
American Mineralogist, Volume 83, pages 661-665, 1998

NMR ?, relaxation study of 133Cs and 23Na adsorbed on illite
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Assrnlcr

'?3Na and rr:fs l.{fift I, relaxation data for wet paste samples made from illite and either
NaCl or CsCl solutions show that there is significant adsorption of the Na and Cs onto
the surface. The Na and Cs are in the NMR rapid exchange regime (exchange frequencies
) approximately 10a Hz), allowing the f, values to provide useful information about
surface occupancies. For '33Cs, the data can be modeled to yield values for the fraction of
Cs in the sample adsorbed onto surface sites and for the density of Cs surface occupancy.
The maximum surface density observed for 0.1 M CsCl solutions is approximately 0.035
atoms/A', essentially identical to the density of inner-sphere Cs sites determined frqm
magic-angle-spinning nuclear magnetic resonance (MAS NMR) spectra of dried samples
observed at a relative humidity of approximately 35Vo. The similarity of these results
suggests that the relatively simple compositional dependence of the '33Cs T, data is due to
most of the surface Cs being in inner-sphere complexes with a relatively constant average
?, when bulk HrO is present. In contrast, the 23Na T, data cannot be modeled in this way,
consistent with the idea that its sorption on illite is dominated by outer-sphere complexes
(Stern and/or Gouy layers) with a range of I, values. The similarity of the 'z3Na Z, behav-
iors of pastes made from NaCl solutions and either illite or silica gel (which has no
permanent negative charge due to isomorphic substitution) is also consistent with this idea.

INrnonucrroN

Although many geochemical reactions in environments
near the Earth's surface occur at mineral-water interfaces,
molecular level understanding of these reactions remains
limited because of the difficulty of studying surface spe-
cies in situ. Among the various spectroscopic methods
used to study such species (e.g., Hochella and White
1990), nuclear magnetic resonance (NMR) is one of the
most effective. It can provide not only element-specific
information about local structural environments but also
information about dynamical behavior at the atomic scale.
Most NMR studies of species adsorbed on mineral sur-
faces or exchanged into clay interlayers or zeolite cavities
have depended primarily on the chemical shift for struc-
tural information and line-shape analysis for dynamical
information (see Kim et al. I996a, 1996b, for references).
Our previous studies of Cs and Na adsorbed on mineral
surfaces (Kim et al. 1996a, 1996b; Kim and Kirkpatrick
1998) have shown that multiple NMR peaks representing
multiple surface environments can be detected at relative
humidities less than approximately 7OVo, but that the pres-
ence of thick surface-water films occurring at relative hu-
midities approaching 1007o allow rapid atomic exchange
among surface sites under these conditions. This behavior
produces only one, time-averaged peak in the NMR spec-
tra (e.g., Weiss et al. 1990). Because the relative propor-
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tions of different sites cannot be determined from the
spectra under these conditions, it has been unclear wheth-
er the proportions of different sites determined at lower
relative humidities are applicable to conditions when bulk
HrO is present.

We present here an NMR study of the sorption of Cs
and Na on illite that uses the NMR I, relaxation rate as
the primary parameter and confirms the major conclu-
sions of our previous results based on chemical shifts.
Similar techniques based on chemical shifts have been
previously used to study effects such as thallium binding
to peptides in solution (Turner et al. 1982), but to our
knowledge this is the first such study of exterior sorption
on inorganic substrates. Our results show that the Cs sur-
face density determined at moderate relative humidities
(30-70Vo, equivalent to 1-3 statistical surface H,O lay-
ers) are applicable to conditions when bulk HrO is
present. Furthermore, the results demonstrate the likely
applicability of NMR Z, methods to a wide range of stud-
ies: for example, the pH, ionic strength, and temperature
dependences of the sorption behavior of organic and in-
organic species of geochemical relevance.

The time constant, 7,, describes the rate at which the
occupancy of nuclear spin energy levels returns to its
equilibrium value after the spin system has been excited
(7, relaxation). 7, data are useful because this relaxation
must be stimulated, providing information about the dy-
namical behavior of materials at frequencies near the Lar-
mor (resonance) frequency, which is typically of the order
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of 10?-108 Hz. For all nuclei, Z, relaxation can be ac-
complished by a fluctuating magnetic field at the nucleus
with a Fourier component at the Larmor frequency. For
quadrupolar nuclei such as 23Na and 'i3cs, relaxation can
also be accomplished by a fluctuating electric field gra-
dient at the nucleus with Fourier components near the
Larmor frequency. Thus, relaxation times for bulk solids
are often long, because the power spectrum for normal
lattice modes has little intensity in 10?-108 Hz range. For
liquids, relaxation times vary greatly, depending on vis-
cosity and the nuclide observed.

For sorption studies of metals in aqueous solutions we
take advantage of the increased rate of Z, relaxation for
atoms or molecules on the surface due to their lower rate
of atomic motion relative ro the bulk solution. In the sim-
plest case of rapid exchange between the surface sites and
bulk solution, the T, relaxation rate (l/Tr) is the abun-
dance weighted sum of the Z, values for the solution and
surface (Pfelfer 1972)

IlT, : a/7,'", + (l-a)17,..", (l)

where a is the fraction of the atoms in the solution and
l-a is the fraction on the surface. Knowledge of the Z,
value as a function of solid./solution ratio at constant ini-
tial solution concentration allows determination of a and
Z, 

",. 
if there is a well-defined value for 2,.",.. In the present

study this relationship appears to hold for Cs but not for
Na in the range of solution/solid ratios observed.

ExpnnrlrnNrAl METHoDS

Most samples for this study were pastes consisting of
a few milligrams of Yangsan illite in the appropriate
amount 0.1 or 0.01 M CsCl or NaCl solution to fill a 5
mm OD sample tube. Stable pastes of illite could be pre-
pared for solid"/solution ratios from about 0.05 to 3.5 mg/
ml. At lower solid contents the illite settled to the bottom
of the tube, and the necessary conditions of rapid ex-
change between solution and surface could not occur be-
cause of the long diffusion distance between overlying
solution and the particle surfaces. At larger solids con-
tents there was insufficient solution to uniformlv wet the
itlite. Similar samples using commercial silica g"t tg.ink-
mann) in 0.1 and 0.01 NaCl solutions could only be pre-
pared up to solid/solution ratios of about L4 mglml.

Sericitic Yangsan illite was used in this and previous
studies because it has a very low Fe content and almost
no expandable layers (Kim et al. 1996b). Thus, it is ide-
ally suited for NMR studies of surface sorption processes.
It has a N, BET surface area of 7.8 m2lgm and a tetra-
hedral AV(Al+Si) ratio of 0.22.

NMR spectra were obtained at room temperature (ap-
proximately 23 "C) under static conditions at an H. field
strength of ll.7 Z using a spectrometer based on a Tec-
mag Aries data-processing system. Freshly prepared paste
samples were held in 5 mm OD silica glass tubes sealed
with a rubber stopper and examined with a homebuilt
static NMR probe without spinning. 7, values were de-
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termined with a standard inversion-recovery pulse
sequence.

RBsur,rs AND DrscussroN
r33cs

The most striking results are for the '33Cs experiments
(Fig. 1A). Here the Z, values drop dramatically from ap-
proximately 10 s for the pure solutions to approximately
0.1 s at the higher solid/solution ratios. This two order of
magnitude change and the nearly constant I, values at
large solid/solution ratios allow accurate analysis of the
data in terms of Equation I using the observed I, 

"", 
val-

ues of 10.1 and 10.45 s and the observed nearly constant
Z, value of 0.10 s at large solution-solid ratios for 2,"",.
Z, values determined for Cs adsorbed on illite at relative
humidities of 90%o and approximately l00%o are in the
range of 0.08-0.1 s, consistent with this latter value.
These calculations yield the values of Cs(surf)/Cs(total)
shown in Figure 2A and, using the measured BET surface
area of 7.8 m'lgm and the known amount of solution in
each sample, the surface Cs densities latoms/A') shown
in Figure 28.

Except for those samples in which settling of the illite
occurred (see Fig. 2 caption), the '33Cs NMR spectra of
these samples contain a single peak, consistent with dy-
namical exchange between the surface and solution at fre-
quencies > 10 o Hz. The width of this single peak in-
creases with increasing solid/solution ratio (Fig. 3A).
Because the various possible contributions to the line
width (e.g., dynamical effects, chemical shift anisotropy,
first and second order quadrupole interaction, site hetero-
geneity) are not quantitatively understood, we do not use
these values to determine Cs surface occupancy.

The rapid decrease and then leveling off of the Z, val-
ues with increasing solid/solution ratio observed here is
consistent with the strong preference of Cs for inner-
sphere sorption sites determined from our previous NMR
work (Kim et al. 1996a, I996b; Kim and Kirkpatrick
1998). Indeed the observed Cs surface site density of ap-
proximately 0.035 atoms/A': observed at solid./solution
values of 1.36 and less for the 0.1 M CsCl solution is
essentially identical to the value of 0.033 atoms/A, for
the fully saturated concentration of inner-sphere Cs on
this illite determined for this solution concentration from
the relative intensities of the center bands in t::fs !l[g
NMR spectra of dried samples observed at approximately
35Vo relative humidity (Kim et al. 1996b). As noted in
this previous paper, this surface concentration is approx-
imately the same as the maximum possible Cs surface
density expected assuming a hydrated radius for Cs of
3.29 A. We interpret this agreement between the values
determined by the two different methods to indicate that
Cs sorption on illite in the presence of bulk solution is
dominated by inner-sphere sites with a constant average
I, value. This result also strongly supports the idea that
MAS NMR study of surface species at low relative hu-
midities, where multiple sites can be observed, may use-
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Frcunr 2. (A) Calculated surface Cs/total Cs ratio vs. solid/
solution ratio for illite/Cscl solution mixtures. (B) Calculated Cs
surface density on illite (atoms/A'z) vs. solid/solution ratio for
illite-Cscl solution mixtures. The first three data points in B and
the first data point in A are for samples in which the solids settled
to the bottom of the sample tube. For these samples the observed
7, represents a larger but unknown solid/solution ratio.

fully probe the sorption behavior under HrO saturated
conditions.

Thus, for the samples made with 0.1 M CsCl solution,
the surfaces become essentially fully saturated with Cs
(each Cs and its -associated HrO molecules occupying ap-
proximately 28 A') until the total amount of available Cs
is less than the surface can hold. At larger solution/solid
ratios, nearly all the Cs is on the surface at any instant,
and the Cs surface concentration decreases with increas-
ing solid/solution ratio (decreasing total amount of Cs in
the sample).

For the samples made with 0.01 M CsCl solution, the
Z, values decrease more rapidly than for the 0.1 M CsCl
samples due to the order of magnitude smaller amount of
Cs available at a given solid/solution ratio. Thus, the Cs
becomes nearly fully removed from solution at a lower

KIM AND KIRKPATRICK: NMR OF Cs AND NA ON ILLITE

o
o
o
e
o
o
o
E
f
o
o
o

4

o
o
o

F
6
o

2 3
Solid/Solution (mg/ml)

o 1 2 3 4
Solid/Solution (mg/ml)

Frcunn 1. NMR f, relaxation times vs solid/solution ratio
for (A) '33Cs in illite-CsCl solution mixtures, (B) '.Na in illite-
NaCl solution mixtures, and (C) 'rNa in silica gel-NaCl solution
mlxtures.
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Frcurn 3. NMR peak full-widths at half-height (FWHH) vs.
solid/solution ratio for (A) ,tcs in illite-Cscl solution mixtures,
(B) 'z3Na in illite-NaCl solution mixtures, and (C) ,3Na in silica
gel-NaCl solut ion mixtures.

solid/solution ratio (Fig. 2A). The maximum surface con-
centration is substantially less (approximately 0.02 atoms/
A,; and does not maintain a constant value in the range
of solution/solid ratios examined. These observations
suggest that experiments similar to those described here
but performed at lower solution concentrations and with
variable temperature, pH, and concentration may provide
useful information about the surface site enereetics of il-
lite and other minerals.

23Na

In conffast to Cs, Na is thought to sorb onto illite and
similar minerals primarily as outer-sphere complexes due
to its larger hydration energy (Ohtika and Radnai 1993;
McBride 1994). Our previous '?3Na MAS NMR studies
demonstrate that Cs effectively out-competes Na for sur-
face sites on illite and are. thus. consistent with this in-
terpretation (Kim and Kirkpatrick 1998). The'3Na Z, re-
sults presented here further confirm that Na behaves
significantly differently on illite surfaces than Cs, and
likewise the results are consistent with previous interpre-
tations. As for 133Cs, the tNa I, values decrease with
increasing solid/solution ratio (Fig. 1B), but not as rapidly
and only about a maximum of a factor of 6, rather than
10'?. In addition, the Z, values do not become constant at
large solid/solution ratios in the observable range of sol-
id/solution ratios. The decreasing I, values and more rap-
id decrease for the experiments with samples made with
0.01 M NaCl solution demonstrate that surface sorption
is occurring, but the absence of a well-defined value for
2,,"". makes determination of surface occupancies by
means of Equation I impossible. As for 133Cs, the 23Na

peak width increases with increasing solid/solution ratio,
but not nearly as dramatically (a factor of 2; Fig. 3B).
The nearly constant value for the peak width of the 0.1
M NaCl solution samples at solid/solution ratios greater
than 1.35 mg/ml suggests, however, that essentially all
the Na is associated with the surface under these
conditions.

The simplest explanation for the 23Na Z, behavior ob-
served here is that the Na is being attracted toward the
surface (and having its 7, value there reduced somewhat)
but that because all or much of it is held in the diffuse
(Gouy) layer or as outer-sphere complexes in a Stern lay-
er, its local environments have a significant range of Z,
values due, for example, to being at different distances
from the surface in the Gouy layer. Thus, in this model
there is no single, average I, value for surface Na, and
even if essentially all the Na in the sample were associ-
ated with the surface, as suggested by the peak widths at
large solid/solution ratios, the value of I,.... would change
with solid/solution ratio as the distance of the average Na
atom from the surface changes.

The observation that '?3Na fr behavior of paste samples
made with silica gel and NaCl solutions is essentially
identical to that of the illite/NaCl solution samples (Fig.
lC and 3C) supports this interpretation" At the near-neu-
tral pHs of NaCl solutions, silica gel is expected to have
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a small net negative surface charge due to the extent of
surface protonation (Parks 1967; Sposito 1984; Brady et
al. 1996) and thus to weakly sorb cations. Unlike illite,
it has no permanent negative charge due to isomorphic
substitution. The nearly identical behavior ofthe illite and
silica gel systems, including very similar absolute Z, val-
ues at large solid/solution ratios, thus shows that the com-
position of the solid has little effect here. Again, the sim-
plest explanation is that most of the Na sorbed onto both
illite and silica gel is not directly coordinated to the sur-
face O atoms, but instead occurs as outer-sphere com-
plexes separated from the surface by HrO molecules or
in the Gouy layer. This conclusion is also consistent with
the '3Na MAS NMR results for illite (Kim and Kirk-
patrick 1998).
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