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Pulsed field gradient proton NMR study of the self-diffusion of H2O in
montmorillonite gel: Effects of temperature and water fraction
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INTRODUCTION

Diffusion coefficients of water in clay gel systems are geo-
logically important (Güven 1992) because clay minerals con-
tain significant amount of water in the real geological
environments. For example, clay gel commonly occurs in less
permeable strata below the groundwater level. Thus, diffusivity
data on clay gel are essential to the study on the water trans-
port in the clay-bearing less permeable strata with small Péclet
numbers. Water diffusivity data exist for montmorillonite
(Cebula et al. 1981; Tuck et al. 1985; Relyea et al. 1986;
Miyahara et al. 1991; Sato et al. 1992; Yu and Neretnieks 1997).
However, the effect of temperature or water fraction on water
diffusivity is not accurately known for montmorillonite gel.

This paper reports measurements on the self-diffusion co-
efficients of H2O molecules in Na-montmorillonite gel using
spin-echo pulsed field gradient (PFG) nuclear magnetic reso-
nance (NMR). Protons in H2O molecules in the montmorillo-
nite gel are the target nuclei. The upper limit of the time scale
measurable by PFG NMR are the proton relaxation times (T1,
spin-lattice relaxation time and T2, spin-spin relaxation time)
of samples. The lower limit is the time constant of the decay of
the transient noise which originates from eddy currents by gra-
dient coils used (e.g., Canet 1996). The relaxation times range
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ABSTRACT

Self-diffusion coefficients of water molecules (H2O) in Na-montmorillonite gel were measured
as a function of water fraction (54.8 to 100 wt%) and temperature (30.4 to 60.0 °C) using proton
nuclear magnetic resonance (NMR). Spin-echo pulse sequences with magnetic field gradient pulses
for the diffusion measurement were applied to the montmorillonite gel at the Larmor frequency of
20 MHz. The self-diffusion coefficient, D, of H2O in the clay gel is expressed phenomenologically
by ln(D/D0) = 1.77{exp[0.0798(w − 100)] − 1}, where D0 is the water diffusivity in bulk water and w
is the water fraction of the gel (wt%). The data for w > 84.7 wt% can be explained by a theoretical
diffusion model for the randomly distributed clay grains. The activation energy of the water diffusivity
in the montmorillonite gel was nearly equal to that in bulk water, so the normalized diffusivity, D/D0,
obeys the temperature-independent master curve. The transition from the free diffusion to the re-
stricted diffusion was not observed for gradient pulse intervals ranging from 5 to 120 ms. This
indicates that the average pore size of the gel is much smaller than a few tens of micrometers, so the
random walk trajectory of water molecules in the gel is geometrically restricted by the packing of
clay mineral grains. Water diffusivity higher than that of the present NMR study was found by
computer simulations and neutron scattering experiments in which effects of bound water were
considered but those of the tortuosity of the grain packing were neglected. Thus, the predominant
factor controlling the diffusivity in the NMR experiments is not the bound water near the clay sur-
face but the geometrical tortuosity of the packing of clay mineral grains.

from several tens of microseconds to several hundred millisec-
onds for geological materials and the decay time of the noise is
several milliseconds. Because T2 for bound water in solid hy-
drous minerals (e.g., 0.26 ms for agate; Nakashima et al. 1998)
is much smaller than the lower limit, it is technically difficult
to apply spin-echo PFG NMR to solid minerals. In contrast,
water-rich clay gel has long relaxation times (typically several
tens of milliseconds) because of the high porosity. Therefore
PFG NMR is suitable for the diffusion study of water in clay
gel (Nakashima et al. 1999).

The objectives of this study are (1) to examine the effects of
the water fraction of the montmorillonite gel on the self-diffu-
sion coefficients of H2O molecules at four temperatures and (2)
to evaluate the temperature-dependence of the diffusivity. Data
on the proton relaxation times were also obtained because these
are essential to the high-precision experiments.

EXPERIMENTAL METHODS

 Montmorillonite from the Tsukinuno Mine, Yamagata,
Japan is a standard sample (JCSS3101) obtained from the
Japan Clay Science Society (available at URL = http://
wwwsoc.nacsis.ac.jp/cssj2/index.html). The JCSS3101 sample
contains 99 wt% montmorillonite, 0.5 wt% quartz and 0.5 wt%
calcite. The principal exchangeable cation is Na, and the chemi-
cal composition (wt%) is as follows: SiO2 55.39, TiO2 0.14,
Al2O3 19.91, Fe2O3 1.57, FeO 0.37, MnO 0.01, MgO 3.40, CaO
0.52, Na2O 3.37, K2O 0.07, P2O5 0.04, H2O 15.1, and CO2 0.45


