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Transport Properties of Nafion® Membranes
in Concentrated Solution Environments

H. L .Yeager,* B. O'Dell, and Z. Twardowski
Department of Chemistry, University of Calgary, Calgary, Alberta, Canada T2N IN4

ABSTRACT

The transport properties of perfluorinated cation exchange membranes in
chlor-alkali cell solution environments have been studied using a newly de-
signed membrane test cell. A radiotracer-weight method was used to measure
sodium ion and water transport numbers for two Nafion® perfluorosulionate
membranes. A homogeneous film shows rapidly decreasing sodium ion frans-
port numbers with increasing NaOH catholyte concentration, reaching a value
of 0.56 mol F—1 with 12.5M solution at 80°C. A fabric-backed material with a
sulfonamide exchange site layer yields considerably higher values with a more
complicated concentration dependence. Water transport numbers for the latter
membrane are also higher; a value of about 3 mol ¥~1 is found for typical ex-
periments in which the anolyte solution is 5M NaCl. Results are discussed in
terms of the mechanism of ionic membrane transport in relation fo polymer

water and electrolyte sorption.

Recently we have reported self-diffusion coefficients
for sodium ion in several NafionR perfluorosulfonate
ion exchange membranes in concentrated sodium hy-
droxide solutions at elevated temperatures (1), The
determination of membrane diffusion coefficients is
part of an experimental program to provide param-
eters for a multicomponent transport model of mem-
brane chlor-alkali cells (2-4). In addition to measure-
ments of ionic diffusion and membrane water and
electrolyte contents (1), it is also necessary to de-
termine the dynamic properties of the membrane
under conditions typical of an operating cell. These
conditions include concentrated solution environments,
elevated temperatures, and high current densities.
Here we report a new cell design for measurement
of the sodium ion and water transport numbers in
ion exchange membranes under these conditions.

A rather extensive literature exists on the deter-
mination of ionic and water transport numbers in ion
exchange membranes. The majority of this work has
been reviewed by Lakshminarayanaiah (5, 6). Two
methods for ionic transport measurements are Hittorf-
type electrolysis experiments and indirect emf meth-
ods. In similar fashion, membrane water transport
numbers can be measured by electrolysis techniques
or by streaming potential measurements. Aside from
the systematic discrepancies which have been ob-
served between emf and the true electrolysis results
(5), the former techniques are inappropriate for this
work because we wish to measure membrane prop-
erties under conditions of high current density. Elec-
trolysis methods based on measuring changes in either
solution volume or weight can be employed. Volume
methods are generally more convenient, but are sus-
ceptible to errors due to membrane movement and
are difficult to use at elevated temveratures. Sinha
and Bennion (7) have determined potassium ion
transport numbers for a cation exchange membrane

* Electrochemical Society Active Member.
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in 2-10M potassium hydroxide solutions at room tem-
perature. Low current densities, 12 A m~—2 or less,
were used and results were determined by measure-
ment of solution volume changes and titrimetric
analysis. The average relative standard deviation ob-
tained for the potassium ion fransport number was
6% even for these carefully performed measurements.
The need to create a measurable concentration change
during electrolysis with this approach . presents a
particular problem for ionic transport number mea-
surements in concentrated solution environments. If
concentration changes are kept small it is difficult to
obtain sufficient accuracy in solution analysis to ob-
tain a reliable result. If larger concentration changes
are produced, such membrane properties as water
and electrolyte content are altered. In the latter case
interpretation of results becomes difficult, Meares and
Sutton (8) have described an elaborate method for
measuring membrane ionic transport numbers at con-
stant chemical composition using radiotracers. Al-
though this apparatus is not readily adaptable f{o the
experimental conditions of interest here, it demon-
strates that the use of radiotracers can be effective in
largely removing the problem of concentration changes
in the measurement of membrane transport param-
eters. Thus the experiments which are described
here are based on the radiotracer determination of
sodium ion transport numbers, combined with a
weight method for the measurement of water trans-
port numbers. Results are discussed in terms of the
factors which influence the overall transport charac-
teristics of an ion exchange membrane in a chlor-
alkali cell.
Experimental

Apparatus.—A diagram of the membrane transport
test cell is shown in Fig. 1 and 2. The cylindrical cell
is constructed entirely of Teflon, with an outside
diameter of 15 cm. The Teflon stirring assembly in
each half-cell is held in place using a press-fit bear-
ing the threaded end cap. Teflon-coated magnetic
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Fig. 1. lon exchange membrane transport cell

stirring bars provide coupling to externally placed
magnets which are attached to constant speed motors.
Solutions are stirred at speeds of 600 rpm to avoid
concentration polarization at membrane surfaces and
to hasten temperature equilibration. The ion exchange
membrane is placed between the half-cells using sili-
cone rubber gaskets, and the cell assembly is then
clamped together with brass end plates and threaded

bolts (not shown). The interior compartment of
each half-cell is conical in shape; this design allows
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Fig. 2. Top view of a half-cell, with dimensions in mm

for even distribution of current lines of flux through
the membrane, optimum drainage for solution re-
covery, and gas bubble disengagement space above
the solution level.

Circular platinum mesh electrodes of 6 c¢cm diam
are used in the cell; platinum wire leads are fitted
through threaded Teflon fittings in openings B. The
electrodes have center holes to accommodate the
stirrer shafts. Openings A are used for solution de-
livery and sample withdrawal. Weighed drying tubes
filled with molecular sieves are fitted here during the
experiment so that water lost by evaporation can be
determined. Solutions are heated with 80W cartridge
heaters (Watlow ZElectric Manufacturing Company)
placed in each half-cell; temperature control (+1°C)
is achieved using a platinum temperature sensor and
proportional temperature controller (Cole-Parmer
Instrument Company). The heatérs and temperature
sensor are inserted into titanium tubular holders
which are fitted into openings C and D (Fig. 2).

Procedure.—The membrane is equilibrated with ap-
propriate solutions at elevated temperature in the
cell for up to 24 hr. These solutions are then carefully
removed by syphoning and replaced with weighed
portions of identical solutions, about 330 ml for each
half-cell. After temperature equilibration is achieved,
the anode compartment is doped with sodium-22
radiotracer, an initial weighed sample of anode solu-
tion is removed, and constant current (=0.1%) is
initiated. The exposed membrane area is 8 cm?; a
current of 1.6A is used in all experiments to yield a
current density of 2 kA m~2, Electrolysis is continued
for 1-2 hr until solution concentrations have changed
by about 1%. Finally, anode and cathode solutions
are syphoned and weighed, and samples of cathode
solution are analyzed for radioactivity and composi-
tion by titration. Typically 0.5% of the original radio-
active sodium-22 is transferred during an experiment.

Experiments were conducted in which solutions
were initially weighed into a dry cell, and the cell
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was disassembled to determine last traces (<1g) of
solution left after syphoning, Both procedures yield
identical results, confirming the accuracy of the
simpler approach.

The sodium ion transport number, tnxa+, is calcu-
lated from the weight concentration and radioactiv-
ity of the anode solution and the total amount of
transferred radioactivity. The frue sodium ion trans-
port number describes the net amount of sodium
ion transported from the anode to the cathode com-
partment; back-diffusion of sodium ion generates
an error when using radiochemical methods, par-
ticularly at low current densities (8). Experiments
were therefore performed where the cathode solu-
tion was doped with radiotracer and its appearance
in the anode solution was monitored. Corrections to
tna+ were less than 0.5%, as would be expected at a
current density of 2 kA m—2,

To calculate the transport number of water, tuso
(mol F—1), the weight of water in the cathode solu~-
tion before and after electrolysis is determined from
solution weight concentrations and weights. The trans-
port number is then given by

(Awtpgo) F
t = 1 1
0 = 01 GA) (tsee) T (]

The second term in Eq. [1] corrects for the consump-
tion of water in the cathode reaction. Estimated stan-
dard deviation for tna+ and tmso are 0.015 and 0.5 mol
F-1 respectively.

Materials.—Two Nafion membranes were studied:
1150 equivalent weight unbacked film and Nafion 295.
The latter material is an 1150 EW membrane which is
backed with an open weave Teflon fabric (70% open
area), and the cathode surface of the membrane has
been treated with ethylenediamine to produce weakly
acidic sulfonamide exchange sites. Various properties
of these membranes in concentrated sodium hydroxide
solution have been reported previously (1).

Results and Discussion
Sodium ion and water transport numbers for 1150
EW are listed in Tables I and II. The values in Table
I are those of experiments in which identical NaOH
solutions were used in anode and cathode compart-
ments. In Table II all experiments utilized 5M NaCl as
the anode solution while cathode solutions were either

Table I. Sodium ion and water transport numbers for 1150 EW
Nafion, sodium hydroxide solution

Solution
concen-
Temper- tration tNat te,0
ature (°C) (mol 1-%) (mol F-1) (mol F-1)
80 5.0° 0.78 24
9.8 0.64 0.5
109 0.62 1.2
11.2 0.61 0.6
12.8 0.56 0.5
90 5.0 0.76 3.0
9.8 0.64 0.4
13.0 0.60 0.9

* Molar concentrations were determined at room temperature.

Table 11. Sodium ion and water transport numbers for 1150 EW
Nafion, sodium chloride and sodium hydroxide solutions

Anode Cathode
Temper- solution solution tyat tu,0
ature (°C) (mol 1-1) (mol 1-1) (mol F-1) (mol F-1)
70 NaCl, 5.0 NaCi, 5.0 0.99 3.6
80 5.0 5.0 0.99 2.8
90 5.0 5.0 1.00 2.3
80 NacCl, 5.0 NaOH, 5.0 0.80 21
80 5.0 9.5 0.69 19
80 5.0 11.0 0.62 1.8
80 5.0 124 0.58 17
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5M NaCl or various concentrations of NaOH. As seen in
the tables and Fig. 3, tna+ decreases smoothly with in-
creasing NaOH concentration for 1150 EW. This would
be expected due to increasing electrolyte sorption into
the membrane phase. However, it has been observed
that although electrolyte invasion does occur for Nafion
membranes in concentrated NaOH solutions, the
amount of sorbed electrolyte remains relatively con-
stant over the concentration ranges used in this work
(1, 9). Membrane water contents for 1100 EW (9) and
Nafion 295 (1) are seen to be greatly affected though,
and so the only major change in membrane composi-
tion is the reduction in water content with increasing
electrolyte concentration. (This is reflected in Table I
by the generally lower tmyo values for 1150 EW as
NaOH concentration increases,) Mauritz and co-work-
ers suggest that a tunneling process of the form

H

I
Na+tO—H OH- = Na+OH~ Hp0
8-8*

would enhance hydroxide ion transport in environ-
ments of decreasing water content due to increased
polarization of the O—H bond (9). This explanation
appears reasonable in light of the measured transport
numbers and the rather unusual electrolyte sorption
characteristics of these membranes.

An interesting aspect of the tya+ values for 1150 EW
in concentrated solution is their relatively large mag-
nitude. In general the low concentration of exchange
sites (about 1.0 x 10—3 mol/g swollen polymer) in
1150 EW would not be expected to cause sufficient
Donnan exclusion of electrolyte to allow tna+ to rise
much above 0.5. In comparison, Kressman and co-
workers measured tna+ for a heterogeneous sulfonate
ion exchange membrane with much larger ion ex-
change capacity and found that in concentrated NaOH
solution at 25°C, tna+ falls below 0.5 for solution con-
centrations larger than 4M (10). We would attribute
the difference to the ion clustered morphology of
Nafion. The ion clusters generate centers of high ex-
change site concentration rather than a more even
distribution throughout the membrane phase as for
conventional materials (11). The ion clustering phe-
nomenon has been shown to produce a variety of un-
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Fig. 3. Sodium ion transport number vs. NaOH catholyte concen-
tration. (), @: 1150 EW membrane; [], M: Nafion 295. Anclyte
solution is NoOH for light symbols and 5M NaCl for dark symbols.
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usual thermodynamic and transport properties for
Nafion membranes in dilute solution environments (12-
15). The tn,+ values of near unity in NaCl/NaCl
systems in Table II are particularly noteworthy. The
membrane concentrations of sodium ion and chloride
ion in 1150 EW equilibrated with 5M NaCl solution
at 80°C are 1.9 x 10-3 and 04 Xx 10-3 mol cm™3,
respectively (16), indicating that while there is break-
down of Donnan exclusion and subsequent electrolyte
sorption, chloride dees not participate in conduction
of current at a high current density.

The transport numbers in Table I for NaOH/NaOH
systems are seen to have little temperature depen-
dence. A similar result was obtained for the tempera-
ture dependence of self-diffusion of sodium ion in
1150 EW for 9.5M NaOH solution, where the activation
energy of diffusion from 60° to 90°C was only 2.5 kcal
mol—1 (1),

Transport numbers for Nafion 295 are presented in
Table III for experiments using identical NaOH solu-
tions and for those in which the anode solution was
fixed at 5M NaCl. These results may be compared to
other measurements of the transport properties of
Nafion 295. Hora and Maloney report an average
caustic current efficiency of 88% for this membrane
when used in a chlor-alkali cell (17). Maloney also
reports a current efficiency of 93% at 5M NaCl, 10M
NaOH concentrations and 2 kA m~—2 current density
(18) Berzins measured a water transport number of
3.2 mol F-1 for 9M NaOH caustic strength with a mem-
brane of the 295 composition but without fabric back-
ing (19). In a recent report, Dotson and co-workers
(20, 21) measured tna+ and tmyo for Nafion 295 at 85°
and 1-3 kA m~—? current density. For experiments
where identical NaOH concentrations are used as ano-
lyte and catholyte, they report tuso values from 4.0 to
1.5 over the concentration range studied in Table III,
in excellent agreement with our results. However, their
tna+ values are all about 0.1 mol F~1! lower than ours,
although they observe a peak in txa+ at about 11M
NaOH as seen in Fig. 3, No explanation can be offered
here for this discrepancy, These workers have observed
that the transport properties of Nafion 295 are inde-
pendent of current density in the 1-3 kA m~2 range
(18, 20, 21). Thus we have not varied current density
here but have focused instead on the influence of other
parameters.

As seen in Table III and Fig. 3, the dependence of
tna+ on NaOH concentration has change dramatically
with the introduction of the sulfonamide layer on
the cathode surface of the membrane. At intermediate
concentrations ty.+ actually increases with increasing
concentration followed by a rapid decrease as the
NaOH cathode solution concentration is raised about
12M. The sulfonamide layer is characterized by both
reduced water content and sorbed electrolyte and thus
serves as a barrier to hydroxide transport (1, 17). As
discussed by Mauritz et al., in environments of ex-
tremely low water levels, as would be present in the
sulfonamide layer, ion pairing would reduce the effect

Table 1il. Sodium ion and water transport numbers,
Nafion 295, 80°C

Anode Cathode
solution solution tNa* tu0
(mol 1-1) (mol 1-1) (mol F-) (mol F-1)
NaOH, 4.2 NaOH, 4.2 0.93 4.1
5.5 5.5 0.92 3.1
9.5 9.5 0.96 1.8
11.0 110 0.94 14
12.5 12.5 0.83 1.4
5.8 5.8 0.80 2.2%
NaCl, 5.0 NaOH, 5.0 0.91 3.9
5.0 9.5 0.94 29
5.0 114 0.96 3.0
5.0 12.8 0.88 2.9

* Treated membrane surface facing anode solution.

January 1982

of a proton tunneling mechanism of hydroxide trans-
port (9). Simifar but less pronounced improvements
in current emciency are seen even with Nafion com-
posite membranes where the cathode surface of the
membrane is simply a higher equivalent weight sul-
fonate form, yielding fewer exchange sites (19).

The presence of a minimum in the ty,+ plots for
Nafion 295 can be related to the effects of electro-
osmosis. In general ty,o is a function of tna+ and other
membrane parameters, but also strongly depends on
anolyte concenfration for cation exchange membranes
(5, 21). Sodium ion, as the major current carrier, trans-
ports net positive amounts of water across the mem-
brane. The frictional interaction between this water
and hydroxide serves to increase tna+. Kressman and
Tye provide a general discussion of the effects of elec~
troosmosis on cation transport number for cation ex-
change membranes in concentrated solution environ-
ments (22). They predict a minimum can be obtained
in the concentration dependence of tna+ for a suffi-
ciently large electroosmotic effect, even if anode and
cathode solutions are of the same concentration. With
fixed NaCl concentration and increasing NaOH con-
centrations in the cathode compartment, an osmotic
component to water transport might also be expected.
This would serve to increase water-hydroxide fric-
tional interaction. As seen in Fig. 3, the result for
Nafion 295 is to shift the tya+ curve to higher con-
centrations of NaOH for the mixed electrolyte experi-
ments. For the 1150 EW membrane, where tu,o values
are smaller, much smaller differences in tns+ are
seen between the two types of experiment.

Although water transport provides a positive con-
tribution to f{n.+, the presence of large amounts of
water in a membrane serves to favor hydroxide mi-
gration relative to that of sodium ion. These opposing
effects lead to current efficiencies generally lower than
90% for homogeneous Nafion materials in highly con-
centrated NaOH solution environments. Berzins mea-
sured current efficiencies and water transport numbers
for three Nafion membranes in NaCl/NaOH systems at
80°C and 3 kA m—2 current density: 0.1 mm thick 1100
EW, 0.06 mm 1500 EW, and a composite membrane
composed of the two homogeneous films (19). The
1100 EW membrane shows current efficiencies of 55%,
40%, and 70% at NaOH concentrations of 6M, 10M, and
14M, respectively. For the 1500 EW membrane, current
efficiency steadily declines from 85% to 55% over this
concentration range, The water transport number in-
creases for 1100 EW from 2 to 3.5 mol F—1 while for
1500 EW it decreases from 3 to 2 mol F~! with increas-
ing NaOH concentration. The performance of the com-
posite film is very similar to that of the 1500 EW mem-
brane, with the exception of slightly increased water
transport. As predicted by Kressman and Tye, a mini-
mum in current efficiency is seen for the membrane
with larger water content and, probably due to an os-
motic contribution, the 1100 EW membrane actually
has a superior current efficiency at highest NaOH con-
centrations. Thus the overall performance of a homo-
geneous membrane is the net result of complicated
interactions among cation transport, electroosmosis,
osmosis, and the effect of membrane water content on
the hydroxide transport mechanism. We would attrib-
ute the higher current efficiency of Nafion 295 over the
1100 EW/1500 EW composite membrane to the lower
acidity of sulfonamide exchange sites, which would re-
duce water content, enhance ion pairing, and thus
discourage hydroxide ion transport.

The water transport number for Nafion 295 in NaCl/
NaOH experiments is seen to remain at about 3, in-
dependent of NaOH concentration. This value is similar
to that of 1150 EW in 5M NaCl solution. It is interesting
to note that the sulfonamide layer does not appear to
restrict water transport. An increase in water concen-
tration in the 1150 EW portion of the 295 membrane
due to electroosmosis might be responsible for this
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behavior, perhaps resulting in intramembrane pres-
sure gradients (2).

Krishtalik discusses the performance of a hypotheti-
cal two layer cation exchange membrane in chlor-alkali
electrolysis (23). One layer would be highly conduct-
ing, but have low selectivity for transport of cations
over anions, and the second layer (such as the sulfon-
amide layer in Nafion 295) would have opposite prop-
erties. His treatment yields the result that when the
selective layer faces the hydroxide solution, the cur-
rent efficiency of the composife membrane would be
the same or slightly higher than that of the layer when
used alone as a homogeneous film, If the placement of
the composite membrane is reversed in the cell, the
current efficiency should be somewhat better than us-
ing the nonselective film alone, but much lower than
that of the composite membrane in the opposite place-
ment. One experiment was performed here for Nafion
295 in NaOH solutions, in which the sulfonamide layer
faced the anode compartment. As predicted, the tna+
value of 0.80 is marginally higher than the 0.78 re-
sult for 1150 EW, but much smaller than the value of
0.92 when the membrane is used in the opposite con-
figuration.

In conclusion, the current efficiency of a chlor-
alkali membrane cell is seen to be a complicated func-
tion of several membrane and solution parameters.
These interactions become more complex in composite
membranes. General features which lead to high cur-
rent efficiencies are large ion exchange capacity to en-
hance cation diffusion and reject electrolyte sorption,
low water content to prevent hydroxide migration by
a tunneling effect, and osmotic or electroosmotic water
transport to increase the frictional interaction between
water and hydroxide ion. The optimization of mem-
brane performance therefore depends on the difficult
task of simultaneously improving each of these prop-
erties,
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