fe and Mn
binary oxide may overcome the major drawbacks of Mn-oxides to be used as a potential geomedia
for antibiotic removal. As manganese oxides have the potential to be applied as filter to prevent
organic contaminants from percolating into the groundwater sources in both natural soils and
artificial infiltration systems, this work could help in designing efficient geomedia in treatment
technologies (industrial and/or municipal wastewater, agricultural runoff, stormwater, etc.). Those
contaminated systems contain diverse organic groups such as pharmaceuticals and personal care
products, pesticides and detergents, with varying concentrations. Therefore, the amount MnO>
and/or goethite coated on sand should be optimized to further enhance the reactivity and longevity
of geomedia, and prior to the application of GMCS in infiltration systems. Finally, as Fe and Mn-
oxides may co-exist with each other as particulate coatings, the transport model developed here
will help in understanding fate and transformation of emerging compounds in natural environments

such as soils and sediments.
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