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The results of neutron radiography studies on macroscopic self-diffusion
of water confined within rigid porous material reveal the substantial reduc-
tion in diffusion constant in comparison to the diffusion in large volume. The
studies performed in the 30-50°C temperature range on fired clay brick of
30% porosity show decrease in diffusion constant to approximately 17% of
its value for free space and the Archie exponent is 1.4. The Arrhenius law
was confirmed and the activation energy was found of the same value as in
the water bulk.

PACS numbers: 66.10.cg, 66.30.jj, 47.56.+r, 81.70.—q

1. Introduction

The knowledge of self-diffusion parameters of water confined within a porous
medium is important for chemical engineering and optimizing of soil moisture as
well as basic science [1-4]. The slowing down of the diffusion advancing in a
liquid filling up the voids within solid matrix of porous medium in comparison to
the process proceeding in a large volume is known very well. The experimental
data on the diffusion parameters are of a crucial importance for any theory of the
diffusion in liquid in confined geometries [3—7]. Most of the accurate measurements
of the diffusion coefficient were obtained with application of radioactive isotopic
tracer [8], specialized NMR techniques as pulsed-field-gradient spin-echo [9, 10]
or neutron quasielastic scattering [11]. The NMR methods provide the data on
diffusion on small distances (~ 10 pm) and short times (~ 100 us) [9]. In this
work we report for the first time on the neutron radiography measurements of self-
diffusion of water in porous medium observed on macroscopic distances (~ 1 cm).

The main aim of our work was to apply the dynamic neutron radiography
in quantitative studies of water self-diffusion in a porous system. The application
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of the neutron radiography employs the marked optical contrast between ordinary
and heavy water for thermal neutrons. The contrast comes mainly from large
incoherent scattering of thermal neutrons by systems containing hydrogen nuclei,
the effect almost absent in case of deuterons.

Our first observations of the water self-diffusion carried out with the neutron
radiography yielded only rough estimate of the self-diffusion coefficient at room
temperature [12]. In the present work the system studied was held in stabilized
conditions and the measurements were performed at 30, 35, 40, 45, and 50°C. One
should bear in mind that the diffusion is rather slow phenomenon in comparison
to the spontaneous imbibition driven by capillary force. The times of observations
are then almost one hundred times longer than that needed in case of the capillary
forces induced migration of liquid in the same porous system.

2. Experimental

The studies were performed on a sample of fired clay brick of effective poros-
ity ~ 30% (36% as determined by destructive mercury intrusion), of the same
kind as used previously as the medium in spontaneous imbibition studies [12-14].
The effective capillary radius of the sample as determined from the rate of water
imbibition was ~ 5.5 nm. The pore boundary surface has a fractal structure with
the fractal dimension Df ~ 2.4 estimated with the small angle neutron scattering
and analysis of the spatial distribution of water during imbibition [15].

(a) (b)

valve valve

Fig. 1. The sketch of the experimental setup (a), and the neutron radiogram taken after
71 h of the experiment at 50°C (b). Due to water evaporation the upper containers are

only partially filled with liquids after 70 h.

The experimental setup comprised the parallelepiped 54 x 12 x 12 mm sample
of the porous material with two containers fixed to its ends (Fig. 1). The sample
was initially dried for approximately 70 h at 80°C. Then it was saturated for
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Fig. 2. The radiograms of the sample at 50°C taken before (a), and at two different
times 23 (b), and 71 h (c), after flooding the left container with HO.

24 h with D5O by filling both containers with heavy water. Before starting the
experiment the two upper containers with valves enabling to fill and supplement
the sample containers with appropriate liquid were attached to the system. The
whole setup was placed inside the special thermal cell and kept in a stabilized
temperature (30, 35, 40, 45, and 50°C) for 3 h and then put in contact with HyO
at one of its ends. In order to avoid evaporation of DyO from the sample its
sides were covered with acrylic paint and the second end of the specimen was in
permanent contact with DO filled container (Figs. 1 and 2).

The presence of the H,O in the material can be observed due to the large
optical neutron contrast between HoO and DO. The neutron radiograms were
recorded for over 80 h with the dynamical neutron radiography station at MARIA
reactor [12, 13]. In first few hours after filling the HyO container with the liquid
we observed in the radiograms a dark region that emerged at the HoO immersed
end and progressed slowly towards the sample’s end in contact with DoO (Fig. 2).

The brightness of the pixels on the axial line of the sample image was used
as a measure of the HoO volumetric content in a sample. The dependence of the
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volumetric content of ordinary water 6(x,t) at some time ¢ on the position z along
the axis was determined according to the standard procedure [12, 13]:

1 In ID (1‘)
W(EH — ED) IH(CL‘,t),

O(z,t) =

with Ip(z) and Iy(z,t) denoting the intensity of the neutrons leaving the sample
saturated with DoO and containing HoO molecules at the position after some time
t, respectively. The neutron intensities, Ip, Iy were determined as the differences
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Fig. 3. The experimental spatial distributions of H2O content along sample axis
(points) at 30°C (a), 40°C (b), and 50°C (c), fitted with the solution of the diffusion

equation (solid lines).
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between pixel brightness of corresponding image and the average brightness of the
radiogram taken with shielded neutron beam. W, Yy, and Yp are sample width
and macroscopic scattering length of HoO for neutrons, respectively. The images
were calibrated and the average distance between neighboring pixels corresponds
to 0.153 mm.

The experimental distributions of HoO were determined for at least five
different times (ranging from 2 to 75 h) after beginning of the process for each of
the five experimental temperatures. The data (Fig. 3) were analyzed in terms of
the simple solution

X
O(x,t) = Operfc | —— | + 6
(z,t) Oerc(%/ﬁ) b

of the diffusion equation, with the diffusion coefficient D, initial water saturation 6,
and saturation background 6}, as the fitting parameters. The solution corresponds
to the boundary condition #(x = 0,t) = const and §(z = co,t) = 6.

The irregularities observed in the experimental curves are the main reason
for rather large error bars for estimated quantities. They are due to the medium
value of the neutron flux density at the sample (5 x 10 ecm™2 s7!) and the 8-bit
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Fig. 4. The dependence of the fit parameters: x = 0 boundary water content 6y (a),
and diffusion coefficient D (b), on time ¢ elapsed since the beginning of the process.
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coding of the gray scale used in the camera software. The deficiency could be
overcome with application of the higher neutron flux and more dynamic (12-bit)

encoding.
Due to the presence of the neutrons scattered on the HoO container and
sparse data in the narrow region of 5 mm width near x = 0 the determined

parameters D and 6 vary substantially with the time for the initial stages of the
process (Fig. 4) at any temperature considered. One should note that for longer
times these values stabilize and 6 is close to the 0.3, the effective porosity of the
sample. The background 6, increases with the time of the process. For further
analysis we have assumed that at each temperature the macroscopic diffusion of the
H50 in the porous medium saturated with D20 is described at each temperature
by the average values of the diffusion coefficient determined for the longest times.
This assumption yields the values of the diffusion constant within 12% error bars.

3. Discussion

We have assumed that the determined diffusion constant is the water self-
diffusion constant. Since the error bars for our values are of approximately 12%
and the correction factor accounting for the difference in mass between HoO and
D0 is approximately 0.95, this assumption is reasonable for the discussion of the
behavior of the diffusion coefficient.

First of all, we have found that the diffusion coefficient determined for HoO
diffusing in D50 filling the pores of the porous medium is substantially smaller
than the values of the self-diffusion coefficients in water given for large volumes.
Specifically, the determined water self-diffusion coefficient in fired brick at 30°C is
equal to 4.2 x 1074 mm? s~! and is approximately 6 times smaller than that for
the free space (2.6-2.9 x 1072 mm? s~1) [8, 16]. The reduction of transport coeffi-
cients (like electrical conductivity), for materials confined within pore boundaries
in porous media is well known effect and is conventionally discussed in terms of
the Archie law [9, 17, 18]. Written in terms of the diffusion coefficient the Archie
law links the diffusion constant for porous system with the system porosity

D orous
p S :A@m,

Dy
where Dypyix is the diffusion constant measured in large volume. The Archie law
exponent m is equal to 1.4 in our case, a value close to that found for electrical
conductivity of brine filling sedimentary rocks of different porosity [18]. How-
ever, the conventional description of reduction of transport coefficients by only
one variable, porosity, should be considered with many qualifications [9]. In the
case of water self-diffusion the mean length of a diffusive jump in the direction
of diffusion is approximately 0.4 nm [16] whereas the radius of pores determined
within capillary migration model for our medium is 5.5 nm and should not re-
strict the thermal motion of water molecules substantially. One should expect
that the tortuosity i.e. the ratio of the length of real average molecule path to the
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shortest distance measured along the direction of the molecule’s effective motion
is much more important. The problem is that the estimation of the tortuosity
from the independent transport coefficients measurements is not free from model
assumptions [17].

Ignoring inaccuracies observed for short times of the process no deviations
from the normal diffusion were noticed. The fractal nature of the pore surface
boundaries did not produce the anomalous diffusion effects at least for the longer
times of observations.

We have found that the temperature dependence of the water self-diffusion
coefficient in the fired clay brick can be fitted with Arrhenius law (Fig. 5):

D= DO exp(—AEo/kBT)
yielding the activation energy AFEy of 5 + 0.8 kcal mol™!, and Dy of 1.9 &

0.6 mm? s~!. The estimated value of activation energy is approximately 10%
higher than that (4.6 kcal mol=1) reported for the free space diffusion [8, 16].
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Fig. 5. The self-diffusion coefficient of water in the fired clay brick plotted against

inverse temperature. The solid line is the Arrhenius law fit.

For some applications it might be important that within the investigated
range of the temperature, the temperature dependence of the determined water
self-diffusion constant for porous medium can be also described by the linear func-
tion

D(T)[mm? s71] = (1.5 4 0.1) x 107°T[°C] — (8.4 £ 0.3) x 1075.

The activation energy determined from the linear approximation is consistent with
power expansion of the Arrhenius law

AEy
kpTg

which yields AEy equal to 4.9 + 0.8 kcal mol~! if one takes Ty = 313 K.

D(T) = D(To) |1+ (T -Ty)|,



1244

J.J. Milczarek et al.

4. Summary

We determined the self-diffusion constant for water confined within porous

medium. The self-diffusion in the porous material is substantially slower than that

occurring in free space and can be described by the Archie exponent equal to 1.4.

Despite fractal nature of the pore boundaries no features of anomalous diffusion
were observed. The temperature dependence of the diffusion coefficient conforms
to the Arrhenius law and the activation energy is close to that given for free space
diffusion as should be expected from the thermal motion nature of the diffusion.
The hints for improving the accuracy of determination of the diffusion parameters

with the neutron radiography have been given.
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