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Synopsis

The self-diffusion coefficient of water in a perfluorinated ionic membrane has been measured
for different water contents corresponding to water vapor pressures less than the saturated one.
The isotope method usually employed in the liquid state was extended to vapors, which led us to
an observation of three different isotopic species by quantitative far IR spectroscopy. Two mea-
surement methods are presented permitting a determination of the time lag and hence of the
diffusion coefficient. The slow variation of the diffusion coefficient with the water concentration,
as well as the good agreement of the numerical results given by different methods (permeation-
sorption) are explained by the fact that no plasticization occurs. This result has been independently
verified by other experiments.

INTRODUCTION

The transport properties of a dense perfluorinated ionic Nafion (DuPont)
membrane for water have been investigated within a larger project! with respect
to the following:

1. Direct determination of the different transport parameters such as the
coefficients of solubility, permeability, diffusion, and the concentration
profiles during gas permeation

2. Evolution of these parameters with the permeation conditions on the
upstream and downstream sides

3. Definition of the relation between the molecular structure? of the mem-
brane and the above-mentioned parameters.

The work presented here is more closely related to the determination of the
coefficient of self-diffusion for water concentrations smaller than the water
content of the membrane in saturated conditions. The usual methods for mea-
suring such a diffusion coefficient D are based on sorption techniques (deter-
mination of the kinetics) and on permeation techniques (observation of a time
lag). However, both of them are not independent of the mass transport. The
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coefficient of self-diffusion D* is the limit of the diffusion coefficient at zero
mass transport. By using isotopically different molecules and by tracing them,
it is possible to measure this coefficient D* directly.

When the diffusion is independent of permanent concentration, the two
diffusion coefficients are related by?
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where a is activity, ¢ is concentration and ¢ is the fractional volume. In systems
where there is no difference between concentration and activity, and for suf-
ficiently small volume fractions, the two coeflicients become equal.

Let us comment first on the diffusion coefficient determination by the sorp-
tion and permeation measurements. In the case of diffusion that is governed
by Fick’s law, the sorption ratio « is proportional to the square root of time as
long as @ < 0.5. Under these conditions we may deduce the diffusion coefficient
D for a given membrane thickness e? from
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and for @ = 0.5 at half-sorption (¢}):

_ 0.049¢”

z

D (3)

This relation results from the superposition of the two fluxes established be-
tween each membrane surface and the median plane, supposing the median
plane is at zero concentration. It assumes that the permeating molecules do
not reach the center of the membrane for a large fraction of the sorption.

The diffusion coefficient D can also be obtained from permeation measure-
ments. With this assumption that Fick’s law is valid, the quantity @ of the
molecules having diffused at a time ¢ through the membrane®® may be expressed
by

_Daf, e
Q== (t 6D) (4)

¢ here is the equilibrium concentration of sorption on the upstream interface;
the concentration on the downstream interface is maintained at a value close
to zero. A plot of @ versus t defines the time lag # by the position of the inter-
section with time axis, and D can be obtained from this value 6 by

D=— (5)

There are strong limitations in these two experimental determinations of
D. These two experiments give a diffusion coefficient averaged over different
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permanent concentrations in the membrane. The aim of this article is to propose
a technique based on optical analysis for measuring D inside the membrane
under uniform conditions of water content throughout the whole membrane.

OPTICALLY DETECTED DIFFUSION

Principle of Isotope Tracing with HHO/DDO

The major idea of this method is to start with an equilibrium state of the
membrane at a pressure p, between 0 and 17 torr, with DDO on both sides of
the membrane. At the beginning of the diffusion process DDO is replaced on
the one side by HHO at the same pressure. As the diffusion goes on, one may
observe increasing amounts of the HDO molecule on either side of the membrane
by spectroscopical analysis. Equations (4) and (5) may apply to the labeled
water molecule with the concentrations ¢ being the equilibrium concentration
at the beginning of the experiment.

Due to its high sensitivity, infrared spectroscopy is one of the most powerful
qualitative and quantitative methods for the detection of the isotopic species
of water. Technological considerations may perhaps favor the choice of mid-
IR; the far-IR, however, has the advantage of a very low detection limit for
water. Another and not less important advantage of FIR is that the resolving
power can be at least 20 times lower than for mid-IR at equal linewidth. From
the theoretical point of view a pure rotational spectrum of water vapor, even
if it is very complex, will necessarily be simpler than a mid-IR vibration-rotation
spectrum. For these reasons we choose FIR spectroscopy as the analytical tool
for our experiment.

Experimental

Spectrometer

The water vapor spectra were recorded on a POLYTEC FIR30 interferometer
between 20 and 250 cm 1. As the interferometer was operated under a vacuum
of typically 102 torr (thus the gas cell in the sample compartment was sur-
rounded by vacuum too), no water vapor contribution could be detected other
than the one in which we were interested.

The source aperture was chosen to be 3 mm, and all spectra were run with
a nonapodized resolution of 0.15 cm ™! in order to clearly discern the lines
associated with the different species present. Our FIR detection system consisted
of a Ge-bolometer operated at 4.2 K (from Infrared Laboratories) with a NEP
of 6 X 107* W/Hz'/? and a lock-in amplifier PAR 5209 with a PAR 196 light
chopper.

The control of the interferometer, data acquisition, and data processing were
performed by a Hewlett-Packard series 217 workstation. The programming
facilities of this scientific computer turned out to be very well suited for the
specific tasks of this type of experiment.

Diffusion Circuit and Its Operation

In Figure 1 we show the experimental setup for the diffusion experiment. It
consists of two constant-temperature baths, containing a glass bulb with de-
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Fig. 1. Experimental setup showing the principal elements for the diffusion experiment.

gassed light and heavy water, respectively, a cell with a Nafion membrane of
about 35 cm?2, two Barocel 600 pressure sensors from Datametrics, a custom-
built multiple-pass White cell (with a path length adjustable from 0.8 to 4.8
m), and a high-vacuum pump. All parts in contact with water vapor were made
of stainless steel in order to limit possible artifacts of adsorption or desorption
during the experiment.

The first step of operation is to evacuate all atmospheric humidity from the
system and to allow desorption of all surfaces as well as possible. Depending
on the preceding state, this may take a few hours. All valves are opened except
those of the water bulbs.

In a second step the valve of the vacuum pump is shut off, and we admit to
all the system D,O vapor at a pressure that is defined by the temperature of
the bath. As has been already shown,! it may take 2-3 h to get absorption
equilibrium of the Nafion membrane.

The third step marks the beginning of the diffusion process, which consists
in closing valve Vg, and opening of valve Vy. Thus one admits ordinary H,O
vapor to the permeation cell at rigorously the same pressure. It should be noted
here that the isotope effect of the water vapor pressure is far from being neg-
ligible,®!® and a correct equilibrium pressure may be obtained by fixing the
temperatures of the two independent baths accordingly. The control of the
temperatures has to be better than +0.05°C.

The H,0O molecules begin to diffuse through the membrane and will get into
the gas cell after a characteristic time delay. The FIR spectra show the rise of
the typical H,O absorption lines as time and diffusion progress.
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Choice of the Experimental Conditions for Diffusion

The performance of this type of measurement has been tested in a series of
preliminary runs for water vapor pressures ranging from 0.1 to 5 torr for the
two isotopic species. We found that the relation between absorbance and pres-
sure was linear, as it should be. Saturation of the most intense lines could be
avoided or at least limited by an appropriate choice of the path length of the
cell, which was generally 0.80 m. All tests on leakage and desorption from
surfaces were very satisfactory. A final verification in this context was the
analysis of a mixture containing 1% D,0 in H,0, which showed that minor
isotopic impurities could be quantified in good conditions.

For any mixture of H,O and D;0 we have to consider the equilibrium of the
reaction

H,0 + D;O < 2HDO

with a disproportionation constant K, = 3.74 at 0°C.1° In the case of an initial
content of 1% D,O we get 1.98% of HDO as the equilibrium establishes on the
side of HDO. The pure D,0O whose concentration is 0.01% becomes undetectable.

For our diffusion experiment we had to choose the fully deuterated water as
the initial state and to monitor the small quantities of light water, which convert
into HDO molecules. The reason for this choice becomes evident when looking
at the empirical formula defining the logarithm of the ratio of pressures as a
function of absolute temperature { valid for liquid H,O and D,0O in a temperature
range of 268 < t < 353 K), %

In p(H,0)/p(D,0) = 0.202524 — 209.412/ T + 57320.6T2 (6)

This shows us that the water vapor pressure for H,O is always higher than
that of D,O. For the lowest temperatures this amounts to 20% difference.
Therefore, if starting from H,0O at pressures close to saturated ones, it would
be impossible to replace the H,O molecules by D,O molecules at the same
pressure because condensation occurs.

Spectrometric Detection

First Method: Observation of Resolved Lines

The first method of analysis consisted of the measurement of some selected
HDO lines that were clearly resolved and not mixed or overlapped by D,O lines.
This statement may seem obvious from the theoretical point of view, but a
closer look reveals an extremely “rich” spectrum with only a few good candidates
for correct evaluation. In fact, there are some 900 observable absorption lines
in the far infrared corresponding to pure rotational transitions in the vibrational
ground state for a mixture of H,O, HDO, and D,O.

The rotational lines of ordinary water are actually known to a very high
degree of accuracy as to their positions, but to a lesser degree for their absolute
intensities. The most important compilations in this field, the HITRAN Mo-
lecular Database (1986 edition) from the U. S. Air Force Geophysics Labora-
tory!! or the data collection from Guelachvili and Rao!? may serve to trace the
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H,0 lines. For the HDO lines, however, the information is much less complete,
as the natural abundance for HDO is relatively low. Finally for the heavy-water
molecule only scarce data of direct observation is available at all, coming es-
sentially from microwave experiments.

In order to solve the problem of identification of the different water lines,
we took the respective energy levels and recalculated the line positions for a
set of about 70 of the most intense lines of the three species. The energy level
data were taken from Flaud et al.'® for H,O, from Messer et al.'* for HDO, and
from Papineau et al.!® for D,0. By this procedure we were able to assign about
20 nonidentified lines of HDO to low-order quantum number transitions in
Ref. 12.

Simultaneously we got a confidence check for the calibration of our inter-
ferometer that showed us that the positions of isolated lines were correct to
+0.001 cm ™.

For the numerical analysis we retained a set of 24 HDO lines and 7 H,O
from which we got either the absorbance readings or an integrated absorbance
value. The acquisition of one full resolution spectrum took about 30 min, so as
diffusion progressed the H,O and HDO lines became visible. A typical sequence
of six spectra recorded at 7.35 torr is shown in Figure 2. The spectral interval
of 105-110 cm ! is one of the favorable regions without strong absorptions of
D,0, thus permitting confident integration of the absorbance. The interesting
quantities, the absorptions of HDO and H,0, may be obtained directly by re-
cording the reference spectrum prior to the start of diffusion. The absorptions
of the D,O molecule, however, cancel very well as long as the lines do not
saturate. The observed evolution of the diffusion process on a time scale is
represented in Figure 3, where we show the integrated absorbance for five dif-
ferent spectral windows. As may be seen from this figure, the fitted curves
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Fig. 2. Rotational water vapor spectra for six different diffusion times at a pressure of 7.35
torr. All ratios for the absorbance spectra are calculated with a background spectrum recorded
prior to the beginning of diffusion at ¢t = 0, so that the contributions of D,0 to the absorbance are
canceled.
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Fig. 3. Behavior of the integrated absorbance for five different spectral windows versus time.
The experimental uncertainty is comparable with the symbol height.

intersect at a characteristic time, called the time lag, of the diffusion. From the
slope of the curves we calculate the diffusion constant. Thus each spectrum of
Figure 2 contributes to one abscissa point of the plot of the integrated absorbance
versus time. For water vapor pressures higher than 5 torr we limited our ob-
servation time to about 3 h as some HDO lines tended to saturate.

Second Method: Observation of Integrated Intensity

In spite of its straightforward data processing application, the first method
was not satisfactory for getting values of the time lag on a time scale of several
minutes. The time to acquire a whole spectrum was so long that we had to find
a method of direct observation of the evolution of the absorbance with time.
With an interferometer it is not possible (due to its physical principle) to
monitor a spectral intensity at a fixed wavenumber, as can be done with a
dispersive instrument. However, this problem may be solved in an elegant and
unusual way. A look at the expression for the luminous intensity I(6), which
reaches the detector of an interferometer, may show with more clarity the
difference between the two methods. It is given by

I((5)=J‘Oo L(»)[1+ cos(2wov)) dv = I, + Ifg(6) (7)

The optical path difference in centimeters is noted by 6, the wavenumber v is
in cm™, and L(7) is the distribution function of amplitudes over the total
spectral window or simply the “spectrum.” As one can see, the observed signal
is split into two parts:
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1. Part I, is independent of the path difference (or the mean intensity of
the interferogram) and presents in the space of wavenumbers the total
(or integrated) intensity of the spectrum.

2. A periodically modulated part that depends on the path difference, gen-
erally called interferogram function Ifg(6), and that is the Fourier trans-
form of L(7). We should add here that this modulation is an intrisic
property of an interferogram and should not be confused with any mod-
ulation that is needed for signal processing.

For the normal spectral analysis, as we did by the first method, one drops
the term I, (if it has not yet been done automatically by the fast scanning
interferometer), and the spectrum is calculated from the interferogram func-
tion Ifg(s).

With a slow scanning interferometer it is possible to exploit the information
content of 1. As the H,O and HDO vapors show a lot of spectral absorption
lines over the whole far infrared region, it is possible to measure the intensity
integrated over all wavenumbers falling onto the detector as a function of dif-
fusion time directly. The sampling is no longer controlled by an incremental
measurement system for the path difference, but rather by the clock of the
computer. With the mobile mirror of the interferometer held in a fixed position
(6 = constant), we recorded the drop of intensity due to the increasing number
of molecules having diffused at time intervals of 1 or 2 s. Theoretically the
value of the choosen path difference does not matter, but it is better to take a
value a few centimeters apart from the central fringe, in order to get readings
that are less subject to perturbations. A typical recording of the total spectral
intensity by this method is shown in Figure 4. Apart from some fluctuations
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Fig. 4. Measurement of the time lag by the second method (see text). The represented quantity
is the intensity of the interferogram at a fixed path difference, which is identical to the observed
total spectral intensity. The run shown here was for a pressure of 12 torr measured at time intervals
of 2s.
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due to noise, the observed intensity remains constant for times prior to the
beginning of diffusion. Once the diffusion is started, there is a characteristic
time lag 6 before the intensity falls. This decreasing intensity can be assumed
to be linear as long as a series development is justified by the absolute mag-
nitudes. We should give here some indications about the stability of our inter-
ferometer. The stability on a time scale of a few minutes is shown by the
irregularities of the curve in Figure 4, whereas drift over 24 h is typically within
1% of absolute intensity.

There are some major advantages to this procedure. First, time lags with
values on the order of a few minutes can be evaluated correctly in contrast to
the first method. Second, the exploitation does not need high-resolution spectra
with tedious identification of spectral lines, and it is thus much simpler. As the
calculation of the diffusion coefficient is done by the relation of Eq. (5), it is
not necessary to establish any calibration curve, for we need only the value of
the starting point of the total spectral intensity.

RESULTS AND DISCUSSION

A summary of our results is given in Figure 5, where we compare the diffusion
coefficients determined by different experimental methods and for different
relative water pressures. The three methods that give us a diffusion coefficient
for water in the liquid state follow:

1. The technique of self-diffusion with tritium-labeled liquid water that can
be traced by radioactive analysis

2. The technique of pervaporation using liquid water on the upstream side

3. The technique of sorption and recording the dimensional changes of the
membrane soaked in water.
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Fig. 5. Water diffusion coefficients for different relative pressures and for the liquid state in
a Nafion membrane. The uncertainty of the data is within the symbol size. For the liquid state
data it is slightly greater (note the change of scale).
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The numerical values for the diffusion coeflicient are rather similar: their av-
erage is about 1.5 X 107® cm?/s.

As may be seen in Figure 5, the coeflicients for water in the gas state show
a similar tendency and similar absolute values for D, which range between 1
and 3.1077 cm?/s. The decrease observed with the sorption technique is dis-
cussed in more detail below.

Concerning the self-diffusion experiment with water in the gas state, it should
be noted that the measurements extend only up to a relative pressure of 0.8.
This is due to the vapor pressure isotope effect of water, which does not allow
an experiment with a higher fraction of the saturated pressure. A systematic
comparison of the two methods of measurement and analysis employed with
the spectrometric detection of self-diffusion gave us very similar values for D*
and were reproducible within +5%.

In order to explain these observed diffusion coeflicients we have to discuss
several hypotheses. Let us first look at the effect of plasticization of the mem-
brane. The relation between diffusion coefficient and plasticization coefficient
is given by the classical expression

D = Deexp(yC) (8)

This clearly means that plasticization effects and concentration profiles are
directly connected; the larger v is, the more convex on the downstream side is
the profile. As we have already emphasized, the self-diffusion conditions imply
a constant concentration profile across the membrane, which is not the case
in permeation or sorption conditions. A comparison of the results obtained by
the different techniques shows us that to a first approximation the diffusion
coefficients do not depend on the concentration profile. As this condition is
only verified for a v close or equal to zero, we may consequently rule out an
effect of plasticization. We underline the difference with irradiation-grafted
membranes,'® where changes in D of several orders of magnitude have been
measured and values between 10 and 100 have been calculated.

From the present results we expect a quasi-linear profile for water permeation
through the Nafion membrane. Experimental evidence of such linear profiles
has recently been given by small-angle neutron scattering.!”

Since plasticization does not explain our results, we have to find another
reason to understand the small increase of the diffusion coefficients with the
relative pressure up to 0.7 and the drastic change observed between the gas
and liquid conditions. An interpretation, consistent with the other transport
properties obtained from other experiments,! is associated with the changes of
structure that occur upon hydration. At low water contents corresponding to
low water pressures, the water-swollen ionic domains are separated by an organic
matrix that limits the diffusion. A small increase of the diffusion coefficient is
observed due to the increase of the volume fraction of these hydrophilic domains.
When soaking in water the swelling is large enough to permit the percolation
of the 1onic domains, and the measured diffusion coefficient is associated with
this water containing phase.

The lower values of the diffusion coefficients measured in sorption are some-
times interpreted to be due to a decrease in the water concentration gradient
between the center of the membrane and the two external faces. This effect is
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generally important for thin membranes with high plasticization coefficients.
Such an explanation cannot apply in our case. The kinetic differences observed
close to the saturated pressure between sorption and permeation measurements
may be due to a slowing down of surface adsorption. For relative water pressures
larger than 0.7, the surface equilibria do not establish instantaneously; this is
thus a limiting step for sorption, whereas in permeation and self-diffusion this
problem does not exist. In permeation the flux establishes without equilibrium
on the upstream side. For self-diffusion, the equilibrium is established before
the measurement. Finally, for liquid water conditions, such a limitation is not
observed because in this case we have much higher molecule concentration at
the interface.

This hypothesis has been verified from the small-angle neutron scattering
measurements of the concentration profiles in permeation and pervaporation
conditions.!” We have shown that the sorption equilibria are not obtained in
permeation conditions for relative pressures larger than 0.7 while the water
content corresponding to saturated conditions is obtained in pervaporation
conditions.

These results have to be associated with other results concerning the inter-
actions of water with ionic sites. T'wo different states for water absorption have
been demonstrated from thermodynamic Méssbauer, electron spin resonance
measurements. The first water molecules that are sorbed fill the first hydration
shell of the cations, which occurs for relative water pressures close to 0.7. For
the following water molecules there will be a much decreased interaction energy.

CONCLUSION

Self-diffusion coefficient measurements in membranes equilibrated at vapor
pressures lower than saturated pressure have been made possible by using far
infrared spectroscopy. Such an experiment is able to detect HDO concentrations
lower than 0.01% in H,O/D,0O vapor mixtures and, therefore, makes time-lag
measurements possible. This type of analytical technique may be used with
other membranes and other molecules in the gas state that show a dipole
moimnent.

By comparison with the diffusion coeflicients obtained from the classical
sorption and permeation measurements, we can draw the following conclusions:

1. Changes in the water diffusion coefficients cannot be explained by plas-
ticization of the Nafion by water but may be explained by structural
changes that occur in the membrane upon water swelling.

2. Sorption experiments take into account the surface equilibria, which is
neither the case for the self-diffusion experiments, in which the equilib-
rium is obtained before the measurement is made, nor for the permeation
experiments where the water flux can be obtained without equilibrium
conditions on the upstream side. If the surface adsorption processes are
slower than the diffusion ones, the sorption kinetics can be very different
from the two other experiments.
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The above-mentioned results have been verified from the concentration pro-
files obtained from small-angle neutron scattering experiments in permeation
or pervaporation conditions.
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