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Abstract

Nafionionomer membranes were exchanged with series of pair of cation mixtures betivaedaiher alkali metal cations, and investigated
for equilibrium and transport characteristics of ion and water. Samples were prepared by equilibrating the membranes in the mixtures of LiCl
and alkali chloride in aqueous solutions of various mixing ratios. The alkali metal cations, especially those of larger atomic number, revealed
higher affinity to sulfonic acid groups than*l.but less water content and higher density of the membrane. It was found that the mobility of
cations followed the order of Lk Na" > K*, Rb" > Cs". Concentration of sulfonic acid group increased, whenias exchanged with other
cations, but ionic mobility of each cation was affected differently by the other cations in the mixed state. The interaction bé&twekalkali
metal cation appeared to be larger for Li/Rb and Li/Cs systems than for Li/Na and Li/K systems, but as long as the ionic transference numbers
are concerned, a pair of cations moved independent of each other. The water transference coefficient (electro-osmosis drag coefficient) of
Li* was ca. 15, but decreased to 10 for'dad even less when other alkali metal cations existed. In the mixed systérasd alkali metal
cations showed tendency to drag more water molecules than in the individual ions, which indicated that ionic conductivity decreases when
cations are coexisting in the membrane.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction by hopping mechanism (Grotthuss mechanf8i), and the
second cations affected the ltransport by way of existing
Perfluorosulfonic acid polymer electrolyte membranes water molecule§7,8].
have gained a lot of research interests in the field of chlor-  The case of two cation mixtures where vehicle transport
alkali electrolysis, water electrolysis, polymer electrolyte fuel [10] is the major process would be very interesting because
cells, and so offil,2]. The membranes show unique charac- the characteristics of these systems would be strongly depen-
teristics with regard to the ion and water transport, especially dent on the size of cations and surrounding water molecules,
in binary cation systems. Binary cation systems includifigH and hence provide information about the ion—ion, ion—-water
and other cations were studied extensively because these arand ion—polymer interactions. In this sense, the ion exchange
found to provide more information than in the single cation orthe membrane transport characteristics would be more rel-
systemg3-8]. In the membrane Hwas transported mainly  evantto the polymer structure, and such knowledge would be
very useful in establishing polymer design concepts for prac-
« Corresponding author. Tel.: +81 20 861 4464; fax: +81 29 861 4678, Lical applications. For example, new polymer membranes of
E-mail addressokada.t@aist.go.jp (T. Okada). desired characteristics would be achieved when ion transport
1 ISE Member. mechanism is established.
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To this end, the transport and equilibrium properties of
perfluorosulfonic acid polymer membranes are studied for
Li/Na, Li/K, Li/Rb and Li/Cs binary cation systems, in a
systematic way. The data are compared with those of H
and alkali cation systems, which were reported previously

[8].

2. Experimental
2.1. Membrane preparation

Nafion 115 and 117 (DuPont, Polymer Products
Department, Wilmington, DE, USA, nominal equiva-
lent weight EW=1100gegt) membranes were cut into
25 mmx 25 mm pieces, pretreated first in 2%®b at 80°C
for 2h, immersed in 0.1 mol dr? HCI for 24 h, and finally
rinsed with pure water.

ACI(A=Li,Na, K, Rband Cs) were of reagent grade from
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The membrane water contentwas determined by mea-
suring the weight of membrane in wet stat# ;) and dry
state (ary). For the dry state, samples were dried in vacuum
at room temperature for 24 h and then in vacuum at°T10
for 12 h. The water content was calculated as the number of
water molecules per cationic site= NH,0/ N0,

_ (Wwet - Wdry) EW

A
1 8Wd ry

()

where EW is the equivalent weight value corrected for the
exchanged cations*Ain place of Li* (atomic weight 6.94),
Ma being the atomic weight of the element A:

EW = EW+ (6.94— 1.01)+ (Ma — 6.94)(1— x1im) (3)
Original EW is defined for H-form membrane, and is 1100

for present membranes.
Volume fraction of wateé was calculated from the equa-

Wako Pure Chemical Industries Ltd., Osaka, Japan, and usedion:

without further purification. Mixtures of LiCl and ACI solu-
tions were prepared with various kinds of molar composition
of LiCl, xjc) =0.000, 0.0625, 0.158, 0.333, 0.529, 0.750,
0.871, 0.934, 0.967, 0.985, and 1.000, using deionized wa-
ter by Milli-Q system (conductivity < 10’ Q~tcm1). The

total concentration was fixed to 0.03 mol df Membranes
were equilibrated in LiCI/ACI solutions of various composi-
tions at 25'C. During equilibration, solutions were renewed
at least four times.

2.2. Membrane cationic composition, density and water
content

The ionic composition (cationic site fraction) of*Lin
the membranex iy (where M denotes the cation exchange
site), is defined by the amount of'Lion divided by that of

0 — Vivet — Vdry ( 4)
Vivet

whereVyet andVyry are the volume of the membrane sample
as measured by a micrometer in wet and dry states, respec-
tively.

The density of the membrane in wet stadget (g cm3)
was obtained by dividing the weight of the wet membrane by
its volume:

Wwet

Vet

(5)

dwet =

2.3. Membrane conductivity

The impedance of Nafion 117 membrane was measured

total cation species in the membrane. The membrane eIemenfn the lateral direction with a Solartron S-1260 frequency re-

compositions in dry sate were measured using a Seiko Elec-

tric Co. model SEA2010 X-ray fluorescence spectroscopic

analyzer, where spectral intensity was counted for elements

A (A=K, Rb, Cs), S and Cl. Element Cl was only within the
error amount, and was not further analyzrgy , is calcu-
lated from the atomic ratio [A}/[S] in the spectra:
__AIsI

([A] /[S])xua =0

where [A] and [S] are the intensities of the elements A and

1)

xim =1

S in the spectra, and the value in the denominator means the

ratio [A}/[S] at x_ic| = 0. For the N4 content determination

in the Li/Na-form membrane, EPMA (electron probe micro-
analysis) was carried out using E(.). A JEOL electron
prove micro-analyzer model JXA-8800M was used to obtain
the energy dispersion spectra. The membrane samples wer
deposited with thin layer of carbon in order to prevent the
electric charging.

sponse analyzer (Solartron Instruments, UK) at@5using

the Teflon cell as described elsewhirE]. This cell was sim-

ilar to that used by Zawodzinski et 4l.2], except that the
electrode was black-platinized Pt foil contacting the mem-
brane on each of the two sides with 10 mm width and 5mm
separation. The membrane was in contact with equilibrating
solution by way of a 10 mnx 5 mm window on each side.
The specific conductivity of the membrardS cn 1) was
obtained from the real part of the impedarR€2) of the
membrane:

N

k= (6)

wherew is the width of the electrode (cngthe separation of

a pair of electrodes contacting the membrane (cm)lahd
¢hickness (cm) of the membrarievas measured for a mem-
brane sandwiched with two Teflon sheets, with a micrometer
where the accuracy was 0.0002 cm.
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2.4. lonic transference number for calculation[16]: Vic) =17.3,VNacI=16.9,Vkc) =27.0,
VRrbe1=32.3,Vcscl= 39.5,VH20 =18.0, andAVe| =-155.
The ionic transference numbegs+ andzy+ of Li*™ and
A* in the membrane, respectively, were determined by the 2.6. Analysis of membrane equilibrium parameters
membrane-contact emf (electromotive force) metfibal,
using a Teflon cell at 25C, as described befofb]: The thermodynamic equilibrium constait, for the
cation exchange reaction LiCl(aq) + AM = ACl(aq) + LiM, is

i+ = xLicl — (1 — xLiCI)ﬁ (7) defined as follow$17]:
. = AACIALIM _ s VLIM (13a)
where Ap = EF (Jmol 1), E is the membrane-contaemf aLiclaam YAM
(V), F the Faraday, and uic (J mol1) the difference in . apCIXLIM
the chemical potentials of LiCl in two solutions contacting K = ALICIXAM (13b)

the membranes. A pair of Nafion 117 membranes, each equi- o ] ]
librated with a solution of fixed ionic composition, were Whereatici andaaci are the activity of LiCl and ACI in
overlapped at one end, and the other ends were contactin€ solution, andiw andyam the activity coefficients of
ing the equilibrating solution with Ag/AgCl electroddamfs LiM and AM in the membrane, respectively. The chemical

. P _ 0 . O .
were measured by an electrometer after steady values werdotential of speciesis u; = i + RT In a; andy; is that for
reached. the standard state. Then it is written:

™ . . . 2 11\ ; _
_Moblhty of ions in the memb_rane|I (m“V~—+s ) isob Autim + Apact — Apticl — Auam = RTIn Ki (14)
tained from the following equatiof]:

WhereA,ul- = U; — [,L? = RT In a;.
lLi+K

up = — (8) Consider the Gibbs energy chang&ix of mixing X jm
Fego,-xLim moles of LiM andxap moles of AM in the standard states to
=1 ) make a mixture of Li/A-form membrane:
— U

Upn+ = 9

AT Fesoy-(1— xLim) © AGmix = xLim AuLim + (1 — xLim) Apiam (15)
The concentration of sulfonic acid group in the membrane, Differentiating Eq.(15) with respect toqim results in, with
cso,-» IS expressed as follows: Egs.(13) and (14)

d AGmD( XLiM

————" =RTInKth — RTInK'+ RTIn
(10) dxLim o XAM
According to the cell model of LiM and AM system of cation
exchange membranes, the entropy of mixix§nix and the
enthalpy of mixingAHix are given as follow§18]:

Cam = ddry
SO T (EW qv)

(16)

whereyy is the ratio of membrane volume between wet and
dry states.

2.5. Water transference coefficient ASmix = —R(xLim In xtim + xam In xam) a7
Water transference coefficient,o was obtained from & Himix = bLim Xaw (18)

the streaming potential measurements for Nafion 115 mem-whereb is constant expressing the energy change of interac-

braneg14]. The experiments were performed for each mem- tion between cation pairs through the mixing process. Hence

brane in contact with deaerated equilibrating solutions on g A g, )

both sides, using computer-aided homemade apparatus at ;. —— = RT(In Kth —In K') = b(1 — 2xLim) (19)

25°C[15]. A differential pressuré\p was applied across the LM

membrane, and the potential difference (emf) was measuredPlotting InK’ against_im would give the values df andKi,

using a pair of Ag/AgCl electrodes. Pressure source was N [19].

gas with a pressure control by model 250C-1-D of MKS In-

struments, Inc., USA. Thereby emfwas plotted against square
root of time[14]: 3. Experimental results

EF =a— b\t (11) 3.1. Membrane composition

where the intercept of the plot is given as follows: Fig. 1shows the membrane compositigny as a func-

a = —(t+ Viicl + ta+ Vac + t,0Vi,0 + AVedAp  (12) tion of the contactlng_ solut|on_comp05|t|qnic|, for mem-
branes exchanged with four kinds of cation systems, Li/Na,

where V; (cm®*mol~1) is the molar volume of species Li/K, Li/Rb and Li/Cs. It is seen that [iin Nafion mem-

and AVe = Vag — Vagcl- The following values were used brane was preferentially exchanged with any kind of alkali
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A: Li/Na

| O:Li/K P
8 I O.Li/Re o
O: Li/Cs ¢

Fig. 1. Membrane ionic fractior jy at equilibrium state vs. solution com-
positionxiici for Nafion 117 at 25C. (A) Li/Na system; () Li/K system;
(O) Li/Rb system; () Li/Cs system.

cations tested. Generally, cations of higher atomic number

have higher affinity to the membrane than those of lower
ones. The equilibrium constait.y of the exchange reac-

tion between the solution phase and the membrane phase,

LiCl(aq) + AM=ACl(aq) + LiIM (A=Na, K, Rb, Cs), is de-
fined as follows:
XACIXLiM
XLiCIXAM

Kex = (20)
Kex IS calculated to be 0.460.16 for Li/Na, 0.15+-0.05
for Li/K, 0.17+0.08 for Li/Rb, and 0.1% 0.03 for Li/Cs
systems.

Fig. 2A) and (B) shows the water contentand volume
fraction of waterd in the membrane as a function of mem-
brane ionic compositior j for various kinds of cation sys-
tems. Both. andd decreased by the presence of N&*, Rb"
and C$ cations. Especially in the case of Rénd C$, both
parameters decreased to half of Li-form membrane. Com-
parison with the result of membrane cationic compositions
in Fig. lindicates the trend, that when the membrane is ex-
changed with cations of higher affinity, lower water content
results in.

In Fig. 3 the density of the membrane in the wet
state is shown against the membrane compositign .
The density increased when the composition of de-

creased, and this trend was larger in the order of systems

Li/Na< Li/K < Li/Rb < Li/Cs, which is just the opposite of
the order in water content.

3.2. Membrane ionic conductivity

The membrane specific conductivityis plotted against
the membrane compositioq;y in Fig. 4 The membrane
conductivity in pure alkali metal form was in the ordefiNa),
k(K) > k(Li), kx(Rb)>«(Cs). This trend was in accordance to
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Fig. 2. (A) Membrane water conteit= nn,0/ngo,- and (B) the volume
fraction of watem plotted against membrane ionic fractimmy for Nafion
117. Symbols are the same adHig. 1

The mobilities of cations calculated using E(®.and(9)
together with the data of ionic transference numbers (see be-
low) are plotted irFig. 5(A) and (B), as a function of mem-
brane compositionx v . The mobility of Li* cation,u;+,
was affected differently by the presence of the other alkali
metal cations in the membrane. In the presence 6f a+
increased but in the presence of'Rib decreased. Kdid not
alteru;+. For the mobilities of the other alkali metal cations,

2 T T T
ﬁnﬁy\‘o &
1.8 %\%\ -l 1
T T 5~ \\%‘\QO
§ 16 =Ly
w A
NS
] 14
e
S A:Li/Na
O: Li/K
121 O: Gro ]
O:Li/Cs
1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Xiim

the previous results about the single cation form membranerig. 3. pensity of the Nafion 117 membrane in wet state plotted against

systemg11].

membrane ionic fractior,jv . Symbols are the same ashig. 1
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XUM

Fig. 4. Membrane ionic conductivityin fully hydrated state plotted against
membrane ionic fractior jy for Nafion 115. Symbols are the same as in
Fig. 1

those of N&, K* and RI3 remained almost unchanged, but
the mobility of C§ appeared to decrease slightly by the pres-
ence of Lt.

On the other hand, the concentration of sulfonic acid
groups in the membranegq,-, as calculated from Eq10)
increased almost in all the cases as tHedaintent decreased.
Thisresultis in accordance with the density of the membrane,
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Fig. 5. Mobility of cationic species in the membrane plotted against mem-
brane ionic fractiorx v . (A) Mobility of Li * in Li/Na system @); Li/K
system (); Li/Rb system [J); Li/Cs system ¢). (B) Mobility of Na* in
Li/Na system &); K* in Li/K system @); Rb" in Li/Rb system Hl); Cs" in
Li/Cs system ¢).

Fig. 6. lonic transference number of‘Lin the membrane;+ for various
cationic systems of Nafion 117, plotted against membrane ionic fraction
X_im - Symbols are the same ashig. 1

dwet, indicating that the membrane shrinkage caused the in-
crease in the anionic site density.

3.3. lonic transference number in the membrane

Fig. 6depicts the ionic transference number of Ir the
membrane, ;+, plotted against the membrane ionic composi-
tion x_jm . The difference in thg ;+ versusx iy dependence
for different cation systems was small, an¢l decreased
almost linearly with decreasing v .

3.4. Water transference coefficient

In Fig. 7, water transference coefficiemto is plotted as a
function of the ionic transference numbgr:. . r1,0 changed
in different ways withz;+, depending on the alkali metal
cations. For the Li/Na systenmy,o changed almost linearly
with 7+, but for Li/K and Li/Rb systems, convex curves
appeared.

24 y T T T

22 1
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14
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10

thoo

O: Li’K
O: Li/Rb
O Li/Cs

L L L L

oON MO
T

04 06
z.Li+

08 1

Fig. 7. Water transference coefficienio vs. ionic transference number of
Li* inthe membrang;+ for various cationic systems. Symbols are the same

asinFig. 1
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Table 1 05
Cation interactions in Nafion membranes

0
Systems  Kex Kth b (Jmol1) Kex (calc.) Kin (calc.)
Li/Na 0.46 0.52 —202 0.39 0.45 -05 f A 1
LirK 015 017  -175 0.14 0.18 B S
Li/Rb 0.17 0.19 —768 0.11 0.12 R
Li/Cs 0.11 0.095 288 0.076 0.097 t -
Kex: equilibrium constant of the exchange reacti#@;: thermodynamic B 5=~ &
equilibrium constantp: constant expressing the interaction betweeh Li [T T - g
and A* (A* =Na", K*, Rb*, Cs") as compared with the ti-Li* and A™-A* 2 < - ™
pairsinthe membrane (see Ej8)). Kex (calc.) andKy (calc.) are calculated [y N
values from the H/A (A=Li, Na, K, Rb, Cs) systerfgj. 25 o 0 ]

. _ -3 . . A .
4. Discussion 0 02 04 06 08 1
XLiM

It should be noted that there would be a difference in trans-
port mechanisms betweerf ldnd other alkali metal cations.
For H" Grotthuss (hopping) mechanism may prevail owing
to the hydrogen bond formation, but for alkali metal cations cations and sulfonic acid groups. Whefi hias higher affinity
vehicle mechanism should occur. So interesting point is that to sulfonic acid group than Adoes,Ky, becomes larger,
unlike the case of binary cation systems with &hd alkali which conforms well to the results iRig. 1 Also b is the
metal cationg8], some specific feature would be observed measure of interactions between'land A" as compared
for Li* and other alkali metal cation systems. The similarity with the Li*—Li* pairs and A—-A* pairs. Fromb values it
of H" and Li" in terms of water content and affinity to sul- is indicated that there is very little difference in interactions
fonic acid group is another interesting point to compare Li  between Li/Na and Li/K cations. This might be accounted for
and alkali metal cation systems in relation t6 &nd alkali by the large number of water molecules surrounding these
metal cation systen(s]. cations.

The mobility of the cation may be affected by the water  On the other hand, for Li/Rb and Li/Cs pairs, mixed state
content or the volume fraction of water in the membrane is favored as compared with separated states'efllii” pairs
[8]. The larger is the domain of ion conducting path, the and A*'—A* pairs. Note that the amount of water brought in
higher will be the ionic mobilityf20]. The results of water  the membrane by [ication is rather large, and the repulsive
content and membrane densityHigs. 2(A) and 3nfer that force between a pair of alkali metal cations£A* would be
membranes tend to shrink when they are exchanged with K mitigated. For the systems Li/Rb and Li/Cs, water content is
Rb" or Cs’ cations. These cations are less hydrophilic than low and the polymer structure tends to shriffg. 1 infers
Li*, and fewer amount of water molecules are brought inside repulsion of RB or Cs" cations when the population of Li
the membrane, resulting in smaller volume of hydrophilic jonis low. In this case the repulsive force betweehdnd A",

Fig. 8. Relations between K and the membrane ionic fractiamy . Sym-
bols are the same asfig. 1

domains. would be smaller than the force betweed-tii* or A*—A*
The concentration of the sulfonic acid groups,,- is averaged for the mixed state because of intervening water
another factor to be considered. In almost all casgs,- molecules between tiand A'.

increased when other alkali metal cations are added to the Table 1also shows the calculated valueskaf, and Kip,
Li-form membrane. This may be a consequence of the de-using the following relationship:
crease in water content and the membrane shrinkage, and Xt X1 1 Kex(HIA)
with too low 1 the chance of ion pair formation between Key(Li/A) = ~ACITtM _ ZexdlZoy
cations and sulfonic acid groups may increase. Note the case Xiici Xam  Kex(H/LI)
of H* conductivity in membranes of different EW values, whereKex(H/A) represents the equilibrium constant of the ex-
where increased ion exchange capacity did not result in thechange reaction HCl(aq) + AM = ACl(aq) + HM (A =Li, Na,
increase incgo,- [21]. In this case increased anionic site K, Rb, Cs), and is obtained from the previous results for
number brought about the increased water content, and as al/Li, H/Na, H/K, H/Rb and H/Cs systeni8]. The discrep-
resultcgo,- was almost unchanged. Here larger ion exchange ancy between values &y or Kin in the present system and
capacity brought about the increase ifi €bnductivity, not the calculated values would come from the difference in envi-
by the increased concentration of the sulfonic acid groups butronments, especially the water content, because in the present
by the increased mobility of Hions[21]. case the change inis larger in the middle range ofjy as

InK’ is plotted againsk_jy in Fig. 8 for Li/Na, Li/K, compared to the previous systems.
Li/Rb and Li/Cs-form membrane systems, which resulted in It seems that there exist some interactions between cations
straight lines. The slopes and intercept&ig. 8give values and water molecules in the membrahkeg. 7 reveals that in
of Ky, andb as calculated using E@19). The results are  the case of Li/K and Li/Rb systems, the amount of water
shown inTable 1 Ky, is a measure of the interaction between dragged is larger in the mixed state than in the single cation

etc (22)
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Fig. 9. Cation mobilities in the membrane plotted as a function of the pa-
rameteri—rn,o0 obtained for various cation mixtures. The inset shows the
plots calculated from Table 2 of Rd8].

form, in contrast to the case of Li/Na system. The concave
curve in the membrane conductivity against the membrane
composition for Li/K, as seen ifig. 4, would thus be ex-

plained by the amount of dragged water in relation to the
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cations and water molecules on the membrane characteris-
tics:

(1) Alkali metal cations have higher preference ovet i
Nafion membranes.

The polymer electrolyte membrane shrinks and the den-
sity increases if the alkali metal cations Rind C¢ are
exchanged for LYi in the membrane.

When less hydrophilic cations like Rbr Cs" are mixed
with Li*, repulsion between cations will be mitigated
because Ui has a large amount of water sheath. Then
these cations have a tendency to mix with tather than

to be separated each other.

The cationic conductivity in the membrane is determined
by two major factors: one is the amount of residing wa-
ter in the ionic channel, and the other is the interaction
between cations and sulfonic acid groups. These factors
should be of significant criteria in considering the micro-
structural designing of high performance polymer mem-
branes.

)

®3)

(4)

membrane water content. The reason why the interaction of
water with cations in the mixed state is enhanced needs fur-References

ther investigation, because this is a rather rare fdse
Fig. 9expresses the relationship between the cation mobil-
ity and the parameter+,o obtained for various cation mix-

tures. The inset shows the similar plots as obtained separately

in H-form and alkali metal cation form membrari8% There
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