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Electrical transport in porous media plays an important role in
many fields of pure and applied science. The basic microscopic
processes of the charge transport have attracted considerable the-
oretical interest for a long time. However, on a microscopic level
there was up to now no experimental access to this problem. In the
present paper we demonstrate, by using a suited porous system,
that two combined NMR methods can offer such a first experi-
mental access. We apply common PFG NMR methods and the
special electrophoretic NMR (ENMR) technique for the measure-
ment of self-diffusion coefficient D* and electric mobility u* of a
cation ((C,Hg)7) in a disordered gel-like medium (Sephadex LH-
20) filled with electrolyte solution. We find a, qualitatively ex-
pected, observation time-dependence of D*, but for the first time
such a time-dependence is also observed for u*, which means the
detection of the phenomenon of “anomalous field assisted diffu-
sion” or “anomalous mobility.” For the measurement of the short-
time behavior of the mobility a new pulse sequence is presented.
The time-dependent mobilities were measured at three different
external electrical fields E. From the long-time behavior of D*, u™,
and Dy, three independent values for the tortuosity T of the
porous system could be derived. We find equality of the tortuosi-
ties T(D*) and T(u™), which represents a first experimental proof
of the validity of the Einstein relation (D* ~ u™) in a disordered
medium. Finally, we discuss advantages of the possible use of
“anomalous field assisted diffusion” over the commonly used
“anomalous diffusion” in morphology studies by dynamic imaging
in porous media. © 1998 Academic Press
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INTRODUCTION

since electrical conductivity measurements are often applied
routine studies in the characterization of porous me8jaf)(

In the last years a rapidly increasing number of publication
showed that NMR techniques proved to be very useful in th
study of transport properties and the morphology of porou
media 6, 6). One of the most interesting NMR tools in this
respect is the measurement of the observation time-depende
of self-diffusion coefficientsD(t) of solvent molecules in
saturated porous systems by applying pulsed magnetic fie
gradient (PFG) technique§)( These measurements, for ex-
ample, deliver at long times when the diffusing molecules of
the liquid have walked a long distance compared with a typic:
correlation length, a steady-state diffusion coeffici€nt;.
This quantityD 4 is connected with the geometrical restric-
tions of transport in the porous medium and has been i.
related to the tortuositylT of the porous system by =
Dy/D.s, WhereDy is the self-diffusion coefficient in the bulk
liquid (8).

If the pore space is filled with electrolyte solution as it is,
e.g., with sedimentary rocks filled with brine, the ions carry the
electric current in those systems and thus ithréc transport
properties are of high importance. For this reason we thoug
that the study of the time-dependence of ionic self-diffusiol
coefficient in a porous medium would be worthwhile. How-
ever, there is a further fascinating aspect, leading to the ma
aim of the present paper, namely to make an attempt to obsel
directly by NMR ions migrating along an electric field within
a porous medium. The basis of this attempt is the fact that sin
1982 we have successfully developed PFG techniques for t
measurement of ionic mobilities in multi-component system

Porous media gre of high importance_in many differ_ent aregs our laboratory 9-11) and applied them to normal (non-
of research ranging from applied physics and chemistry OV&gnfined) electrolyte solutions. This technique, today calle
geology, mater_lals science to I|f_e sciences. Thus, th_ere 'S‘e"’?ectrophoretic NMR” (ENMR) 12), should also offer very
strong interest in transport and diffusion phenomena in thre&r’omising and tempting new possibilities for basic investiga

dimensional fluid-filled porous medial,(2). Moreover, the

tions of charge transport in disordered material on a micrc

transport of electric current through a pore space filled Wigbopic level. For this reason we have recently begun with

electrolyte solutions is of particular interest due to its imp
tance in many electrochemical processes in different fields

1 To whom correspondence should be addressed.

%%i/ tematic study of the applicability of ENMR to porous sys

s and in this paper we present our first results. In particul
we will investigate if there is also an observation time-deper
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dence of the ionic mobilityu™ in porous material and the echo experiments (PFGSTE) (see Fig. 1). For the eliminatic
comparison between the effective diffusion and effective mof possible background gradient influences (see, €.6,,1(9)
bility might give first experimental hints if the Einstein relawe reduced the pulse distance of the first aw/@-pulses of the
tion,D™ ~ u™, is also valid in confined electrolyte solutionsPFGSTE sequence to the shortest possible values, which w
The validity of this relation is assumed in many theoreticdhen in the range of 1 to 3 ms. For the measurement of tt
considerations and as basis of experimental methods for Hi®rt-time behavior we applied the “13-interval pulse se
investigation of porous systemé){ but could up to now not be quence” introduced by Cotest al. (16).

directly checked by an experiment. The ionic drift velocity measurements in the presence of a
external electric fiel&E by ENMR are also based on PFGSTE
MATERIALS AND METHODS experiments g, 10, 13. Here in addition, electric field pulses

are part of the pulse sequence in the experiment. Both, tl

As the porous medium, where we want to perform the firetectric fieldE and the magnetic field gradiegtare applied in
demonstration of the applicability of our new NMR approacthe z-direction. In contrast to the incoherent motions by diffu-
for the study of electrical transport in disorder media, we hawon, which produce a damping of the spin-echo, the cohere
chosen a well-known material in gel permeation chromatogrdrift motions produce a phase shity of the spin-echo signal.
phy (gel filtration), namely Sephadex LH-20 (Pharmacia BidFhis phase shift is given bylQ, 12
tech, Uppsala, Sweden), using water,@) as the pore-filling
solvent. Sephadex is a spherical bead-formed dextran gel. Ap = ygvdA, [1]
According to the supplier the wet particle size range is 30 to

160 um. Hydroxypropyl groups are attached by ether IInI(ag(?/vshereg is the strength of the magnetic field gradiedis the

to glucose units of the dextran chain. Within the beads trae . ; . : ;
: . : . . ration of the gradient pulses, ands the velocity of the spin
dextran chains are cross-linked to give a three-dimensiona

. : . arrying species. In our experiments we measured in this we
polysaccharide network. From size-exclusion data for Seph- ying sp P ‘

adex LH-20 an apparent pore size diameter within the bead to? lonic cjrn‘t_velocnyv_ in the z-direction and by detgrmmmg
e electric fieldg, acting over the sample volume inside the

about 30 nm can be estimated. Consequently, there is insidep ; . : o .
) . R receiver coil, we could determine the ionic mobility
beads an inner volume with small apparent mesopores, deter-

mined by the density of the chain-network, and there is an
outer volume, enclosed by the beads, with macropores in the
range of 10 to 80um, determined by the size and kind of ut=Vv'/E (2]
packing of the gel spheres. Thus, Sephadex represents a dis-
ordered system with a broad pore size distribution, as well inIn the present work we performed the fitshe-dependent
the 10-nm range as in the 1m range, similar as many naturalENMR electric mobility measurements. When measuring th
and technical porous systems. drift velocity at long times{ > 50 ms) we simply applied an
The aqueous Sephadex medium presented us with advalectric field pulse of duratioA’ between the second and the
tages for our experiments. We made the experience that in ttisd 7/2-pulse of the PFGSTE sequence (see Fig. 1a). Thi
system the NMR linewidths are not as strongly broadened the effective time for the mobility measurementAs and we
magnetic susceptibility effects as in many other heterogeneansasured\¢ as a function ofs with constantg, A, andA’.
systems. This fact favors the observation of the NMR signal Bfom the slope ofA¢(8) the drift velocityv™ for a givent =
the ions of interest. Also for the reason of detection efficieney’ was then determined according to Eq. [1]. From differen
we applied'H ENMR and thus we used a hydrogen containingxperiments with differenf’ values the time-dependence of
ion, namely the tetrabutylammonium cation in an aqueous 0.07 and thusu™(t) was obtained.
molal (C;Hg), NCI solution as the conducting pore fluid. For short-time electric mobility measurements we develope
The PFG self-diffusion and mobility measurement havend tested a new ENMR pulse sequence as shown in Fig. !
been performed with a homemade 300-MHz probe containifitpis pulse sequence is based on the fact that in ENMR PF
the magnetic field gradient coils and the electrophoresis cell@gperiments the ionic motion under observation can be col
described elsewheré(@, 11, 13. The latter was directly cooled trolled by the experimentalist by switching on and off the
by a hydrogen-free liquid, namely Galden D20 (Ausimonglectric fieldE or by varying the field strength & and thus the
Milan). The experiments were carried out at a temperatuegectric currentl (10, 19. We point out the fact that the
of 25°C. diffusive translational motion in time-dependent diffusion
In porous media, due to geometrical restrictions “anomalouseasurements cannot at all be switched on and off and |
diffusion” occurs, resulting in an observation time-dependenariation is only possible by a temperature change or by chan
self-diffusion coefficientD(t) (see, e.g.,q, 7,14, 15). This in mass and size of the diffusing particle®).( Thus, the
time-dependence has been measured in the common waypbgsibility of switching on and off the drift motion offers an
the variation of the gradient pulse distarke PFG stimulated easy access to short-time velocity measurements by simg
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FIG.1. (a) ENMR pulsed field gradient stimulated echo experiment (PFGSTE) with t#H2eRF pulses, two magnetic field pulses of strerggind duration
8, and an electric field pulse with strengthand durationA’. AQ represents the signal acquisition time. (b) The new ENMR pulse sequence for short-ti
mobility measurements with (here four) short electric field pulses each with strerfgthnd durationA’. All other details as in Fig. 1a.

applying short electric field pulses (small values) while same phase shithp, as withn short current pulses, having
keepingA constant. As shown in Fig. 1b we use in our pulstogether the same duration- Ay = A}, that is,n - Apg =
sequence for short time velocity measurements a serieés oA¢,. In a confined electrolyte solution, we measured in thi
electric field pulses. short-time range with a series of short current pulses of

There are three outstanding advantages of this sequencediarationA; n times the phase shift of one current pulse with
time-dependent mobility measurements. First, it is technically,. But keeping the equalitp - A; = A} we then found
much easier to generate short electric field pulses in the elec-
trophoresis cell than to create magnetic field gradient pulses gvenA; = nAes> Agp, = ygvoA..
separated by a short distance. Second, when investigating the
short-time behavior the necessary smdlialues resultin only This inequality is a consequence of an observation time-d:
small signal phase shiftde, which are often difficult to Pendent drift velocity (see below).
measure. However, in the given sequence (Fig. 1b) an accuFinally we emphasize that our sequence with multiple elec
mulative effect produces a total phase shiftnof Ap = n - tric field pulses (Fig. 1b) is also generally suited for the stud
(ygv8A’), which can be detected much easier. The thirf transient effects connected with switching-on of currents i
advantage comes from the fact that during the application @@mplex systems as, e.g., in electrolyte solutions containir
the magnetic field gradient pulses the drift motion is switchedharged long-chain molecules.
off, avoiding the otherwise necessary corrections for the finite
gradient pulse duratiof.

We would like to mention here that we have checked ex
perimentally the efficiency of this new ENMR pulse sequence:
In the non-confined electrolyte solution, we therefore measuredn Fig. 2 we show our results for the time-dependent sel
with one long current pulse of duratiayy, finding exactly the diffusion coefficientD * (t) of the tetrabutylammonium cation

RESULTS AND DISCUSSION

Time-Dependent Self-Diffusion Coefficients
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i D(t)/Dy = LT + Buft — BIt¥2 [4b]

where 3; and 3, are constants2(l).

The tortuosity, T, obtained from a fit of the ionic self-
diffusion coefficients in Fig. 2 to Eq. [4b], §(D ") = 2.87 +
0.15. Unfortunately, this value cannot be compared with ref
erence data, since in the literature no tortuosities could
found for the Sephadex-water system.

To our knowledge the given tortuosity value is the very firs
which has been derived via aionic diffusion coefficient.
Therefore we asked the question if there is an agreement wi

.t 2 s the tortuosity derived via the commonly used solvent (watel

diffusion coefficient in the same system. Under the assumptic

0.2 T T T . T T T T that only geometric restrictions are influencing the value of th
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

steady-state diffusion coefficienis,;, we should obtain in the
same system equal tortuosities from the diffusion coefficien
FIG. 2. The observation time\ dependence of the relative ionic self-Of different particles of similar size. Thus we performed anal
diffusion coefficientD™/Dg of the (GHg), cation in aqueous solution con- ogous time-dependent diffusion measurements on the solve
filed in the porous medium Sephadex LH-20 at 28g.= 0.49- 10 °m* molecules (HO) in Sephadex LH 20 yielding a tortuosity
S T(Dp,0) = 1.89 = 0.04, which is markedly lower than the
above giverT(D*). Thus we have to conclude that at the sal
, , o concentration of 0.07 molal at least the ralg /D™ is influ-
in DO as pore fluid of Sephadex _L5H-2(1D _(tl) IS QIVEN  enced by non-geometric effects, which are most probabl
relative toD, = (0.49 = 0.04)- 10 cm? s, the ionic jon_wall ‘or ion-network interactions. If one assumes tha
self—dlffu5|on coefflme_nt in the bulk eIectrc_)Iyte solution. Wer(DHZO) is the pure geometrical tortuosity, the raliéD,, o)/
recognize the typical time dependence as it has been found-f?b+) = Pree Might yield information about the time of
pure liquids in many previous investigations (see, €.g., Refjjherence of ions at the pore wall or at the chains of tt
(6-8, 19). In the literature several theoretical approaches fattvork. In a simple two-site model, where one site corre
the behavior ofD(t)/D, as a fuhction of time can be fo“_”dsponds to a bound ion and the other site to a free pag, =
(15,18-20, where the short-time behavior is, e.9., 9ivVeR _ ¢ t would represent the probability of the ion to be in the
by (20) free state 1/t is the fraction of time for an ion in the bound
state). In the present case we obtaip. = 1.89/2.87= 0.66
D(t)/Dy = 1 — A(Dt)Y2+ B,Dt + O(D )2 [3] for the tetrabutylammonium cation at the given salt concentr:
tion. (We expect that with increasing salt concentrafpag,
will also increase and finally approach the value of 1 at higl
salt concentrations. This expected behavior shall be checked
further work from our laboratory by measurements at highe
alt concentrations.)

A[s]

and whereA, andB, are connected witl¥/V,,, the surface to
volume ratio of the space occupied by the fluid.

If the medium is interconnected, for long times and wit
VDt>¢, where ¢ is the correlation length of the porous
medium, the diffusion coefficient approaches a constant valg.e Time-Dependent lonic Mobility Measurements

In Fig. 3 we present the first results of ionic mobilitias
D, [4a] measured in a disordered system by ENMR. The mobilities of tt
tetrabutylammonium ion have been measured at three differe
external electric fieldsH = 960, 1770, and 4000 Vit). We
as mentioned above. We have to point out that in the systeetognize that we observe qualitatively the same observati
under investigation in the present work, the experimental a@me-dependence as we found for the ionic self-diffusion. Thus w
cessible observation times are limited to comparatively shalttect here for the first time the phenomenon of “anomalous fie
values and therefore a completely time-dependeptshould assisted diffusion* or “anomalous mobility” in a porous medium
not be observed. On the other hand, as can be seen from Figs finding is not surprising since we know that “anomalou:
2, D(t)/D, reaches already after about one second an almdgtusion” and thus also “anomalous mobility” is caused by con
constant value. As shown by other authoBs 15, 18, 2], T  fining geometries which are probed by the displacement of tf
can be obtained from a fit to the theoretical approach for tlparticle under observation. Thus, the mean square displacem
long-time behavior oD(t)/Dy, (Z(t)) and the mean displacemetr(t)), respectively, play a

=l

Deit = D(t > ) =
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u'/ut and in the porous system fdt — oo, respectively. The
evaluation of the results in Fig. 4 delivef§u™) = 2.82 +
0.25, which means, within the experimental error limits, a
perfect agreement of (D*) and T(u™). From our finding
Dg /D = Ug/udys and from the validity oD5 ~ ug in the
bulk solution, it follows thaD 2 ~ uZ is valid in our gel-like
porous medium. This means that we could, to our knowledg
for the first time, experimentally prove that in a disorderec
system the Einstein relation is still valid as it is, e.g., assume
in many theoretical approaches and in computer simulations
electrical transport in porous systends 22).

0.2 T v T T T T T T T T
0 0.05 0.10 0.15 0.20 0.25 CONCLUSIONS
A'fs]

FIG. 3. Observation timeA’ dependence of the relative ionic mobility In concluglon we have deanStratEd ,that_'r_] a porous mEdlu,'
u*/ug of (C,Hg)X in aqueous solution confined in the porous medium Sepﬁatur?-ted W'th electrolyte Sc?lUt'ona the dlﬁU.SN'ty and the electri
adex LH-20. T= 25°C. The measurements were performed at three differemobility of ionic charge carries can be studied by PFG NMR an
external electric field& = 960 V+m"1 (w); 1770 \f;n‘l 2(72140({2Vm‘1'(A)_- ENMR, respectively. Consequently, ENMR in principle offers ¢
The data are given relative t, = 1.22- 10" m" s = V7 the ionic el experimental access to microscopic investigations of char
mobility in the non-confined bulk solution. . R .

transport and electrical conductivity in porous media as, e.g.,
salt-water-saturated rock3) or in other disordered continuum
systems as ceramics or catalytic beads. It allows the experimer

central role. In the case of diffusion, with a givBn(z(t)) is only check of theoretical models and their inherent assumptior

afunction of ime, namely, (22, 24, 25. Furthermore our results indicate that those ENMF
5 . techniques might also be suited for the investigation of ion tran:
(Z(1)) = 2 Dt [5] port in different kinds of membranes. In particular, we found tha

o _ there is an analogous, typical observation time-dependence
(x = 1 for normal diffusion andk < 1 for anomalous diffu- gifusion and electric mobility of the ion, which obviously will
sion). On the other hand the mean displacement of the migrafinw the use of the drift velocity (electric mobility) for probing

ing ion in the electric field is determined by the product of thg,q microgeometry of porous media by a kind of “dynamic im-
drift velocity v in the direction of the magnetic field gradientyging” experiment?).

and the timet:

(z(t)) = vt = UEt. [6] It
Thus we expect that in this case the mean displacefzét)}
finally depends on the produkit.

We can check the validity of this expectation by plotting the
mobility data in Fig. 3 versu&t, as it is shown in Fig. 4, ;-
displaying an impressive agreement of the experimental data
obtained at different electric fields and in accordance with the
theoretical expectation. Thus, the result that all experimentals-
data points fall on one curve in Fig. 4 proves that in the porous |
medium under investigation the displacement of the ion along
the macroscopic electric field directians a linear function of 4]
E as in the non-confined electrolyte solution. The fact that the 1
drift velocity in the disordered system varies in proportioftto

1.0

. T T T T T T T T T T
already indicates that the Einstein relation is not violated. At o 200 400 600 800 1000 1200
first glance we recognize from Fig. 4 that/ug approaches at EA [Vir's]
high EA’-values a limiting value which is almost exactly the
same as that fob +/Dar in Fig. 2. FIG. 4. Relative ionic mobilitiesu*/ug, obtained from the data in Fig. 3,

In an analodous wav as in the case of self-diffusion we Cglotted vs the quantitygeA’, the product of observation timA’ and the
gous way ! Mmusi w {&ernal electric fieldE. All other details correspond to Fig. 3. (A number of

: e . e
derive from the data in Fig. 4 the tortuosity, hereT§g") =  aqditional data points#) have been obtained with electric fields in the range
Ug /ugys, Whereug anduZy are cationic mobilities in the bulk 1000-3500 Vm'*, however, not at thosg values as given in Fig. 3.)
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