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Abstract

The emergence of antibiotic and anti-inflammatory agents in aquatic and
terrestrial systems is becoming a serious threat to human and animal health worldwide.
Because pharmaceutical compounds rarely exist individually in nature, interactions
between various compounds can have unforeseen effects on their binding to mineral
surfaces. This work demonstrates this important possibility for the case of two typical
antibiotic and anti-inflammatory agents (nalidixic acid (NA) and niflumic acid (NFA))
bound at goethite (a-FeOOH) used as a model mineral surface. Our multidisciplinary
study, which makes use of batch sorption experiments, vibration spectroscopy and
periodic density functional theory calculations, reveals enhanced binding of the
otherwise weakly bound NFA caused by unforeseen intermolecular interactions with
mineral-bound NA. This enhancement is ascribed to the formation of a NFA-NA dimer
whose energetically favoured formation (-0.5 eV compared to free molecules) is
predominantly driven by van der Waals interactions. A parallel set of efforts also
showed that no co-binding occurred with sulfamethoxazole (SMX) because of the lack
of molecular interactions with co-existing contaminants. As such, this article raises the
importance of recognising drug co-binding, and lack of co-binding, for predicting and
developing policies on the fate of complex mixtures of antibiotics and

anti-inflammatory agents in nature.
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Introduction

Thousands of different emerging pharmaceutical contaminants occur in soils,
groundwater, surface waters as well as seawater from human and intensive farming
activities.'? Antibiotics and anti-inflammatory agents in terrestrial and aquatic
environments, in some instances at levels as high as several hundred ng per L 36 are
posing detrimental ecological and health effects especially because of their growing use
in human and veterinary medicine. Because the fate of these compounds is often tied to
their affinities to surfaces of soil and sediment mineral particles *, adsorption through
synergistic drug interactions is likely to become an emerging mechanism in
contaminated environments.

Although contaminants rarely exist in isolation, they often have been studied
individually with respect to sorption and/or complexation with naturally occurring
minerals.”'? Sorption of individual compounds to environmental surfaces involves
different mechanisms including metal bond, hydrogen bond, and van der Waals
interactions ". In multicomponent systems, co-existing contaminants can compete for
surface binding sites, or cooperatively bind by co-neutralisation of surface charge
and/or by direct molecular interactions. While competitive adsorption has been widely
investigated'*'®, cooperative effects have been never reported for widely used
antibiotic and anti-inflammatory agents. In addition, because most traditional
environmental models are based on an individual contaminant basis, little is known on

their fate in mixed contaminant systems.
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In this work, we assessed the ability of three typical antibiotic and
anti-inflammatory agents detected in affected environments®'’ (nalidixic acid (NA),
niflumic acid (NFA) and sulfamethoxazole (SMX)) to co-bind at minerals surfaces.
Goethite (a-FeOOH) is selected as model mineral because it is one of the most stable
thermodynamically iron oxyhydroxide at ambient temperature and the most abundant
one in natural settings. NA is a quinolone antibiotic that is widely used in humans and
animals and that typically co-occurs with SMX, a sulfonamide antibiotic commonly
used to treat a variety of bacterial infections'®. Niflumic acid (NFA) is a non-steroidal
anti-inflammatory that is often used for rheumatoid arthritis.'” As will be detailed in
this work, investigations are mainly focused on NA and NFA as no co-binding effect are
typically observed with SMX. Vibration spectroscopic and density functional theory
(DFT) calculations of NA/NFA co-binding, as well as batch kinetic, pH-edges and
isotherms, were used to resolve uptake mechanisms of NA and NFA at goethite in
isolated vs. mixed systems. These efforts helped identify conditions under which drug

co-binding is likely to prevail in the environment.

Experimental Methods

Materials and chemicals. Nalidixic acid (NA), Niflumic acid (NFA),
Sulfamethoxazole (SMX), sodium chloride (NaCl), potassium hydroxide (KOH),
sodium hydroxide (NaOH) and hydrochloric acid (HCI) were obtained from Sigma
Aldrich, and were of analytical grade or better. The preparation and characteristics of

goethite are detailed in the supporting information (SI).
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Binding and co-binding experiments

Kinetic adsorption experiments were conducted in 125 mL Nalgene bottles
containing 0.5 g/L goethite in 10 mM NaCl under an atmosphere of N»(g). NA, NFA
and SMX concentrations were of 20 uM in both isolated (NA; NFA; SMX) and mixed
(NA+NFA; NA+SMX, NFA+SMX) systems. pH was adjusted using dilute NaOH or
HCI solutions to a pre-selected value. Aliquots were sampled during the course of the
experiments and filtered (0.2 um) for analysis. Preliminary experiments showed that
adding the ligand simultaneously or sequentially after several hours of equilibration
had no significant effects on adsorption results.

Equilibrium adsorption experiments as a function of pH (4 < pH < 9) were
conducted in 15 mL polypropylene tubes under an atmosphere of N,(g) to minimize
interferences with dissolved CO; at pH > 6.5 (Fig. S1). Adsorption isotherms were, in
turn, recorded at pH = 6 under Nj(g) for (i) equimolar concentrations of NA and NFA
(0.1 - 40 pM), (i1) [NA]w = 20 uM and varying [NFA]iy (0.1 - 40 uM), and (iii)
[NFAJot = 20 uM and varying [NA]: (5 - 40 uM). The adsorbed amount was
calculated by depletion method. Desorption tests were also conducted at pH = 11 to
check the mass balance, and an average recovery of 99+2% for the investigated solutes
was obtained (see SI). Sorption and desorption experiments were performed at least
twice, and the reproducibility of the measurements was around 5% for NA and 10% for
NFA.

Aqueous concentrations of organic molecules were determined using a high

performance liquid chromatography (Waters 600 Controller) equipped with a
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reversed-phase C18 column (250 mmx>4.6 mm i.d., 5 um) and a photodiode array
detector (Waters 996). The mobile phase was mixture of acetonitrile/water (60/40v/v)
contained 0.1% formic acid. The flow rate was set at 1 mL/min in isocratic mode. The
detector was set to 258 nm for NA, 283 nm for NFA and 270 nm SMX. All three
molecules could be analyzed with a single injection because they exhibited different

retention times (NA: 4.5 min; NFA: 10.1 min; SMX: 3.2 min).

ATR-FTIR spectroscopy and MCR analysis

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were
recorded between in the 780-4000 cm™ region on an IS50 Nicolet spectrometer
equipped with a KBr beam splitter and a liquid nitrogen cooled MCT detector. A
nine-reflection diamond ATR accessory (Durasampl/R ™, Sens IR Technologies) was
used for acquiring spectra of wet samples. The resolution of the single beam spectra
was 4 cm’™.

Sample preparation for the ATR-FTIR analysis was the same as for batch sorption
experiments and has described in detail in our previous work®’. Spectra of goethite
suspensions in 10 mM NaCl were also taken in the absence of NA and NFA and then
subtracted from the spectra of sorbed NA and/or NFA in order to represent surface
complexes only. Two series of experiments were conducted at pH=6 in 10 mM NaCl for
0.5 g/L goethite and (i) 0 < [NFA]wt < 100 pM with [NAJe = 100 uM or (ii) 0 <
[NA]wot <100 uM with [NFA]ie = 100 uM. Due to the relatively low solubility of both

NA and NFA (see SI), I M NaOH was used to dissolve NA or NFA to ensure a high
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concentration (10 mM) for ATR-FTIR analysis of NA and NFA aqueous solution. The
solid form of NA and NFA was also analysed using ATR-FTIR by loading powder on
the crystal, and then a drop of water was added to apply it more uniformly. Additionally,
the effect of pH (4-6) on NA and NFA sorption to goethite in 10 mM NaCl was
investigated for [NA]i or [NFA];=100 uM as described in supporting information
(SD).

Selected sets of ATR-FTIR spectra in the 1200-1700 cm’ region were then
analyzed by multivariate curve resolution (MCR) analysis*'. These efforts extracted
spectral profiles and their relative concentrations (FTIR measurements cannot be used
to obtain absolute concentration values) of end-member components representing an
assemblage of the purest chemical species possible. Spectra sets were expressed in the
matrix A (m rows of wavenumber and » columns of measurements), and offset to zero
absorbance at 1700 cm™, where absorption by the wet mineral pastes is constant. The
spectra were expressed in terms of a linear combination of spectral profiles (g), akin to
molar absorption coefficients, and their concentration profiles (C), and are related by
A= ¢gX as in the Beer-Lambert law, such that that 20 and C>0. Calculations of € and
C were made with the MCR-ALS program®' in the computational environment of
MATLAB (The Mathworks, Inc.). No assumptions regarding the spectroscopic

responses of the different species are made through this process.
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DFT Calculations

DFT+D calculations were performed using an ab initio plane-wave pseudopotential
approach as implemented in VASP**** The Perdew-Burke-Ernzerhof (PBE)
functional®* was chosen to perform the periodic DFT calculations using the projector
augmented-wave method (PAW)? and a cutoff of 400 eV. The dispersion forces were
taken into account using the Grimme D2 approach.26 To avoid the heavier
computational treatment of magnetic and electron-correlated iron oxides, we chose to
perform DFT calculations on two Al oxy-hydroxides (non-magnetic compounds): (i)
diaspore (a-AlIOOH) which is the AI(III) isomorph of goethite, and (ii) gibbsite (AIOH3;)
because the co-binding phenomenon is experimentally shown on this mineral surface
(See SI). This allowed also to perform more extensive calculations.

The bulk gibbsite and bulk diaspore were optimized and a (2x2) and a (4x4) cell was
chosen to build the basal surfaces, respectively. Then the molecules were optimized
separately in the same supercell as that used to model the surface, and the dimer was
also studied. Several protonation states of the NFA were considered. Since the
determination of adsorption free energy from water phase was not the aim of our study,
the solvent water molecules were not included in the calculations. The adsorption
energies computed here inform rather on the molecule-surface interaction strength. The

detailed calculation results are detailed in the SI.
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Results and Discussion

Macroscopic assessment of NA and NFA binding. Binding kinetics of NA and NFA
in both single and binary systems followed pseudo-second-order kinetic model (Fig. S3)
and displayed comparable behaviours, with NA binding more strongly than NFA.
However, NFA loadings were considerably enhanced in the presence of NA, thus
providing a first line of evidence for synergetic intermolecular interactions at mineral
surfaces (SI). This can also be appreciated by ~4-fold slower adsorption rate of NFA in
the mixed system (pseudo-second order rate constant of 0.16 m*/pmol-min) than in the
isolated system (0.60 m*/umol-min). In contrast, mixed systems containing SMX did
not reveal any co-binding effects (Fig. S4).

NA and NFA binding at mineral surfaces in single system (Fig.1 for goethite)
follows the typical pH-dependent behaviour of carboxylic acids.'"*" % NA adsorption
was accordingly greatest under acid to circumneutral pH, where goethite surfaces are
positively charged, and NA carboxylate groups deprotonated (pK, =6.19 for NA at
infinite dilution®” ¢f. Fig. S5). However, as NFA is a diprotic acid (pKa,=2.28 and
pKa,=5.10 at infinite dilution)*', it can exist as cationic, zwitterionic and anionic forms.
Only 23% of NFA was sorbed at acid pH and this percentage decreased with pH
increasing. Interestingly, binding of NA and NFA in mixed systems occurs over the
entire pH 4-9 range considered in this work (Figs. 1). This cooperative effect is more
pronounced for NFA because of its weaker adsorption in the isolated system (e.g.
increase of adsorption from 22% to 54% at pH 5). In addition, the pH-adsorption curve

of NFA (Fig.1b) becomes bell-shaped as in NA (Fig. 1a), suggesting that the NFA
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binding to goethite surfaces in the binary system is closely related to the behavior of
NA binding.

Because this synergetic effect was observed for both molecules, two approaches
were adopted to study NFA and NA co-binding in mixed systems. Firstly, varying the
concentrations of NA and NFA, at ratio of 1:1 ([NFA]t = [NA]iot), strongly points to
NA/NFA co-binding at goethite surfaces under a wide range of solute concentration
(0.1 to 40 pM), a range that notably partially overlaps with those in aquatic
environments (nM to several dozens of nM)*° (Fi g. 2a). Indeed, NFA and NA loadings
at pH 6 in isolated systems were lower than those measured in equimolar mixtures (Fig.
2a). Interestingly, by plotting the NFA loadings versus NA loadings in equimolar
mixtures, an excellent linear correlation was obtained (Fig. 2b, [NFA].4s = 0.6344
[NA]aas, R? = 0.999, fitted line was not shown). Secondly, varying [NAJ at constant
[NFAJot (20 uM) and, conversely, varying [NFAJ; at constant [NA]iot (20 uM) showed
that increasing surface loadings of one ligand increases the other. However, a plateau
was reached for [NFA]J,s where [NA]i varies, which is likely to have arisen from
molecular layers acting as steric or electrostatic barriers preventing additional

binding.*?

Molecular investigations of co-binding. Vibration spectroscopy and density
functional theory (DFT) calculations were used to provide clues on the mechanisms
through which NA and NFA bind and co-bind at goethite surfaces. We note that DFT
calculations were performed on diaspore (Fig. 3), which is the Al(IIl) isomorph of

10
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goethite, to avoid the otherwise heavier computational treatment of magnetic and
electron-correlated iron oxides. The (110) face was chosen to emulate the dominant

crystallographic face of the goethite particles under study.

The fingerprint region of these molecules (1200-1800 cm™; Fig. 4, see also band
assignments in SI) showed a 25 cm™ blue shifts in C-O stretching modes (vcoo), while
no obvious shift for the ring modes vy Was observed. This suggests direct interactions
of carboxyl groups with goethite but little interaction with the aromatic and pyridine
rings during the sorption of NA and NFA in single system'>*>. Though vibration
spectroscopy suggests both metal- and hydrogen-bonding for NA, DFT calculations
suggest that hydrogen bonding is the preferred binding mode for NA (-0.34 eV vs.
+0.44 eV for inner sphere complexation) and that it is 0.37 eV more favourable than
NFA (+0.03 eV). Thus while both complexes are stabilised by direct hydrogen bonds
between carboxyl groups and surface hydroxo groups, NA binding is made stronger by
a vicinal carbonyl of the pyridine ring and involves a hydrogen-bond cycle between the
molecule and two surface water molecules (Fig.3). In contrast, this cycle is not only
absent in NFA but when we forcefully hydrogen bonded NFA with an adsorbed water
simulations showed that this water reoriented itself towards a neighboring water
molecule. The weak nature of NFA binding can even be compared to those of

monocarboxylic acids (e.g. acetate or benzoate ).
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Vibration spectra of mixed NA+NFA systems exposed to goethite (Fig. 4) showed
that increasing NFA concentrations (0, 10, 20, 50 and 100 uM) with [NA]« = 100 uM
systematically increased the intensities of the characteristic bands of NFA
(Vc00.2s=1480-1560 cm™), yet the resulting spectra cannot be represented as simple
linear combinations of the isolated goethite-NA and goethite-NFA systems (Fig. S7a).
For instance, the ring mode (Vc=c ring) 0f NA was shifted from 1578 em™ to 1522 cm™
and that of NFA was split into two bands (1335 and 1348 cm™) suggesting perturbation

3435
2, and thus

of C-C stretches and/or C-H bends of the aromatic and pyridine rings
formation of dimer involving the aromatic and pyridine rings of NFA and NA. These
observations also hold for the converse experiments where NA concentrations (0, 10,
20, 50 and 100 uM) are increased with [NAJi; = 100 uM (Fig. S7b).

A multivariate curve resolution (MCR) analysis21 of these spectral sets provided
further insight into the nature of NFA and NA co-binding. MCR decomposed each
spectral sets into two separate spectral components (Figs. 5 a,b) representing the purest
extractable mineral-bound NFA and NA complexes (MCR 1) and those under
competing systems (MCR II). The related concentration profiles (Fig. 5¢) revealed that
addition of NA to mineral-bound NFA was more effective at altering the spectral
profile of NFA than the converse addition of NFA to mineral-bound NA. Still, as the
resulting MCR II components are markedly similar, our results suggest that the
resulting surface complexes at equimolar NA and NFA levels are strongly similar
irrespective of the order of addition. Finally, we note that these observations also hold

for lower concentrations (Fig. S8 where [NA]iot = 20 uM and [NFA],=10-40 uM).
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In line with the concept that NA enhances NFA binding, DFT calculations reveal
that NFA binding to a hydrogen-bound NA on diaspore is energetically favourable
(-0.21 eV). The resulting dimer formed via favourable hydrogen bonding and van der
Waals interactions by -0.50 eV, and the two COOH moieties of this dimer are parallel
with one another thus increasing the strengths of its interactions with mineral surfaces
(cf. SI for more information and Figures S10-S15). As such, recalling that NA binding
is favourable by -0.34 eV, binding of NFA to a pre-sorbed NA should be favourable by
-0.55 eV. In comparison, NA and NFA binding at different locations on the same
diaspore surface are favourable by only -0.30 eV and the formation an unbound

NA/NFA dimer is favourable by -0.50 eV.

Because the main mode of attachment for NA is achieved via hydrogen bonding at
circumneutral conditions, this phenomenon is not only limited to strongly reactive
faces of minerals, such as the (110) face of goethite/diaspore or edges of clays, but also
on the basal planes of minerals. The planes are of widespread occurrence in platy metal
(oxy)(hydr)oxides as well as phyllosilicates (e.g. clays) and typically display (hydr)oxo
groups that are strongly resilient to ligand exchange, yet are active hydrogen bonding
sites. To illustrate this point further the SI contains further details on the energetics of
NA/NFA co-binding on the basal plane of gibbsite, an important aluminium hydroxide
in natural but also industrial settings. Gibbsite gives more weight to our demonstration,
since the NA/NFA co-binding is experimentally shown to occur on this mineral surface
(See Fig. S16).
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Those results also fall precisely in line with those obtained for diaspore, and suggests
the possibility in generalizing our finding to an even broader range of minerals and
particles which capable of stabilizing NA-like molecules via hydrogen bonding. Our
calculations consequently lend strong independent support for the concept that NA and
NFA co-bind at mineral surfaces of even contrasting structure, and that a dimer-type
species stabilized by intermolecular hydrogen bonding and van der Waals interactions

could be responsible for this phenomenon.

Implications for transport of pharmaceutical compounds in nature. Our concerted
macroscopic and molecular efforts both provide evidence that NFA-NA interactions
mutually enhance binding at mineral surfaces such as goethite. This cooperative effect
is more pronounced for NFA because of its intrinsically weaker affinity for mineral
surfaces, and occurs under environmentally relevant conditions of drug concentration
and pH. Vibration spectroscopic data show that addition of NA effectively alters the
nature of mineral-NFA binding but that converse addition of NFA to mineral-bound
NA results in a less dramatic change in the nature of NA binding. In support to these
finding DFT calculations showed that NFA binding on mineral faces of even strongly
contrasting structures is thermodynamically favoured only when NA is pre-adsorbed
either metal-bonded or hydrogen-bonded. This favoured form of binding could be
explained by the formation of a NFA-NA dimer stabilised by hydrogen bonding and

van der Waals interactions. The lack of co-binding seen in SMX also suggests the
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importance of understanding drug interactions in aqueous solutions, a finding that also
calls for new studies along these lines.

This study is the first to show that mineral-bound antibiotic molecules can be
specific adsorption sites for other antibiotic molecules, and that layered-like coatings
involving anti-inflammatory agents may even form at mineral surfaces. As water
resources are exposed to complex mixtures of chemicals®, including natural organic
matter and metal ions, additional efforts resolving the underlying principles governing
cooperative sorption should be made to accurately assess the fate of co-existing
contaminants in the environment. This becomes even more so urgent under the growing
number aquatic ecosystems and groundwater systems exposed to emerging
contaminants including non-prescription drugs, antibiotics, hormones and prescription
drug536’37. As a result, recognising the importance of drug co-binding at mineral
surfaces, and the conditions where it does not occur such as in the case of SMX, is key
to the successful development of models for predicting the fate of these contaminants,
and for guiding policies on actions needed to mitigate this growing environmental

problem.
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Figure captions

Figurel. Left: pH-adsorption edges of a) NA single ([NA]wt = 20 uM) and binary
([NAJiot = [NFAJior = 20 uM) and b) NFA single ([NFA] = 20 uM) and binary
([INFAJiot = 20 uM; [NA]iot = 10 and 20 uM) systems on goethite, with 10 mM NaCl.
Right: molecular structures of NA and NFA.

Figure 2. a) NA and NFA sorption to goethite for single systems (full symbols) and
binary system where [NA]ot = [NFA]ot (empty symbols). NA and NFA concentrations
were varied from 0.1 to 40 pM. For the sake of readability, the behaviour at very low
concentrations was shown in the insert. b) [NFAJ.4s vs [NA].gs at three experimental
conditions: (i) varying both compounds from 0 to 40 pM (black), (ii))[NFA]i: =20 uM,
0 < [NAJ10r<40 uM (red), and (iii) [NAJiot = 20 uM, 0 < [NFA];o< 40 uM (blue).
Figure 3. NA and NFA molecules co-adsorbed on the diaspore surface, with NA
adsorbed as (/eff) inner sphere (E.qs (NFA/NA) = 0.07 eV, athermic process) and (right)
outer sphere (E,qs (NFA/NA) = -0.21 eV). A negative energy indicates an exothermic
process.

Figure 4. ATR-FTIR spectroscopy on goethite. (a) from top to bottom: NA single
system, dissolved NA (NA(q) in 1 M NaOH), NA-NFA binary system ([NA]i,: = 100
puM, 10 <[NFA]i< 100 uM; the arrows show increasing [NFA]y), NFA single system,
dissolved NFA (NFA(,q) in 1 M NaOH). Bold and thin dashed lines show characteristic
bands of NA(q and NFA(,), respectively. Numbers denote [NFA]:. Spectra were
normalized according to the band at 1448 cm’, since NA is the major component.
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Figure 5. MCR-extracted spectral profiles from FTIR spectra of (a)100 um NFA + NA,
(b) 100 um NA + NFA, both including reference spectra, and (c) associated
concentration profiles corresponding to components MCR I and II. These concentration
profiles underscore the larger propensity of NA at displacing bound NFA, than NFA at

displacing NA.

23

ACS Paragon Plus Environment



463

464

465

466

467

[NA]ads (I»lm°|/mz)

[NFA]ads (I»lm°|/mz)

Environmental Science & Technology

0.45
0.40

0.35 4
0.30

0.25
0.20

0.15

0.10
0.05
0.00

0.45
0.40

0.35 -
0.30 -
0.25 -
0.20 -
0.15 -

0.10
0.05
0.00

| (a) NA ; ; ; ; ABAinary
; é é § @ Single
| * ¢ 1
L
N N\ ;
w0 O 6
j 0 © §$§;
3 4 5 6 7 é 9
pH
| (b) NFA @ Single

OH

I g}
| ?il%és

o]
F “ N @ Binary ([NA]=10uM)
N

A Binary ([NA]=20uM)

3 4 5 6 7 8
pH

Figure 1

24

ACS Paragon Plus Environment

9

10

Page 24 of 29



Page 25 of 29

468

469

470

Environmental Science & Technology

[NA]4, or [NFA], .. (umol/m?)
o
>

o©
>

[NFA], 4 (umol/m?)
o o
N w

0.0

@ NA single

. (a) 0.025 - A NFA single

é é § ONA+NFA (1:1)
b @ 0.02 - %NA+NFA(1:1)
i o L 0.015 |
, (]

o ® é é 001 {@

17 o @ A x i
| o Y A 0.005 A
J e 2 0l B

(9 A A -0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
¢ A A A A 4 4 4
15 30 35 40

10 20 25
[NA],, or [NFA],, (uM)

1 @Varying [NA], [NFA]=20uM
A Varying [NFA], [NA]=20pM

| mVarying both ++

L
L

(b)
0.2 03 04 05 06 07 038
[NA], ¢ (umol/m?)

A
A

p L]
a?
0 o1

Figure 2

25

ACS Paragon Plus Environment



471

472

473

474

475

Environmental Science & Technology

Figure 3

26

ACS Paragon Plus Environment

Page 26 of 29



Page 27 of 29 Environmental Science & Technology

Veoc rinad O
C=C,rin, C-H
Veoo,as 8
A A

VC:O,carbonyl
A

[NFA],,,
100 (uM)
50

Normalized relative absorbance

Mq] Viing3  Vcoo,as Vring2 Vcoos Vring1
: \ : ; : ;

1700 1650 1600 1550 1500 1450 1400 1350 1300 1250 1200

476 Wavenumber (cm™)
477 Figure 4
478

27

ACS Paragon Plus Environment



Environmental Science & Technology Page 28 of 29

D = 1.0
a) % 100 uM NFA + NA b) ’é 100WMNA+NFA 0o C) g

5 5 &

B 3 MCR II €06

g g \/\/\\/\N g

8 8 - g04

g MCR 1 g 3 02

S § S

§ NFANNA =10 < NA:NFA = 1:0 s 0 °

1600 1400 1200 1600 1400 1200 0 20 40 60 80 100
479 wavenumber (cm™) wavenumber (cm™) titrant concentration (uM)
480 Figure 5
481
28

ACS Paragon Plus Environment



Page 29 of 29

482

483

484

[N |:A]ads (llm°|/m’)

0.3 4

0.2 -

0.1 4

0.0 7

Environmental Science & Technology

TOC

29

ACS Paragon Plus Environment



