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ABSTRACT

'l‘ransport phenomena of aniline through Na’-, K'-, and Cs*-form of a perfluorosulfonate ion-exchange membrane,
Nafion® 117, under a flow of dc current, electrotransportatlon were investigated. In each form an increase in transport
number of aniliniumeation was observed in the current density range from 0.3 to 1.3 mA cm”~ 2 The transport number of the
anilinium cation in Cs*-form was larger than that expected from the concentration and diffusion coefficient of the anilin-
ium cation in Cs*-form Nafion. These aniline transport phenomena may be attributable to a structural change of Nafion
or a decrease in hydrophobic interaction between the anilinium cation and Nafion caused by the flow of dc current.

A commercially available perfluorosulfonate cation-ex-
change membrane, Nafion, is chemically and thermally
stable, and applied to various processes such as electrolytic
cells,*? polymer-electrolyte-membrane fuel cells,® sensors,*
batteries,”® and cells for organic synthesis.” Results re-
ported on its structure® and transport properties™** reveal
that Nafion is microscopically separated into two phases:
an ionic cluster domain, which contains most of the sul-
fonate groups, cations, and sorbed water, and a hydropho-
bic backbone domain similar to that of polytetrafluo-
roethylene (PTFE), which surrounds the ionic cluster. This
characteristic structure gives Nafion peculiar and interest-
ing properties in swelling, ion-exchange selectivity, etc.

While organic cations reportedly interact strongly with
the hydrophabic microdomain in Nafion,'**® few studies
have been reported on the permeation of organic com-
pounds through Nafion.'**® Previously, we have reported
the effects of various alkali cations on permeation phenom-
ena of aniline through Nafion in the presence of a concen-
tration gradient across a Nafion membrane.’ The apparent
diffusion coefficients of anilinium cation and neutral ani-
line were determined, and it was found that they are
strongly affected by the water content of the Nafion mem-
brane. However, the permeation behavior of anilinium
cation under application of de current needs clarification.
Research on the permeation behavior of organic species
under current passage, electrotransportation, gives useful
information on the perm selectivity of Nafion and hydro-
phobic interaction between organic species and Nafion.
Here, our attention was focused on the electrotransporta-
tion of aniline through Nafion 117 (equivalent weight:
EW = 1100).

Experimental
Membrane treatments.—A perfluorosulfonate cation-

exchange membrane, Nafion 117, was used in this study.
Nafion samples in H*-form (3 cm in diameter in the dry
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Table I. Composition of source and receiver solutions.

Source solution
pH 4.2 (0.06 mmol dm™ HY
10 mmol dm™? aniline
83 mmol dm™ M,HPO,
59 mmol dm™ citric acid
37 mmol dm™* MCl (M = Na, K, Cs)

Receiver, anode, and cathode solutions
pH 4. F (0.06 mmol dm™ HY)
83 mmol dm™* MQHPO4
59 mmol dm™* citric acid
42 mmol dm ™ MCl (M = Na, K, Cs)
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state) were pretreated in boiling water for more than 1 h.
The sample was then soaked in a source solution shown in
Table I for ca. 24 h in the dark at 35°C. During this treat-
ment, swelling and ion exchange between the Nafion and
the source solution were brought into equilibrium.

Measuring cell.—The permeation measurements under a
flow of dc current were carried out using a cell shown in
Fig. 1. The cell was composed of four compartments made
of PTFE. The volume of compartments A (anode compart-
ment) and D (cathode compartment) was ca. 10 em?, and
that of B and C was ca. 3 cm’. Compartments B and C were
separated by the Nafion membrane which had been equili-
brated with the source solution. Compartments A and D
were fitted with a DSA-type anode plate and an Ni cathode
plate, respectively Hydrocarbon-type anion-exchange
membranes (Selemion® AMV, Asahi Glass Co.) separated
compartments A and B, and compartments C and D to pre-
vent the anilinium cation from penetrating into compart-
ments A and D. The exposed surface area of the Nafion
membrane was 3.1 cm?

Permeation measurements.—The compositions of the
source and receiver solutions used for electrotransporta-
tion measurements are listed in Table I. The source
(1600 cm®) and receiver (50 c¢m®) solutions containing a
common alkali cation (M*) were circulated separately
through compartments B and C at 0.15 em®s™, respectively.
Since the volume of the source solution was 20 times larger
than that of the receiver solution, the decrease in aniline

Outlet Qutlet )
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Source solution| Receiver solution £Xchange
membrane

Nafion 117
Fig. 1. Schematic diagram of the cell used for permeation measure-
ments. A} anode compariment; B) source solution compariment; Q)
receiver solution compariment; and D) cuthode compartment. The
solutions in B and C were circulated at 0.15 em® 57
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concentration in the source solution was small; hence, the
aniline concentration in the source solution was assumed to
be constant during each permeation measurement. An ex-
teérnal de current was applied galvanostatically across the
DSA type anode and the Ni cathode using a potentiostat/
galvanostat (Hokuto Denko Model HA301). The amount of
aniline transported to the receiver solution through the
Nafion membrane was monitored as a change in spectro-
scopic absorbance at 280 nm, using a Hitachi Model 200-10
spectrometer equipped with a microflow cell, which was
set in the circulating line of the receiver solution. Since the
increase in aniline concentration in the cathode compart-
ment, D, was less than 1% even after 150 C were passed, the
permeation of aniline into compartment D through
Selemion® AMYV separator was neglected. All experiments
were carried out at 35°C.

Absorbance change of aniline solution with pH.—The
source solution was diluted to ten-fold volume with water,
and a solution containing 1 mM aniline was obtained. A
small volume of 1M HCI or 1M NaOH was added to the
solution to change its pH. The absorbance of the resulting
solutions of various pH was measured using the UV/VIS
spectrometer described above.

Chemicals.—All chemicals were of reagent grade and
were used without further purification. Water (>18 MQ,
nominally) was obtained from a NANO pure-water purify-
ing system (Barnstead Co.).

Results and Discussion

Variation in spectroscopic absorbance of aniline with
pH.—Spectroscopic absorbance of solutions containing
aniline species of various pH was measured at 280 nm, and
the variation in the absorbance with pH is shown in Fig. 2.
The absorbance at 280 nm changed drastically with pH. In
acidic solutions a following reaction 1 reaches equilibrium

AN(aniline} + H* = AN*{anilinium cation) B

While neutral aniline absorbs light of 280 nm, protonated
aniline (anilinium cation) does not. Hence the absorbance
at 280 nm can be used as a measure of the content of neutral
aniline in a solution. The dependence of the measured ab-
sorbance on the solution pH in Fig. 2 was in good agree-
ment with the absorbance dependence calculated from the
neutral aniline concentration using a pKa value of aniline,
4.7, and pH of the solutions.

Electrotransportation of aniline through Na’-form
Nafion.—The permeation of aniline was measured under a
flow of dc current using Na*~form Nafion and the solutions
containing Na* cation (Table I). Figure 3 shows the ab-
sorbance changes at 280 nm of the receiver solution with
time at various current densities. The current density
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Fig. 2. Absorbance change at 280 nm of solutions containing 1 mM
aniline with pH.
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‘ ﬁ 3. Chall'!lges in absorbance of the receiver solution at 280 nm
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-form Nafion at current densities of (a) 0.0, (b} 0.32, {c) 0.64,
(d) 0.96, {e) 1.3, i} 1.9, and (g) 3.2 mA cm 2,

means here the magnitude of a dec current per unit surface
area of the separator membrane, Nafion. During each run,

the pH of the receiver solution increased slightly with an
increase in charge passed. The pH changes with charge
passed are shown in Fig. 4. As discussed above, a pH
change affects the equilibrium between neutral aniline and
anilinium cation in Eq. 1. To obtain the total amount of
aniline transported to the receiver solution, the amount of
anilinium cation must be taken into consideration in addi-
tion to neutral aniline obtained spectroscopically. Hence
the total content of aniline species in the receiver solution
was calculated using the data in Fig. 2 and 4. Figure 5
shows the calculated concentration changes of the total
aniline in the receiver solution at various current densities.

The slope of each curve is proportional to the aniline flux
under the corresponding conditions. The flux decreased
with an increase in charge passed through the Nafion. Ani-
line was transported by migration under a potential field
across the membrane and by diffusion due to a concentra-
tion gradient between the two solutions. Since the driving
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-
I
a
<
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Charge passed / ¢
Fig. 4. Changes in pH of receiver solution for (a} Na™, (b) K*-, and

{c) Cs*-forms of Nafion with charge passed.
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Fig. 5. Calculated concentration changes of total aniline species in

the receiver solution for Na*-form Nofion at current densities of (a)
0.0, {b) 0.32, (c) 0.64, (d) 0.96, {e) 1.3, {} 1.9, and [g) 3.2 mA ecm 2
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force for diffusional transport decreased with the passage
of time because of accumulation of aniline in the receiver
solution, the decrease in aniline flux observed in Fig. 5 is
attributable to a decrease in diffusional contribution at a
prolonged permeation time.

Influence of co-existing alkali metal cation.—Similar
permeation measurements were carried out using the K'-
and Cs*-form Nafion and the corresponding solutions
listed in Table I. Changes of total aniline concentration in
the receiver solution are shown in Fig. 6 (i) and (ii) for K'-
and Cs*-form Nafion membranes, respectively. The tenden-
cies were similar to that for Na*-form Nafion, although the
aniline concentration for K*- and Cs*-forms increased less
remarkably than that for the Na*-form Nafion.

Influence of current density on aniline flux.—The de-
pendence of aniline flux through Nafion on current density
is of primary interest here. Since the aniline flux decreased
with an increase in aniline concentration in the receiver
solution as mentioned above, aniline fluxes at various cur-
rent densities were compared using the values at a fixed
aniline concentration (0.6 mM) in the receiver solutions.
The pH change in the receiver solution should be negligibly
small (Fig. 4). We assumed that the fluxes due to the diffu-
sional transport at the fixed aniline concentration differ-
ence were equal to one another because the driving force
for diffusional transport was independent of the current
density. On the basis of this assumption, the aniline fluxes
were calculated from the data in Fig. 5 and 6, and are plot-
ted in Fig. 7. Although the values in Fig. 7 are still not free
from a contribution from the diffusional transport, that
diffusional contribution is assumed to be independent of
current density. In each form, the slope of aniline flux in-
creased abruptly in the current density range from 0.3 to
1.3 mA cm® The aniline flux was highest for Na*-form-
Nafion. At low current densities, the aniline flux for the Cs*
form was lowest. However, the increase in aniline flux for
the Cs*-form was slightly larger than that for the K*-form.

Transport number of anilinium cation.——Since the ionic
strength of the external solutions was much smaller than
that inside the Nafion membrane, the Donnan exclusion
works well, and the absorption of anions inside the Nafion
membrane can be neglected under the present experimen-
tal conditions. Hence three species, i.e., anilinium cation
(AN"), alkali metal cation (M"), and proton (H*), are sup-
posed as mobile ionic species in Nafion. These three cations
are the charge carriers inside Nafion. The total ionic con-
ductivity, o, of the Nafion is expressed as

o, = 210y = 20, [2]

where t; and o, denote the transport number and conductiv-
ity of individual charged species. The conductivity of indi-
vidual charged species having a valence of unity is ex-
pressed as

o, = F*Cu; = F2C,D/RT 3]
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where C, D,, and u; denote the concentration, diffusion co-
efficient, and mobility of the individual charged species in
Nafion, and Fand R are the Faraday and gas constants. The
electrotransported aniline flux was estimated by subtract-
ing the diffusional aniline flux (the aniline flux at zero
current density in Fig. 7) from the total aniline flux. The
resulting transport numbers were plotted in Fig. 8 against
current density. In each form, the transport number in-
creased in the range from 0.3 to 1.3 mA cm %, and reached
a constant value at higher current densities. However, these
transport numbers of AN* were small, and most of the
charge was therefore carried by the other cations in Nafion.
The concentration changes of H* in the source and receiver
solutions were small during the measurements (for exam-
ple, see Fig. 4). In addition, the proton concentration inside
Nafion was much lower than those of the other cations
because of the low H' concentration in the solutions
(107*M) and of the low H*-selectivity coefficient of Nafion.
Hence, the charge carried by proton can be neglected, and
most of the charge was carried by M” in Nafion.

As shown in Fig. 8, the magnitudes of transport number
of AN* in the plateau region in Na*-, Cs*-, and K'-form
Nafion membranes decreased in that order. From Eq. 3, the
individual conductivity should be proportional to C; and
D,. The diffusion coefficients and concentrations of aniline
in Na’-, K-, and Cs*-forms of Nafion 117 in contact with a
solution of the same composition as the source solution
have been reported and are summarized in Table ILY (The
diffusion coefficients of alkali metal cations are the values
reported for Nafion 120.) The products of Cyy+ and D - for
each form of Nafion also are shown in Table II. From the
values we expect that the magnitudes of the transport
number of AN* follow the order in Na* > intK* > in Cs*
forms. However this was not the order. The transport num-
ber of AN* (t,y+) in the plateau region for Na"-form in Fig. 8
was about three times larger than that for K*-form, which
is in good agreement with the ratio of the products, Cuy
Dy for Na*- and K*-forms. However, £,y in Cs'-form was
much larger than the value expected from the product. Hy-
drophobic properties of Cs* seem to cause the higher trans-
port number in Cs*- than in K’-form Nafion, and this result
is discussed in the following sections.

Electrotransportation of aniline without a concentration
gradient.—To eliminate the contribution from the diffu-
sional transport, permeation measurements were carried
out using a buffer solution of pH 4 containing Na* and
2 mM aniline as both source and receiver solutions. The
change in aniline concentration in the receiver solution was
monitored for 20 min. In this experiment, a contribution
from the diffusional transport can be neglected because
there was almost no concentration gradient of aniline. The
aniline concentration in the receiver solution increased
linearly with time. The calculated aniline flux change
is shown in Fig. 9. While the tendency was similar to those
in Fig. 7, the flux at a given current density was much
smaller than those in Fig. 7, and the transition region of
aniline flux shifted somewhat to a lower current density
range (from 0.3 to 1.0 mA em?). The lower aniline concen-
tration (2 mM) may be responsible for the smaller flux. The
shift of the transition region suggests that the observed
change in t,y+ is dependent on the AN* concentration in the
Nafion membrane.

Causes for the aniline flux change.—Gluga and Dindi
reported that deprotonation of anilinium cation at the
Nafion/water interface is the rate-determining step in the
permeation of aniline from an acidic solution to pure water
through H*-form Nafion.” They concluded that the rate of
the ion-exchange process at the solution/Nafion interface
is faster than the rate of the deprotonation process at the
Nafion/water interface. Here, pH of both receiver and
source solutions was about 4, and interfacial reactions such
as protonation and deprotonation seem not to have a signif-
icant influence on total aniline transportation. Hence, the
phenomena observed here seem attributable to bulk prop-
erties of Nafion.
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Fig. 6. Calculated concentration changes of fotal aniline species in the receiver solution for (i) K* and (i) Cs* forms of Nafion at current densities
of {a) 0.0, (b) 0.32, (¢} 0.64, (d} 0.96, [e) 1.3, {f) 1.9, (g) 2.6, and (h} 3.2 mA cm™%

The phenomena may be explained in terms of the follow-
ing two possibilities; (¢) the change of the ionic cluster net-
work structure is caused by an application of a de current.
The movement of cations and water may distort the micro-
scopically phase-separated structure of Nafion and make
the channels connecting the ionic clusters wider; (i¢) the
hydrophobic interaction between aniline and Nafion may
be decreased due to the mass transport caused by a flow of
de current.

It is difficult to separate ¢ and #i. The transport number of
anilinium cation in Cs* form in Fig. 8 was larger than that
expected from the product of Cuy+ and D,y Cesium ion is
known to be located in the interfacial region between the
ion cluster region and the PTFE-like backbone region in-
side Nafion.” Since anilinium cation interacts strongly
with the hydrophobic region in Nafion,"” the anilinium
cation may be located in and permeate through the interfa-
cial region as Cs* does. When Cs* moves in Nafion, it dis-
turbs and decreases the hydrophobic interaction between
anilinium cation and Nafion. Then, the mobility of the
anilinium cation may increase, leading to an increase in
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Fig. 7. Aniline fluxes at an aniline concentratfion of 0.6 mM in the
receiver solution against current density for (a) Na*-, {b} K*-, and (c)
Cs*-forms of Nafion,

tan+ In addition, the movement of Cs* through the interfa-
cial region of Nafion may cause friction in the interfacial
region of Nafion, and this friction also leads to a distortion
of the ionic cluster structure, i.e., the channels of Nafion,
which may affect the mass transport in Nafion,® are broad-
ened. This broadening enhances the mobility of the anilin-
ium cation, which moves most slowly among the cations
examined here, and then the transport number of anilinium
cation may be increased.

Sandeaux et al. reported that an externally applied
voltage accelerated the permeation of acetate ion through
the anion-exchange membrane, Selemion AMV, more than
that of chloride ion.” They suggested that this acceleration
was caused by a higher value of the so-called transfer coef-
ficient (a measure of the permeation rate through the inter-
face between a membrane surface and the adjacent solu-
tion) of acetate ion. They proposed the hydrophobic
character of acetate ion as one possible reason why the
acetate ion movement was enhanced by the application of
external current. Although the situation is different from
our system, this type of influence should be taken into con-
sideration in our system for further discussion because the
interaction between the anilinium cation and Nafion is
much stronger than that between acetate ion and Selemion
AMV.
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Fig. 8. Changes in transport number of anilinium cation in Nafion
with current densify for (a) Na*-, (b) K*-, and (c) Cs*-forms of Nafion.
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Table ii. Diffusion coefficients and concentrations of aniline in Nafion.

D§§f10n10~7 a

Nafion d Nafion d
o :

: ; - N M g fion 1 Nafi -12
Tonic {em? s7Y) Water content® ) Dabon/1074  (mol dm™®) (mol dm™) CRation plation/qg-12
form (25°C) (40°C)  (mol H,O/mol —S03) R¥ e (em®s™) equilibrated with the source sol. (mol em™ s7!)
Na* 9.8 15.0 11.9 1.18 11.8 1.14 0.54 13.5
K* 8.8 3.48 6.7 0.75 0.92 5.0
Cs* 1.9 2.7 6.6 7.06 3.2 0.50 1.71 1.6

2 From Ref. 8.
® From Ref. 19.
¢ From Ref. 20.
¢ From Ref. 17.
Conclusion Manuscript submitted Oct. 17, 1993; revised manuscript

The transport phenomena of aniline through several
ionic forms of a perfluorosulfonate ion-exchange mem-
brane, Nafion 117, under a flow of de current were investi-
gated. In each form, an increase in transport number of
anilinium cation was observed in the current density range
from 0.3 to 1.3 mA cm™2 The transport number of anilinium
cation in Cs’-form Nafion was larger than that expected
from the concentration and diffusion coefficient in Cs’-
form Nafion. These phenomena may be attributed to a de-
crease in hydrophobic interaction between anilinium
cation and Nafion or to a change in the ion cluster network
structure due to the mass transport caused by the flow of de
current.
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