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Introduction

Abstract: Thermal membrane potentials across the perfluorosulfonic acid-type
membrane, Flemion S, were measured for HC], alkali metal chlorides, and
ammonium and methyl ammonium chlorides. The difference between the mean
molar transported entropy of the counterions in the membrane and the partial
molar entropy of the counterions in the external solution (5, — s ) was deter-
mined from the experimental data on thermal membrane potential, thermoos-
mosis and electroosmosis. The sign of the thermal membrane potential in HCI
solution varies from positive to negative with the concentration. In HCI and
alkali metal chloride solutions, the order of their thermal membrane potentials
(—4y/AT)is H* > Li* = Na* > K" which is roughly the inverse of that of
the crystallographic radii of the ions. However, the order of their entropy
differences (5+ — s4) is H* > Na®™ > K* > Li* which is just the inverse of
that of their thermoosmotic coefficients (D) or the entropy difference of water
{8 — sp) in thermoosmosis. For the ammonium and methyl ammonium ion
forms, the orders of both —Ay/AT and (5, — s, ) increase with an increasing
number of methyl groups: (CH3)4N* >(CH;);NH" > (CH5),NH7 >
CH;NHj > NH;, which is also the inverse of that of D or (5o — so).

Key words: Cation-exchange membrane — electroosmosis — perfluorosulfonic
acid membrane — thermal membrane potential — transported entropy

tive for a cation, Eq. (1) for 1-1 electrolyte systems

Thermal membrane phenomena are interesting
because the quantities related to the entropy of
matter transported can be estimated from experi-
ments.

The thermal membrane potential per unit of
temperature difference (Ay//4AT) is predicted as

[1,2]
—AY/AT = 27,55 — 51) (1)

where ;, §; and s; refer to the reduced transport
number, the mean molar transported entropy in
an ion-exchange membrane, and the partial molar
entropy in the external solutions of component i,
respectively. If the membrane is ideally permselec-

GL 355

becomes [3,4]
—AY /AT = (R/F)lna. + (5, —s2)/F
+ 79(5o — o)
=(R/F)lna; + a, , 2)
where
oy = (84 —53)/F + 14(50 — 50) (3)

where R is the gas constant, F the Faraday con-
stant, s° the standard molar entropy, and the
subscripts + and O refer to the cation and water,
respectively. The value of 74(55 — $y) is obtained
from the experiments of thermoosmosis, water
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transport under a pressure difference and
electroosmosis. Therefore, if we plot
—FAY /AT — F14(59 — S¢), which means the
entropy difference (5 — s, ) against the logarith-
mic activity of the cations, we obtain a straight
line with a slope of R/F and the value of the
entropy difference (5, — s%) from the intercept at

a. =1 when the value of s, is constant:

—FAI///AT— Ffo(g() — So) = §+ -~ St

=2.303Rlogay + (5, —s%). (4)

The flux of heat is so high that it is difficult
to get reproducible experimental results on ther-
mal membrane phenomena because of the
thermal diffusion layers on the membrane
surfaces. In general, thick membranes are suitable
for the measurements of thermal membrane
potential. On the other hand, thin, porous mem-
branes are suitable for the measurements of
thermoosmosis, hydraulic permeability, and
electroosmosis. Moreover, membranes have to
be ideally permselective for the counterions
in order to estimate their transported entropies.
In order to estimate the mean molar transported
entropy of the counterions 1) we constructed
an improved thermal membrane potential cell,
and 2) we selected a porous perfluorosulfonic
acid-type membrane Flemion S, having an ideal
permselectivity.

In a previous paper with respect to thermoos-
mosis [5], it was found that the direction of ther-
moosmosis was, unusually, from the hot side to
the cold side in a number of ammonium-type
electrolytes as well as LiCl, and that both the
difference between the mean molar transported
entropy of water and the partial molar entropy of
water in the external solution was positive, al-
though the entropy difference of water was nega-
tive for the usual charged membranes [1,6,7].
Then, in this work the thermal membrane poten-
tial was measured for various alkali metal chlor-
ides, and ammonium and alkyl ammonium chlor-
ides to analyze the nonisothermal membrane phe-
nomena on the whole. The entropy difference of
the counterions (5, — s, ) was estimated from the
experimental results of the thermal membrane
potential, thermoosmosis, hydraulic permeability,
and electroosmosis measurements.
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Fig. 1. The dependence of the transport number of cations
on KCI molality for Flemion S.

Experimental

Membrane

The perfluorosulfonic acid-type cation-ex-
change membrane, Flemion S, was used. The
thickness of the membrane was 210 um. The prop-
erties of the membrane were shown in the pre-
vious paper [5]. Figure 1 shows the dependence of
the transport number of K* ion (¢ ) on its con-
centration in KCl solutions. The values of ¢ . were
estimated from the concentration membrane po-
tential with Eq. (4).

— Ay = (2t; — D(RT/F)In(a’t /a’y) )

where a’, and a'y are the mean activities of the
two solutions on the two sides of the membrane.
The molality ratio of the two solutions was kept
at m”/m’ = 2.

Electrolytes

The reagents used for the preparation of HCI,
LiCl, NaCl, KCl, NH,Cl, CH;NH,(C],
(CH3),NH,Cl and (CH3),NCl aqueous solu-
tions were of special grade, and that of
(CH3)3 NHCI was first grade (Wako Pure Chem-
ical Industries Ltd.); their molalities ranged from
0.001 to 0.1 mol/kg.

Thermal membrane potential cell

An improved thermal membrane potential cell
was used in order to measure reproducible ther-
mal membrane potentials across thin membranes
[8]. The cell was made of poly(vinyl chloride)
resin and each half cell had a narrow solution
channel, as reported previously [4]. The cell is
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Fig. 2. a) Thermal membrane potential cell. b) Projection from the top. § is the membrane thickness and §' is the apparent

membrane thickness.

similar to that used for measuring concentration
membrane potentials by Scatchard et al. [9] as
shown in Fig. 2. In order toc reduce the heat flux
across the membrane and to keep the same tem-
perature difference working effectively on both
sides of the membrane as that between the ex-
ternal bulk solutions, we set the effective area of
membrane contiguous to the solution to be
25x25x7m =19.6 mm?. Each half cell was as-
sembled by sliding the two inside faces of the half
cells 5 to 15 mm to create a temperature difference
across the long distance of the membrane (5)
instead of the membrane thickness () as shown in
Fig. 2b. That is, the membrane was used as a rib-
bon with the two contacts to the external solu-
tions on opposite sides and separated by 0 to
10 mm.

Measurements of thermal membrane potential

The thermal membrane potential cell was con-
structed with calomel electrodes as follows:

The thermal membrane potential was measured
with a digital electrometer TR-8411 (Advantest
Co., Japan) which was carefully shielded from the
electric field. The membranes were equilibrated in
the solutions at the temperature 7 before being
used for the experiments. Two controlled solu-
tions with the same concentration but at different
temperatures were flushed on the two surfaces of
the membrane. The thermal membrane potentials
reached constant values after about 10s, at a flow
rate of 250 cm?®/min.

Measurements of electroosmosis

A membrane was mounted between two
69.2 cm? of cells made of poly(vinyl chloride)
resin equipped with magnetic stirrers, silver-silver
chloride electrodes, and capillaries for measuring
volume flow. All experiments were run in
0.1 mol/kg solutions at 2 to 4 mA/cm?2. The re-
duced transport number of water (t,), i.e., the
number of moles of water transported through the

Hg/Hg, Cl,. satd. KCl/electrolyte/membr./electrolyte/satd. KCl. Hg,Cl,/Hg .
\ v J \ ~ J L v J
temperature: T T+ AT T
\ ~ J ~ J
electric potential: W Y+ Ay
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Fig. 3. The thermal membrane potential Ay across Flemion
S against temperature difference 4T in KCl solution. Molali-
ties (mol/kg): O, 0.001; ©, 0.003; @, 0.01; &, 0.03; @, 0.1.
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Fig. 4. The thermal membrane potential Ay across Flemion
S against temperature difference AT in (CH;), NCl solution.
Molalities (mol/kg): O, 0.001; ©, 0.003; @, 0.01; &, 0.03;
@, 0.1

membrane per 96485 C, was calculated neglecting
the volume change of the electrodes.

Results and discussion

Figures 3 and 4 show the thermal membrane
potential difference between the two cells for KCI
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Fig. 5. The thermal membrane potential 4y across Flemion
S against temperature difference 47T in HCl solution. Molali-
ties (mol/kg): O, 0.001; ©, 0.003; @, 0.01; @, 0.03; @, 0.1.

and (CH;),NCl relative to the temperature differ-
ence, respectively. In all cases the potential on the
hot side is positive. The positive values of Ay
mean that the counterions in the membranes are
forced from the cold side to the hot side just as
the concentration membrane potential across a
cation-exchange membrane where the electric
potential at the low concentration side is positive
because cations are forced to move from the high
concentration side to the lower concentration
side.

Figure 5 also shows the relationship between
the thermal membrane potential and the temper-
ature difference for HCI solutions. For HCI solu-
tions, the sign of the potential varies from positive
to negative at molalities of 0.03 and 0.1 mol/kg, as
observed for hydrocarbonsulfonic acid-type mem-
branes in HCI solutions [3]. In all cases of the
other electrolytes, linear relationships between Ay
and AT were observed to be similar to that shown
in the figures. The correction for the liquid junc-
tion potentials was neglected because the differ-
ence between the two liquid junction potentials
was smaller than 0.1 mV. In all cases except
HCI the thermal membrane potential was always
positive.

Figure 6 shows the temperature coefficients of
thermal membrane potential ( — Ay/AT) against
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Fig. 6. Temperature coefficient of the membrane potential

—AY/AT against loga 1. Electrolytes: @, HCl; ®, LiCl;
®, NaCl; O, KCl.
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Fig. 7. Temperature coefficient of the membrane potential
—AY/AT against loga . Electrolytess @, NH,Cl
@, CH,NH,Cl;, ©, (CH;),NH,Cl; @, (CH;);NHCI
@, (CH3),/NCl.

loga . for HCI and alkali metal chlorides, where
the mean activities of the ions [10] were used
instead of the activities of the single cations. In the
figure, the slope was fixed at a theoretical value,
2.303R/F = 0.1984 mV/K, because all the ob-
served values have nearly the same slope as the
theoretical value predicted by Eq. (2). The values
of —AY/AT increase in the order of H* > Li* =
Na™ > K™, which is roughly the inverse of that of
the crystallographic radii of the ions. Figure 7 also
shows (Ay/AT) against loga, for ammonium
and methyl ammonium chlorides. The mean ac-
tivities of these salts were estimated from the data
in the literature [10, 11]. The molality was used
instead of the activity for tetramethylammonium

chloride at low molalities because of the lack of
data. The slopes in the figure are also fixed at
2.303R/F. The values of — AY/AT increase with
an increasing number of methyl groups, that is,
the absolute values of the thermal membrane po-
tential increase with a decreasing number of
methyl groups. The molar entropies of water and
ions are dependent on the temperature [12].
However, Figs. 6 and 7 show that the values of
(5, —s%)/F and t4(5, — so) are constant and
nearly independent of the temperature in the
range of the experiments.

The values of Fr, were obtained by measure-
ments of electroosmosis and are listed in Table 1.
The value of 7, increases with increasing radii of
the hydrated ions and with increasing membrane
water content for the alkali metal ions, where the
water content was expressed by the unit: g H,O
per g of dry membrane without the weight of the
counterions. The value of 7, for H™ is smaller
than that for Li™ because the proton jump mech-
anism may occur in the membrane in electroos-
mosis. For ammonium and alkyl ammonium ions,
the water contents are nearly constant without
NH] ion. The values of 7, increase with an in-
crease in the number of bulky methyl groups.
Similar relationships were observed for hydrocar-
bonsulfonic acid-type membranes [13].

Substituting the data on both electroosmosis
and thermoosmosis [ 5] into Eq. (3) gives relation-
ships between —FAY/AT — F1y(5¢ —so) and
loga. . The value of —FAY/AT — F14(50 — s¢)
means the value of the entropy difference of the
counterions, (5, — s ). The order of (5, — s, ) for
HCl and alkali metal ionsis H* > Na® >K* >
Li*, which is the same as for the conventional
ionic heats of transport (Q*) and is just the in-
verse of that of D or (§, — sp) in thermoosmosis.
The values of the entropy difference of H'
(Su — sy) are negative at 0.001 mol/kg of HCI
solution, that is, the difference in the molar en-
thalpy of H* ions transferring from the external
solution into the membrane, Ahy = — T (34 — sg),
is positive. This exothermic process is more apt to
occur at the cold solution side than at the hot side.
Thus, H™ ions are forced to move from the cold
side to the hot side. However, in the range of 0.003
or greater molalities, H™ ions are inversely forced
to move toward the cold side. The H™ is so small
that the difference in the ionic states may be small
between the membrane phase and the external
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Table 1. The values of a., Ftq, (5o — 5q), (§:+ — 5%), §, and water content for Flemion S.

Counterions Ot Fry (5o — $0)° (5. —s9) 5.0 Water content®®
(mv- K1) (J-K~Tmol™!) (J-K~'-mol™') (J-K~!-mol™!)
H* 0.403 26.6 —0.548 53.5 535 0.59
Li* —0.011 51.5 0.594 —31.7 —35.1 0.56
Na~* —0.036 37.0 —0.030 —2.36 —16.8 0.46
K* —0.151 154 0.077 —15.8 —40.3 0.26
NHZ —0.159 31.9 0.387 —-27.6 —54.0 0.37
CH;NHj} —0.105 39.5 0.393 —256 - 0.28
(CH,),NH7F —0.08 39.6 0.285 —19.0 - 0.27
(CH,);NH* 0.07 473 ~0.020 77 - 0.29
(CH3).N" 0.105 60 —0.249 250 - 0.28

*from ref. [5].
bcalculated from the values of s% based on s§ = 0 [10].
> g.H,0/g-dry membrane without counterions.

Table 2. The values of —AY/AT, — (Ay/AT),, and — (4Y/AT).. at 0.001 and 0.1 (mol/kg) for Flemion S.

Counterions —AY/AT —(AY/AT), — (AY/AT)
mV-K™1! mV-K™! mV-K™!
0.001 (mol/kg) 0.1 (mol/kg) 0.001 (mol/kg) 0.1 (mol/kg)

H* 0.266 —0.16 0.151 —0.115 0.311
Li* 0.698 0.263 —0.317 —1.02 —0.58
Na*t 0.66 0.261 0.012 —0.648 —0.249
K* 0.786 0.386 —-0.012 —0.798 —0.398
NH{ 0.852 0.452 -0.127 —0.979 —0.579
CH;NHj 0.719 0.351 —0.161 —0.88 —0.512
(CH3), NH3 0.649 0.305 —0.117 —0.766 —0422
(CH;);NH* 0.611 0.175 0.010 —0.601 —0.165
(CH;)4N* 0.553 0.113 0.154 —0.399 0.041

solution phase, and the entropy difference is also
small. Therefore, the sign of (5y — sy) varies with
the molality.

We can rewrite Eq. (1) for an ideal cation perm-
selective membrane and 1 — 1 electrolyte systems
as follows

—AY/AT = — [(AY/AT), + (4y/4T )], (6)
where

—(AY/AT) . =5+ —54), 7

—(4Y/AT)o = 10(S0 — So) - ®)

As shown in Table 2, at 0.1 mol/kg of HCI solu-
tion the value of —(AY/AT): is —0.33mV/K
and the value of — (AY/4T)yis —0.10 mV/K. In
the thermoosmotic experiments [5], the direction
of water for the HCI solution is toward the hot
side: (5o — so) is negative. Therefore, the thermal

membrane potential due to the interaction be-
tween water and ions — (Ay/AT), is negative.

However, the value of — (4y/4AT),; at
0.001 mol/kg is positive 0.10mV/K against
—{(4Y/AT)o.

On the other hand, the transported entropy of
Li* (5.;) is much smaller than sy;. For LiCl solu-
tions, (5o — sg) is positive, that is, the process
of water transferring into the membrane is endo-
thermic.

For ammonium and methyl ammonium ions,
the order of (5, — s4): (CH3)sN* > (CH;);NH"*

> (CH3)2NH2 > CH3NH§ > NHI is the same
as that for — Ay/AT. This order is also the inverse
of that of D or (5, — so) obtained in thermoosmo-
sis. It is interesting that the absolute value of
—Ay/AT in the NH,Cl solution is the highest
among the ammonium and methyl ammonium
halide solutions and also the value of the
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thermoosmosis toward the cold solution side is
the highest in the NH,Cl solution. (5, — s, }/F in
Eq. (1) which is the thermal membrane potential
due to the counterions —(AYy/AT), is negative.
The counterions are forced to move toward the
hot side. On the other hand, 74(5¢ — s¢)/F is
positive for NH; , CH3;NH3 and (CH;),NHj.
In thermoosmosis, water moves toward the cold
side, and the thermal membrane potential due
to the interaction between water and ions
~(AY/AT)g is positive against —(AYy/AT) .

The values of ., and §. are also tabulated in
Table 1 where the values of s based on s = 0 are
used [10].

Conclusions

1) The sign of the thermal membrane potential
across a perfluorosulfonic acid-type membrane in
the HCI solution varies from positive to negative
with the concentration.

2) The difference between the mean molar
transported entropy of the counterions in the
membrane and the partial molar entropy of the
counterions in the external solution (5, — s ) was
determined from the experimental data on ther-
mal membrane potential, thermoosmosis and
electroosmosis.

3) In the HCI and alkali metal chloride solu-
tions, the order of the thermal membrane poten-
tial (—AY/4AT)isHY > Li" = Na* >K*. How-
ever, the order of the entropy difference (5, — s4)
is H" > Na* > K* > Li*, which is just the in-
verse of that of the thermoosmotic coefficient (D)
or the entropy difference of water (5§, — s4) in
thermoosmosis.

4) For the ammonium and methyl ammonium
ion forms, the orders of —AY/AT and (5, — s, )

are (CH3)4,N* > (CH3);NH" > (CH;),NHT >
CH;NHj3 > NH/, which is also the inverse of
that of D or (§¢ — s¢).
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