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Abstract

Interaction of dissolved aqueous species with natural organic matter (NOM) is thought to be important in sequestering some
species and enhancing the transport of others, but little is known about these interactions on a molecular scale. This paper describes
a combined experimental '**Cs and **Cl nuclear magnetic resonance (NMR) and computational molecular dynamics (MD) modeling
study of the interaction of Cs* and Cl~ with Suwannee River NOM. The results provide a detailed picture of the molecular-scale
structure and dynamics of these interactions. Individual NOM molecules are typically hundreds to thousands of Daltons in weight,
and on the molecular scale their interaction with small dissolved species can be investigated in ways similar to those used to study
the interaction of dissolved aqueous species with mineral surfaces. As for such surface interactions, understanding both the struc-
tural environments and the dynamics over a wide range of frequencies is essential. The NMR results show that Cs* is associated
with NOM at pH values from 3.4 4+ 0.5 (unbuffered Suwannee River NOM solution) to 9.0 + 0.5. The extent of interaction increases
with decreasing CsCl concentration at constant pH. It also decreases with increasing pH at constant CsCl concentration due to pH-
dependent negative structural charge development on the NOM caused by progressive deprotonation of carboxylic and phenolic
groups. The presence of NOM has little effect on the '**Cs chemical shifts, demonstrating that its local coordination environment
does not change significantly due to interaction with the NOM. Narrow, solution-like line widths indicate rapid exchange of Cs*
between the NOM and bulk solution at frequencies of >10> Hz. The MD simulations support these results and show that Cs* is
associated with the NOM principally as outer sphere complexes and that this interaction does not reduce the Cs* diffusion coef-
ficient sufficiently to cause NMR line broadening. The *Cl NMR data and the MD results are consistent in demonstrating that
there is no significant complexation between CI~ and NOM in the pH range investigated, consistent with negative structural charge
on the NOM.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Natural organic matter (NOM) is ubiquitous in the
environment and plays a variety of important geochemical
roles including acting as a proton donor/acceptor and pH
buffer and interacting with metal ions, minerals and organ-
ic species to form water-soluble and water-insoluble com-
plexes of widely differing chemical and biological
stabilities (Aiken et al., 1985; Buffle, 1988; Struyk and
Sposito, 2001). There are strong correlations among the
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concentration of natural organic matter and the speciation,
solubility and toxicity of many trace metals due to metal-
NOM interaction (Sposito, 1981; Buffle, 1988; Hamilton-
Taylor et al., 2002). NOM also plays a significant negative
role by causing bio-fouling of nanofiltration and reverse
osmosis membranes used industrially for water purification
and desalination (e.g., Hong and Elimelech, 1997; Lee
et al., 2005). The molecular scale mechanisms and dynam-
ics of the interaction of NOM with metals and membranes
are, however, poorly understood. This paper presents a
combined experimental '**Cs and **Cl nuclear magnetic
resonance (NMR) and computational molecular dynamics
(MD) modeling study that advances understanding of the
solute-NOM interaction at the molecular scale.
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NOM is compositionally and structurally complex and
heterogeneous, and NOM samples from different locations
often have significantly different structures and composi-
tions. It is normally not possible to define a unique struc-
ture, even for NOM from one locality. The reported
apparent molecular weights range from a few hundred to
several hundred thousand Daltons (e.g., Perminova et al.,
2003). Whether NOM molecules are single macromolecular
entities or supramolecular assemblages of smaller mole-
cules held together by relatively weak attractive forces is
still under discussion (Swift, 1999; Wershaw, 1999; Haynes
and Clapp, 2001; Piccolo, 2001; Leenheer and Croué,
2003). The most recent experimental evidence seems to sup-
port the latter view (Simpson et al., 2002; Pena-Méndez
et al., 2005). These uncertainties contribute to the difficulty
in characterizing metal-NOM binding in molecular-scale
detail. It is known that the extent of binding varies with
the size, composition and configuration of the NOM, the
pH and the ionic strength of the solution, the chemical
properties of the metal, and the metal/NOM compositional
ratio (Buffle, 1988; Li et al., 1998; Myneni et al., 1999; Elk-
ins and Nelson, 2002; Huber et al., 2002; Tipping et al.,
2002; Pullin and Cabaniss, 2003; Ritchie and Perdue,
2003). Previous sorption studies of metal-NOM binding
have provided important, quantitative potentiometric titra-
tion data and ion absorption isotherms (Sposito, 1981; Oli-
ver et al., 1983; Buffle, 1988; Gaftney et al., 1996; Leenheer
et al., 1998; Li et al., 1998; Davies et al., 2001; Elkins and
Nelson, 2002; Hamilton-Taylor et al., 2002; Tipping et al.,
2002; Ritchie and Perdue, 2003). These experiments, how-
ever, do not directly probe molecular scale interactions
and, thus, do not provide information about the structure,
dynamics, and chemical mechanisms of interaction. '*C
and '"H NMR and FT-IR spectroscopic studies of Ca*'-,
Cd*"-, Cu*"-, Ni**-, and Zn”-exchanged fulvic acid
(FA) isolated from Suwannee River NOM, however, have
suggested that metals are bound to FA in different ways
(Leenheer et al., 1998). The results suggest, for instance,
that Ca?" is coordinated to the FA carboxylic groups as in-
ner sphere complexes, whereas Cd*" occurs as outer sphere
complexes associated with the quinone carbonyl groups.
13C, 'H, and 'H-'’C CP/MAS NMR are also commonly
used to probe NOM structure and provide important
quantitative information about the carbon content and
functional groups (Mao et al.,, 2000; Wershaw et al.,
2000; Conte et al., 2002; Kaiser, 2003; Ritchie and Perdue,
2003).

There have been fewer studies of NOM behavior using
the NMR properties of the solute species. ''*Cd NMR
chemical shifts combined with titration data show that
Cd*" complexation with Suwannee River NOM occurs pri-
marily with carboxylic groups at Cd/C ratios of 0.001-
0.007 and pH 3-9. The ''*Cd** peak widths increase with
increasing pH, suggesting that the Cd-NOM exchange
rates are higher at acidic conditions than at higher pHs
(Liet al., 1998). For °'V, the NMR chemical shifts vary sig-
nificantly with pH and concentration, indicating interac-

tion of a variety of vanadate and poly-vanadate ions with
aquatic humic substances (Lu et al., 1998).

Similarly, despite decades of widespread use of compu-
tational molecular dynamics (MD) and Monte Carlo
(MC) methods (e.g., Allen and Tildesley, 1987; Cygan
and Kubicki, 2001; Schlick, 2002), these techniques have
been rarely applied to the investigation of NOM and its
interaction with aqueous solutions and mineral surfaces
(Schulten and Schnitzer, 1997; Leenheer et al., 1998; Kub-
icki and Apitz, 1999; Sein et al., 1999; Shevchenko et al.,
1999; Diallo et al., 2003; Porquet et al., 2003; Sutton
et al., 2005). Classical molecular computer simulations
are typically performed for systems containing 10°~10° par-
ticles (atoms, ions, and/or molecules) and can thus effec-
tively capture longer range and cooperative behavior of
the simulated systems. Using standard statistical mechanics
formalism to analyze the large number of computed instan-
taneous molecular configurations (e.g., Allen and Tildesley,
1987), these methods can yield many important thermody-
namic, structural, spectroscopic, and transport properties.
Molecular modeling of NOM is complicated by the lack
of well-defined compositions and structures for the NOM
molecules (e.g., Sein et al., 1999; Diallo et al., 2003; Leenh-
eer and Croué, 2003). Nevertheless, the principal functional
groups of many NOMs are known (Ritchie and Perdue,
2003), and previously proposed structural models for
NOM molecules (Sein et al., 1999) allow for their effective
MD modeling.

This paper describes a combined NMR and MD study
of the interaction of Cs™ and Cl~ with NOM in aqueous
solution. The results show that the ability of combined
NMR and MD studies to effectively probe molecular-scale
structure and dynamics at solution—solid interfaces (Weiss
et al., 1990; Kim et al., 1996b; Kim and Kirkpatrick,
1997, 1998; Yu and Kirkpatrick, 2001; Rossi et al., 2003)
can be extended to NOM in solution. Experimentally,
'#3Cs and *>CI NMR chemical shift, line width, and 1/}
relaxation rate data for solutions containing Cst, Cl,
and Suwannee River NOM (SRNOM) were obtained to
explore both the structural and dynamical aspects of the
interactions. SRNOM was chosen for the study, because
its composition is relatively well characterized (Aiken
et al., 1994; Wagoner and Christman, 1997). 137Cs is an
important and abundant component of many nuclear
waste streams. It is one of the most hazardous radionuc-
lides in the environment because of its high mobility,
strong y-emission, relatively long half-life (¢, =30.17
years), and high solubility (Walling and Quine, 1991;
Ruhm et al., 1999; Bunzl et al., 2001; Hinton et al.,
2001). Previous research has shown a strong and direct ef-
fect of organic matter on Cs fixation (Tegen et al., 1991;
Thiry and Myttenaere, 1993; Valcke and Cremers, 1994),
but the mechanisms are unknown. From an NMR perspec-
tive, '3Cs is readily observed with relatively high sensitiv-
ity. It has a 100% natural abundance and a small electric
quadrupolar moment (Q = —3x 107" m?), resulting in
quite narrow solid state line widths. Previous '**Cs NMR
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studies of Cs* adsorption onto clay minerals including
kaolinite and illite have shown that NMR is an effective
tool to investigate its adsorption sites and atomic-scale
dynamics on mineral surfaces (Weiss et al., 1990; Kim
et al., 1996a,b; Kim and Kirkpatrick, 1997, 1998). The re-
sults have shown that Cs" is adsorbed on mineral surfaces
both by direct coordination to the surface (inner sphere
complexes) and more loosely as outer sphere complexes
and in the diffuse layer. >>*C1 NMR has also been shown
to be an effective probe of the structure and dynamics of
surface-associated Cl~ (Kirkpatrick et al., 1999; Yu and
Kirkpatrick, 2001).

2. Methods
2.1. Materials and sample preparation

The SRNOM was purchased from the International Hu-
mic Substances Society (Cat. No. IR101N). It was original-
ly collected from the Suwannee River in Georgia, USA,
and was purified using reverse osmosis (Ritchie and Per-
due, 2003). Its elemental composition (wt %) is C 52.47%,
H 4.19%, O 42.69%, N 1.10%, S 0.65%, and P 0.02%
(Ritchie and Perdue, 2003). The major acid sites estimated
from titration data are carboxylic groups: 9.85 mol/kgC
and phenolic groups: 3.94 mol/kgC (Ritchie and Perdue,
2003).

NMR data were collected for two sets of CsCI-NOM
solution samples. The objective of sample set I was to eval-
uate the concentration dependence of Cs* and Cl~ com-
plexation with SRNOM at the natural pH of our NOM
solution near 3.4. These solutions were prepared by first
dissolving the NOM in MilliQ water at a fixed concentra-
tion of 0.6 mg/ml and then adding the desired amount of
solid CsCl to 2 ml of the 0.6 mg/ml NOM solution in a
10 mm glass NMR tube. After the CsCl dissolved, MilliQ
water was added to make a total solution volume of
3 ml. The NOM/CsCl ratios were, thus, controlled by vary-
ing the CsClI concentrations from 0.0001 to 4 M at a fixed
NOM concentration of 0.4 mg/ml. No background electro-
lyte was used. The pH values of these CsCI-NOM mixtures
were all 3.4 £+ 0.5. Reference neat CsCl solutions were also
made with concentrations ranging from 0.0001 to 4 M. The
pH values of these samples were all 7.0 4 0.5. The objective
of sample set II was to investigate the effect of pH on Cs™
and CI™ association with NOM. Samples were prepared
using the methods described above. HCl and CsOH were
then added to adjust the pHs of the CsCI-NOM and neat
CsCl solutions to values of 3.4 4+0.5, 7.04+0.5, and
9.0 + 0.5, with Cs™ concentrations varying from 0.001 to
1 M.

2.2. 133Cs and 3 Cl NMR measurements
The '*3Cs and **CI NMR data for sample set I were col-

lected with a Varian UNITY INOVA™ 500WB NMR
spectrometer and the data for sample set II with a Varian

UNITY INOVA™ 600WB NMR spectrometer. Both sys-
tems were controlled by a SUN SPARCstation 5 computer
via a Varian VNMR software overlay. In all cases, freshly
prepared samples were held in 10 mm NMR tubes at a
fixed temperature of 22 °C and were examined without
probe spinning. A phase cycled, single pulse sequence
was used to obtain '**Cs and **Cl chemical shifts. Typical
parameters for '*>Cs were: spectral width 70 ppm, pulse
width 14.4-22.9 ps (90° pulse angle), and recycle time
60s. For *°Cl these were: spectral width 70 ppm, pulse
width 15.5-22.1 us (90° pulse angle), and recycle time
0.3s. A standard inversion-recovery pulse sequence
(180°-7-90°-acquire) was used for 7, measurements.
Depending on CsCl concentration, between 2 and 516
scans were collected for both nuclei. A 10 Hz line broaden-
ing was performed on the free induction decays before
Fourier transformation. All the chemical shifts were exter-
nally referenced to a 1 M CsCl solution standard, which
was assigned to 0 ppm for both '*Cs and *Cl. The chem-
ical shift of D,O used for the deuterium frequency lock was
used as a secondary reference. Several CsCI-NOM samples
at pH 3.4 £+ 0.5 and neat solutions at pH 7.0 0.5 from
sample set I were examined using both the 500WB and
600WB NMR spectrometers. In all cases, the chemical
shifts and 7 values at the two fields are identical to within
experimental error and it is, thus, acceptable to compare
data from the two instruments.

2.3. Molecular modeling methods

The “Steelink” and “Temple-Northeastern-Birming-
ham” (TNB) models of humic acid monomers (Sein
et al., 1999) were used in our simulations. Preliminary
MD simulations for NOM-CsCl aqueous solutions were
performed for both models, but most of the production
MD runs used the TNB model, because its C/O/H ratio
corresponds slightly better to that of SRNOM (Table 1).
Both models have 3 carboxylic groups, 3 carbonyl groups,
2 phenolic groups, and 4 other R—-OH alcohol groups. The
TNB model also has 2 amine groups, while the Steelink
model has only one. The molecular weight of the TNB
model is 753 Daltons, which is within the range of the most
frequently occurring NOM molecules (Simpson et al.,
2002; Pena-Méndez et al., 2005).

For the simulations, we assume that the carboxylic
groups of NOM are fully deprotonated and the phenolic
groups are fully protonated, thus simulating near-neutral
pH conditions. The —3 charge of the resulting NOM anion
was compensated by adding 3 initial Cs* ions, and this sys-
tem was hydrated by 556 water molecules in a cubic MD
simulation box with periodic boundary conditions (e.g., Al-
len and Tildesley, 1987; Schlick, 2002). More concentrated
NOM-CsCl solutions were created by randomly substitut-
ing Cs™ and CI~ for some of the H,O molecules. Neat CsCl
aqueous solutions of the same concentrations were simulat-
ed for comparison. A total of 16 MD simulations were per-
formed covering the concentration range from 0.1 to 4.0 M
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Compositions of NOM building blocks according to the two models used in the MD simulations

C (wt %) H (wt %) O (wt %) N (wt %) S (wt %) P (wt %) Carboxyl (mol/kgC) Phenolic (mol/kgC)
Steelink® 59.5 5.2 335 1.8 — — 6.6 4.4
TNB?* 57.4 4.9 34.0 3.7 — — 7.0 4.5
Exp. (SR)b 52.5 4.2 42.7 1.1 0.6 0.02 9.85 3.94

# Sein et al. (1999).

b Experimental data for Suwannee River NOM (Ritchie and Perdue, 2003).

for both neat and NOM containing solutions. Fig. 1 illus-
trates the size and composition of the simulated systems.
The widely used simple point charge (SPC) potential
(Berendsen et al., 1981) was applied in our simulations to
describe the intermolecular interactions of water molecules.
The SPC-compatible parameters for Cs"™—H,O and Cl —
H,O interactions were taken from the literature (Dang
and Smith, 1993; Dang, 1995). The interactions of NOM
molecules with aqueous species were described using the
consistent valence force field (CVFF; Kitson and Hagler,
1988), which is also consistent with the SPC water model.
Long-range electrostatic contributions to the intermolecu-
lar potential energy in the simulated systems were calculat-

ed using an Ewald summation algorithm, and a “spline
cutoff” method was applied to the short-range van der
Waals interactions (e.g., Allen and Tildesley, 1987). The
MD time step was 1.0 fs. To assure proper thermodynamic
equilibration and NOM conformational relaxation of the
initial models, pre-equilibration MD runs were performed
for all simulated systems in several stages. First, a con-
stant-volume (NVT-ensemble) MD simulation was run
for 20 ps at a high temperature of 600 K. Then the temper-
ature was decreased in 50 K steps with similar MD equili-
bration at each step until the system was brought to 300 K.
At this temperature an additional 20 ps pre-equilibration
MD run was performed at a constant pressure of 1 bar

T T T T T 1
8.00 Angstroms

Fig. 1. A snapshot of the MD simulation box containing the NOM model (Sein et al., 1999) in 0.3 M Cs™* aqueous solution. Carbon atoms of NOM are
colored light brown, oxygen atoms are red, hydrogen atoms are gray, nitrogen atoms are blue, and green balls are Cs' ions in the outer-sphere
coordination to NOM carboxylic groups (left and right) and in the bulk aqueous solution (back, middle). Some water molecules are removed for clarity.
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using the standard NPT-ensemble MD algorithm (e.g.,
Allen and Tildesley, 1987). These optimized models were
used as the starting configurations for the production
MD simulation runs which were all performed in the
NVT-ensemble at 300 K. Each system was allowed to
equilibrate for an additional 20 ps before its equilibrium
dynamic trajectory was recorded over the final 100 ps of
MD simulation at 10 fs intervals for statistical analysis.
For the neat aqueous CsCl solutions, the volume of the
MD simulation box at each concentration was initially
adjusted to reproduce the experimentally known solution
densities under ambient conditions (Lide, 2004). In these
simulations, a 50 ps pre-equilibration preceded each
100 ps production run of NVT-ensemble MD simulation.

To assess the effects of NOM on the structural environ-
ments, diffusion, and vibrational behavior of Cs', we cal-
culated the radial distribution functions (RDFs), running
coordination numbers, diffusion coefficients, and power
spectra of molecular motions in the solution using standard
procedures (e.g., Allen and Tildesley, 1987). The running
coordination numbers, n,(r), were calculated from the
RDFs as

ny () :4759;/0 gij(r)rzdrﬂ (1)

where the index i corresponds to Cs ™ ions, index j to all other
species in solution to which Cs* can coordinate, p; is the
number density of species j in the system, r,, is the cutoff
radius defining the size of the coordination shell, and g;(r)
are the atom—atom RDFs. Based on the computed positions
of the Cs™ RDF minima, we define the radii of the first and
second coordination shells around Cs* as 7. = 3.9A and

= 6.8A. The diffusion coefficients of all species were cal-
culated from their mean-square displacements. The power
spectra of low-frequency dynamics of Cs " and other solution
species were calculated as Fourier transforms of the corre-
sponding atomic velocity autocorrelation functions, in a
manner similar to the one we used earlier to calculate the
vibrational spectra of interlayer and surface species of lay-
ered double hydroxides (Kalinichev and Kirkpatrick, 2002;
Wang et al., 2003; Kirkpatrick et al., 2005).

3. Results and interpretation

3.1. 3Cs and *CI NMR T, data and spectral
characteristics

The '33Cs 1/T), relaxation rates of CsCI-NOM mixtures
increase dramatically with decreasing [Cs)/[NOM] ratio,
but are essentially constant for the neat CsCl solutions at
all pH values (Fig. 2). For the CsCI-NOM mixtures, the
1/T, values increase with increasing pH at constant [Cs]
and increase with decreasing [Cs] at constant pH. At [Cs]
greater than about 1 M, they all converge to a value of
0.082 Hz, which is essentially identical to the value for neat
solutions (0.084 Hz). At pH 3.4 + 0.5, maximum observed
1/T, is approximately three times larger at low concentra-

3.0
* ® CsCHNOM mixture at pH 9.0 £ 0.5
v CsCIH+NOM mixture atpH 7.0 £ 0.5
254 * o CsCHNOM mixture at pH 3.4 £ 0.5
- ¢ neat CsCl solution at pH 9.0+ 0.5
4 neat CsCl solution at pH 7.0 £ 0.5
20 | ® neat CsCl solution at pH 3.4 20.5
N x
z
&_ 154 -
« -
& 101 -
- -+
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-
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0ol * ¢ o3 3 T 26 see
104 102 102 107 10° 10
Cs concentration (M)
Fig. 2. '¥Cs 1/T| relaxation rates of CsCI-NOM mixtures at

pH=3.440.5 7.04+0.5, and 9.0+ 0.5 increase with decreasing [Cs]/
[NOM] ratio, whereas they remain essentially constant for neat CsCl
solutions. Data for the neat solutions at all pH values plot on top of each
other in this diagram.

tions ([Cs]=0.0001 M) than at high concentrations
([Cs]=4 M), and at pH 7.0 £+ 0.5 and 9.0 £ 0.5, the largest
values (2.921 and 2.560 Hz, respectively) are about 30 times
larger than at high concentrations. The 1/T; values for the
CsCI-NOM mixtures do not converge to a constant value
at low [Cs].

The '**Cs full-widths at half-height (FWHH) of the
CsCI-NOM mixtures parallel the 1/7T; relaxation rates,
decreasing with increasing [Cs] from a maximum of about
20 Hz at low [Cs] to 10 Hz at high concentrations (data not
shown). For the neat solutions they are essentially constant
at about 10 Hz. There is no significant or systematic varia-
tion in the total '>*Cs NMR signal intensity with varying
[Cs]. This contrasts with the situation for vanadate—
NOM interaction, for which quadrupolar line broadening
causes loss of signal for NOM-V>" complexes that are rig-
idly bound to the humic substances (Lu et al., 1998). Thus,
there is no “missing” Cs in our samples that needs to be
accounted for.

The '#Cs NMR spectra of the neat CsCl and CsCl-
NOM solutions at all pH values examined contain only a
single, narrow resonance, and the chemical shift becomes
less shielded (more positive) with increasing CsCl concen-
tration (Figs. 3 and 4). The chemical shifts do not depend
on pH or the presence or absence of NOM, except at high
Cs concentrations ([Cs] = 2, 3, and 4 M). In this concentra-
tion range, the chemical shifts of the CsCI-NOM mixtures
are less positive than those of the neat solutions, and at
[Cs]=4 M, the difference increases with increasing pH.
The systematic dependence of the '**Cs chemical shifts
on [Cs] is well-known (Halliday et al., 1969; Weiss et al.,
1990) and is due to the effects of next-nearest neighbor
structure on the Cs' electronic environment (Halliday
et al., 1969; Fukushima and Roeder, 1981; Akitt, 1989).
The observed differences between the neat solutions and
the CsCI-NOM mixtures at high [Cs] are not understood,
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Fig. 3. Static '*Cs NMR spectra of CsCI-NOM mixtures at
pH = 3.4 £ 0.5 (stacked plots are arranged by concentration, decreasing
from 4 to 0.0001 M from top to bottom). These spectra are representative
of all '33Cs spectra obtained in this study.
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Fig. 4. '3Cs NMR shifts of CsCl solutions and CsCI-NOM mixtures
become less shielded with increasing CsCl concentration.

but may be due to NOM effects on direct Cs*—Cl~ interion-
ic contact, which is not significant at low concentrations.
The model of Halliday et al. (1969) for the chemical shifts
of neat solutions is known to fail at high concentrations,
but our MD simulations seem to support this hypothesis
(see discussion below).

The **Cl NMR spectra of the neat CsCl and CsCl-
NOM solutions contain only one narrow, solution-like
peak, and the FWHH varies from 17 to 29 Hz with increas-
ing concentration. As for '*3Cs, the *>Cl chemical shifts be-
come more positive (less shielded) with increasing CsCl
concentration, and there are no differences between the
chemical shifts of the neat solutions and CsCI-NOM mix-
tures at all pH values examined except at [Cs]=3 and 4 M
(Fig. 5). Again, the origin of the differences at high [Cs] is
unknown but may be an effect of NOM on short-range
ion-solvent and ion-ion interactions (Halliday et al.,
1969). In contrast to 133Cs, however, the *>Cl 1/T} relaxa-
tion rates of the neat and CsCI-NOM solutions are identi-
cal within experimental error (Fig. 6).

20
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Fig. 5. ¥CI NMR chemical shifts of neat CsCl solutions and CsCI-NOM
mixtures become less shielded with increasing CsCl concentration but are
not affected by the presence of NOM.
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Fig. 6. **CI NMR 1/T) relaxation rates of CsCl solutions and CsCI-NOM
mixtures increase with increasing CsCl concentration but are not affected
by the presence of NOM.

3.2. Interpretation of 3> Cs and *>CI NMR chemical shifts
and relaxation rates

Despite the absence of a significant effect of NOM on
the 1**Cs chemical shifts, which by itself might suggest little
Cs-NOM interaction, the '**Cs 1/7} relaxation data and
FWHHs clearly demonstrate significant Cs—NOM associa-
tion. Association of atoms or molecules in solution with a
surface or large molecule typically decreases the reorienta-
tional frequency of the observed species, thus increasing its
NMR 1/T relaxation rate (Mason, 1987). This is because
the water reorientation frequencies in solution are typically
of the order of 10'° Hz, and the decreased frequency near a
surface or large molecule increases the intensity of the
reorientational power spectrum at the Larmor frequency.
This frequency is typically of the order of 10%Hz
(78.67 MHz for '*3Cs at 600 MHz). T} relaxation is sensi-
tive only to processes with significant Fourier components
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in their power spectra at or near the Larmor frequency.
This behavior has been used previously to investigate the
interaction of ionic species with mineral surfaces (Kim
et al., 1996b; Kim and Kirkpatrick, 1997, 1998; Yu and
Kirkpatrick, 2001), but to our knowledge this is the first
time it has been observed for metal-NOM interaction.
The observation of only a single, narrow, solution-like
peak for the CsCl-NOM mixtures demonstrates that Cs™
is in rapid exchange between NOM-associated environ-
ments and bulk solution. If an observed species occupies
two different types of structural environments statically,
the NMR spectrum typically contains resolvable resonanc-
es representing those two environments. This is often the
basis for mineral structure investigations using NMR. In
contrast, if a species undergoes exchange between the two
environments at a rate approximately an order of magni-
tude faster than the static peak width, only a single narrow
resonance at the abundance-weighted average chemical
shift is observed. Weiss et al. (1990) provide a more de-
tailed discussion and examples involving exchange of Cs™
among different environments in clay interlayers. For the
CsCI-NOM mixtures, the '**Cs FWHHs increase system-
atically with decreasing [Cs], indicating increasing average
1/T, relaxation rates. This trend is the same as for the
1/T, relaxation rates. Under the conditions of rapid
exchange observed here, the upper limit on the exchange rate
is given by 1/t = n - FWHH (Harris and Mann, 1978), where
7 is the mean lifetime at each site. For the observed FWHH
values of 22.7-9.9Hz, the maximum lifetimes are
1.4x 107210 3.2x 1072 s, but they could be much shorter.
The lack of an NOM effect on the chemical shift of the
dynamically averaged '*Cs resonance indicates that the
nearest neighbor chemical environments in the bulk solu-
tion and near the NOM are very similar. This observation
is best interpreted to indicate that the NOM-associated Cs™
retains all or most of its shell of hydration water molecules
and is associated with the NOM principally as outer sphere
complexes. Previous studies of the effects of mineral surfac-
es on '3Cs chemical shifts have shown a ca. 26-76 ppm
deshielding for inner sphere Cs™ sorbed on kaolinite and il-
lite (Kim et al., 1996b). NOM develops negative structural
charge due principally to pH-dependent deprotonation of
carboxylic (-COOH) and phenolic (-CsHs—OH) groups
(Sposito, 1984). The SRNOM titration results show that
for this material, carboxylic groups are the principal source
of charge development and have pK,s of 4-5 and that phe-
nolic groups with pK,s near 9 also contribute (Ritchie and
Perdue, 2003). Thus, if Cs* were strongly associated with
the NOM as inn.er sphere complexes, at for instance

bidentate — C < :CS sites, it would have carboxyl O-at-

oms as nearest neighbors, and the chemical shift would be
more positive, as for the clay surfaces. Our NMR data
alone cannot distinguish whether the Cs* occurs near the
NOM as outer sphere complexes at specific sites or in the
diffuse (Gouy) layer (Sposito, 1984; Kim and Kirkpatrick,

1997). The MD simulation results discussed below support
the latter.

In contrast to the '**Cs NMR results, the *>Cl NMR
chemical shifts, line shapes, and 7T relaxation rates are
unaffected by the presence of NOM except at [CsCl] > 2,
demonstrating that there is no detectable complexation be-
tween C1I~ and NOM at any pH examined except perhaps
at very high concentrations. This result is fully consistent
with pH-dependent charge development on NOM de-
scribed above. The negative structural charge of the
NOM prevents significant close approach of the ClI~ and
NOM, thus preventing any changes in local structural envi-
ronment and relaxation rate. The contrasting behavior of
the '**Cs™ and *Cl™ ions in this system also indicates the
absence of any co-adsorption effects at [CsCl] <2 due to,
e.g., formation of Cs—Cl ion clusters that could be associat-
ed with the NOM.

3.3. Extent of Cs*—NOM interaction

As for chemical shifts, 1/7; relaxation rates are abun-
dance-weighted averages over the occupied sites under ra-
pid exchange conditions. Two-site exchange models are
often used to determine fractional site abundances from
the observed 1/T; relaxation rates (Pfeifer, 1972; Kim
and Kirkpatrick, 1998; Yu and Kirkpatrick, 2001; Rossi
et al., 2003). In the simplest case of rapid 2-site exchange,
the observed 1/7) relaxation rate would the abundance-
weighted sum of the rates in the bulk solution and near
the NOM (Pfeifer, 1972; Kim and Kirkpatrick, 1998; Yu
and Kirkpatrick, 2001):

1/T1‘obs:a/Tl‘NOM+(1 _a)/Tlﬁsola (2)

where a is the fraction of the atoms associated with the
NOM, (1 — a) is the fraction in the bulk solution, T ops
is the experimentally observed relaxation rate for the
CsCI-NOM solutions, 7} nom 1is the relaxation rate of
an atom associated with NOM, and T , is the experi-
mentally determined relaxation rate of an atom in bulk
solution. Unfortunately, for the CsCI-NOM mixtures,
the observed '**Cs 1/T relaxation rates do not converge
to a constant value representing 1/77 nom at low concen-
trations. Thus, 1/T} nowm is unknown, and obtaining reli-
able, quantitative site abundances from Eq. (2) is not
possible. Qualitatively, however, the trends of the ob-
served 1/T, values (Fig. 2) suggest that the fraction of
NOM-associated Cs* increases with decreasing [Cs] at
constant pH and with increasing pH at constant [Cs].
At a constant pH, the increase with decreasing [Cs] is
due to the need for a larger fraction of the Cs* to be asso-
ciated with NOM to provide local charge balance. Since
our solutions contained no background electrolyte,
decreasing [Cs] also means decreasing total ionic strength,
which would have the effect of increasing -COOH proton-
ation and, thus, decreasing the amount of NOM-associat-
ed Cs*, opposite the observed trend. As discussed above,



4326 X. Xu et al. 70 (2006) 43194331

the increase in Cs—NOM association with increasing pH
results from the pH-dependent negative structural charge
development due to increased deprotonation of acid sites
with increasing pH (Sposito, 1984). For SRNOM, carbox-
ylic groups with pK,s near 4-5 and to a lesser extent phe-
nolic groups with pK,s near 9 play the dominant role
(Ritchie and Perdue, 2003). Thus, the comparatively small
extent of Cs-NOM association at low pH is due to Cs'—
H™ competition for the acid sites. Assuming pK, = 4.5 for
the carboxylic groups (Li et al., 1998), about 22% of them
are deprotonated at pH 3.4, but essentially all of the phe-
nolic groups remain protonated. Under these conditions,
[H"]=0.0004 M, of the order of the lowest [Cs] in our
experiments. At pH 7, [H'] is negligible relative to [Cs]
in all our samples, and essentially all of the carboxylic
groups are deprotonated, leading to the increased ob-
served Cs—NOM association. At pH 9, about 15% of
the phenolic groups are also deprotonated, leading to
the even greater Cs—NOM association.

Conformational changes of NOM may also contribute
to low Cs—NOM association at low pH. Humic substances
are known to fold more under acid conditions than under
alkaline conditions, resulting in lower surface area/volume
ratios (Myneni et al., 1999). Thus, at pH 3.4 SRNOM may
expose less surface area to the bulk solution than at higher
pH values. Increased ionic strength (/) may also cause a
smaller exposed NOM surface area/volume ratio and thus
decreased Cs—NOM association. Relative size distribution
measurements of NOM show that it is “elongated” at
low I, but “coiled” at high 7 (Murphy et al., 1994; Wagoner
and Christman, 1997).

3.4. Molecular modeling of CsCI-NOM interaction

MD modeling of the interaction of Cs* and CI~ with
NOM provides detailed, molecular scale insight into the
structural and dynamical characteristics of these interac-
tions and presents additional support for the interpreta-
tions of the NMR data. The simulated atom-atom
radial distribution functions (RDFs, Fig. 7) and running
coordination numbers (Fig. 8) show Cs™ association with
NOM as principally outer sphere complexes as well as
decreasing Cs"-NOM association and increasing Cs'—
Cl™ association with increasing CsCl concentration. In
all cases the majority of nearest neighbors (NN) and
next-nearest neighbors (NNN) to Cs* are water mole-
cules, although there is detectable NN and NNN coordi-
nation of Cs™ by O-atoms of the NOM at low [Cs], and
the number of contact (NN) and outer sphere (NNN sep-
arated by H,0) Cs"—Cl~ ion pairs increases with increas-
ing CsCl concentration in both NOM-CsCl and neat
CsCl solutions. Among our simulated systems, the most
extensive Cs'-NOM interaction occurs at the lowest
[Cs] concentration of 0.3 M, which corresponds to the sys-
tem containing only the NOM molecule and 3 Cs* for
charge balance. In this case, the Cs* ions are more strong-
ly associated with the NOM molecule than at higher con-
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1.3M Cs
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Fig. 7. MD-simulated radial distribution functions of Cs* ions with CI~
(green) and H,O (blue) in the solution and with NOM phenolic (red),
carbonyl (black), carboxylic (pink), and amine (light blue) functional
groups at two Cs* concentrations: 0.3 M (a) and 1.3 M (b).

centrations and remain in its vicinity throughout the
simulation. At this concentration, on average each Cs”
has ~8 NN H,O, ~0.3 NN O-atoms of the deprotonated
carboxylic groups, and ~0.1 NN O-atoms of phenolic and
other alcohol — R—OH groups. None of the other func-
tional groups contribute to Cs'—~NOM binding. In the
second coordination shell of Cs™ at this concentration
there are ~40 H,O, ~1 O-atom of carboxylic groups,
and ~1 O-atom of phenolic and other alcohol groups.
At [Cs] greater than 0.4-0.5 M, most of the Cs' is not
associated with the NOM, and the average Cs* NN and
NNN coordination shells are nearly identical to those of
neat CsCl solutions.

The computed dynamical properties of Cs* are consis-
tent with these structural interpretations. The computed
Cs* diffusion coefficients are unaffected by the presence
of NOM within computational error, except at 0.3 M
[Cs] where it is ~30% smaller than in the neat solutions
due to its stronger association with the NOM molecule
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Fig. 8. MD-simulated contributions to the total number of neighbors in
the first (a) and second (b) coordination shells of Cs* from various NOM
functional groups and Cl” and H,0O molecules as a function Cs
concentration (note the logarithmic concentration scale and two different
scales for the upper and lower parts of the plots).

(Fig. 9). The decreasing Cs" diffusion coefficients with
increasing [Cs] are due to increased Cs'—Cl~ ion pairing.

The computed low-frequency dynamical power spectra
of Cs™ also show little effect of the presence of NOM
except at the lowest [Cs] (Fig. 10). The neat solutions
show only a single feature near 20cm ' (Fig. 10b),
which can be assigned to slow translational vibrations
of the heavy Cs' ion in a weakly held hydration shell
of H,O molecules (e.g., Ohtaki and Radnai, 1993). The
spectra for the CsCI-NOM systems also contain this
20cm ™! band. In addition, for these systems spectral
intensity grows in the ~30cm~' range with decreasing
[Cs], and for the 0.3 M [Cs] model there is a distinct
band at this frequency. We have previously observed this
feature (Fig. 10b) as a shoulder in the computed power
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* Cs” diffusion

1.6e-5 1 A\ .
o \ —(— NOM + CsCl solution
e \ —A— neat CsCl solution
[&]
~ 1.4e-5 A
5
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0.1 02 03 05 1.0 20 30 5.0

Cs concentration / M

Fig. 9. MD-simulated diffusion coefficients of Cs™ in CsCI-NOM aqueous
solutions as a function of Cs concentration (note the logarithmic
concentration scale). Symbol size corresponds to estimated statistical
errors of the calculation.

spectrum of outer sphere Cs' associated with the neutral
(001) surface of Ca(OH), (Kalinichev and Kirkpatrick,
2002) and as a more distinct peak for Cs* adsorbed as
inner sphere complex on the siloxane (001) surface of
kaolinite (Kalinichev and Kirkpatrick, unpublished re-
sults). This higher-frequency feature can be related to
Cs"' ions more strongly bound to their immediate envi-
ronment, and thus can serve as an indicator of Cs'—
NOM association.

The computed structural and dynamical results for
Cl” show no effect of NOM on the CI© RDF, NN
and NNN coordinations, diffusion coefficients or power
spectra. The only change with increasing CsCl concentra-
tion is the increased association with Cs* described
above, and this change occurs for both the neat and
NOM solutions.

The MD modeling results strongly support the structur-
al and dynamical interpretations of the '**Cs and *°Cl
NMR data discussed above. The essentially outer sphere
association of Cs* with the NOM is consistent with the
experimental observation that NOM does not affect the
133Cs chemical shift, since the computed average NN struc-
ture around Cs” is not greatly effected by this association.
The greater occurrence of Cs* near the NOM at low con-
centrations and its decreasing average NOM association
with increasing [Cs] are also consistent with the experimen-
tally observed increased '**Cs 1/T; relaxation rates at low
[Cs] and the convergence of these rates to those of the neat
solutions at larger [Cs]. As discussed above, association
with a surface or large molecule in solution reduces the
average reorientation frequencies, increasing the intensity
of the dynamical power spectrum at the resonance frequen-
cy and thus increasing the 1/7T; relaxation rate (Mason,
1987). Dynamically, the modest reduction in the Cs* diffu-
sion coefficient due to NOM association is consistent with
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Fig. 10. Power spectra of Cs™ translational dynamics: (a) in CsCI-NOM
aqueous solutions as a function of Cs concentration; (b) for Cs*
associated with the portlandite surface (squares), siloxane surface of
kaolinite (triangles), and in the neat aqueous solution (circles).

the narrow, solution-like '>*Cs NMR resonances for all
samples. Significant NMR line broadening would only oc-
cur if the rate of exchange between structural environments
with different chemical shifts or the frequency of dynamical
averaging of a quadrupolar line shape were reduced by or-
ders of magnitude from those typical of aqueous solutions
(e.g., Weiss et al., 1990).

4. Comparison to other systems

The occurrence of Cs' as outer sphere complexes
associated with NOM is similar to the behavior of
Na™ adsorbed on silica gel, illite, kaolinite and boehm-
ite, but contrasts with Cs* adsorbed on those phases. In
these cases, surface Cs' readily occurs as inner sphere
complexes (Kim et al., 1996b; Kim and Kirkpatrick,
1997, 1998). The difference may be due to the presence
of relatively isolated carboxylic and phenolic groups on

the NOM compared to densely packed structural oxy-
gens and hydroxyl groups on the mineral surfaces.
The narrow, solution-like '**Cs NMR line shapes indi-
cate that Cs* undergoes dynamical exchange between
NOM-associated sites and the bulk solution at frequen-
cies greater than ca. 2.3 x 10> Hz. On the much shorter
MD modeling time scale, the weak Cs'—NOM associa-
tion can be detected by the presence of a spectral peak
of translational vibrations in the solution at ~30cm™'.
This dynamical behavior is similar to that of Cs™ and
Na® on silica gel, illite, kaolinite and boehmite (Kim
and Kirkpatrick, 1997) and also to Cl -associated with
portlandite, Ca,Al layered double hydroxide, and the
layer-structure hydrous Ca-silicates jennite and toberm-
orite (Kirkpatrick et al., 1999; Yu and Kirkpatrick,
2001; Kalinichev and Kirkpatrick, 2002; Kalinichev
et al., 2000).

The interactions between dissolved ions and macro-
molecules in solution depend sensitively on the relative
energies of the ions in bulk solution and in the bound
state. There is now a developing body of experimental
data that illustrates a range of possible types of interac-
tion. Thallium (present as TI") interacts quite strongly
with the protein gramicidin A (present as dimers, Gr,)
dissolved in 2,2 2-trifluoroethanol (Turner et al., 1982).
In this system, the *°>TI chemical shifts change as much
as 360 ppm as the Gro/TI" ratio increases from 0 to
about 0.2. Thermodynamic analysis of variable tempera-
ture NMR data combined with a 2-site exchange model
indicate that TI" is only partially solvated at the bind-
ing sites of the gramicidin A dimer channel (inner
sphere complexes). This contrasts with our observation
for Cs'™-NOM, which suggest that NOMe-associated
Cs" in H,O retains its hydration shell more completely.
3Ccd NMR data for SRNOM-Cd(ClOy4), in D,O at
pD values from 3.6 to 9.0 and in Cd/C ratios from
0.0013 to 0.0068 show a strong pD effect on Cd-—
NOM complexation and a smaller effect of Cd/C ratio
(Li et al., 1998). As for our '*Cs spectra, there is only
a single, narrow ''*Cd peak at acidic pD values. At
higher pD values, however, the ''>Cd spectra contain
a broader, more complex peak demonstrating a slower
Cd exchange rate between bulk solution and NOM.
The authors interpret this difference to be due to a larg-
er concentration of “free” or uncomplexed Cd>" at low
pD than at high pD and probably increased coordina-
tion of Cd*" by N-sites in the NOM at high pDs.
For °'V, which is present in solution as many different
vanadate and poly-vanadate species, the interaction of
these species with humic substance (HS) from Myall
Lake, Australia, shows strong pH and concentration
dependence (Lu et al., 1998). In contrast to our '*3Cs
NMR spectra, the >'V NMR spectra can exhibit more
than one peak due to complex simultancous protonation
and oligomerization equilibria.

The trends of Cs"—NOM association observed in our
study are also quite similar to the sorption of NOMs with
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widely varying composition and structure onto goethite at
approximately pH 4, as studied by batch sorption experi-
ments (Kaiser, 2003). These results indicate interaction of
negatively charged NOM with positively charged goethite
surfaces, comparable to the interaction of NOM with dis-
solved Cs* in our experiments. The total number of acidic
groups attached to aromatic rings in the NOM positively
and linearly controls the interaction between NOM and
goethite.
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