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Nonisothermal membrane phenomena across perfluorosulfonic acid-type 
membranes, Flemion S: part I. Thermoosmosis and transported entropy of water 
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Abstract: Solvent transports across the perfluorosulfonic acid-type membrane 
Flemion S were measured for aqueous electrolyte solutions under a temper- 
ature difference and under an osmotic pressure difference. H +, Li § Na +, K § 
NH 2, CH3NH~-, (CH3)2NH 2, (CH3)3NH +, (CH3)4N +, (C2Hs),N +, (n- 
C3HT),N + and (n-C4H9)4N + were used as counterions. Water flux across the 
membrane in HC1 solution is higher than that in the other electrolyte solutions 
because hydrogen ions can exchange with the hydrogen of the neighbor water 
molecules and contribute to the water transport across the membrane as 
a proton jump in conductivity. The direction of thermoosmosis across the 
membrane in HC1, NaC1, (CH3),NC1 and (C2Hs),NC1 solutions was from the 
cold side to the hot side and that in LiC1, KC1, NH4C1, CH3NH3C1, 
(CH3)zNH2C1 and (n-C#Hg),NBr solutions was from the hot side to the cold 
side, although thermoosmosis across anion-exchange membranes always oc- 
curs toward the hot side. 

Key words: Cation-exchange membranes - osmosis - perfluorosulfonic acid 
membranes thermoosmosis - transported entropy 

Introduction 

In general, thermoosmosis appears from the 
hot side to the cold side for hydrophobic mem- 
branes and toward the hot side for hydrophilic 
membranes [ l l .  For anion-exchange membranes 
with vairous counterions, the direction of thermo- 
osmosis is all from the cold side to the hot side 
I-2, 3]. However, for cation-exchange membranes, 
the direction of thermoosmosis changes with the 
counterions [-4, 5]. In this paper, we studied the 
dependence of the thermoosmotic coefficient on 
the species of counterions for porous perfluoro- 
sulfonic acid-type membranes. 

Applying nonequilibrium thermodynamics to 
ion transport processes [6, 7] gives the phenom- 
enological equations for the fluxes: 

-- J~ = L ~ A T  + ZiLsiA/~i  (1) 

- -  Ji = Lis A T + Zj  Lij A fij , (21 

where Js is the total entropy flux, Ji the absolute 
mass flux, T the temperature,/q the electrochemi- 
cal potential, and L's the proportionality con- 
stants having units of conductance. Using 
phenomenological coefficients of generalized 
resistances (r's), J, is also expressed as I-8, 9] 

- J ~  = (1/rss)A T + Xi(rsi/rss)d i 

= (1 /r~)A r + s ig~J~,  (3) 

where ~i = r~i/r~ is the transported entropy of 
component i, which means the entropy trans- 
ported by the transfer of one mole of component i. 
Therefore, substitution of Eq. (3) into Eq. (1) gives 

L~s = -- Sj Lij ~j , (4) 

where Onsager's reciprocal relationship is used. 
If cation-exchange membranes are ideally 

permselective for counterions and a temperature 
difference (A T), and an osmotic pressure differ- 
ence (A re) exist across the membranes, the volume 
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flux (Jv) can be written as [10] 

- J v  = D*{(go - So)  T -  (5) 

where 

D* = (1/3)(aO/vO - % F O X I v + ) .  (6) 

The subscript 0 refers to water molecules, ~o is the 
concentration of water in the membrane phase, 
% the reduced transport number of water, So the 
partial molar entropy of water in the external 
solution, 3o the mean molar transported entropy 
of water in the membrane, v0 the partial molar 
volume, 3 the thickness of the membrane, F the 
Faraday constant, and ~bX is the effective concen- 
tration of membrane fixed charges. The lvo is 
a parameter related to the mobility of water in the 
membrane and lv+ is related to the interaction 
between the cations and water. The lvo and 
lv+ may be expressed byfl~ a n d f l  ~ + where f i s  
a tortuosity factor depending on the tortuosity 
and porosity of the membrane [11-13]. Therefore, 
D* is rewritten as 

D* = f D  *~ , (7) 

where 

D *o = (1/fi)(Eol~ - % F d ? X l ~  (8) 

In a capillary model the tortuosity factor f is 
expressed by [12] 

f =  ( A ~ 1 7 6  (9) 

where A ~ and 3 ~ are the effective membrane area 
and the effective length of the membrane thick- 
ness, and A is the membrane area. In general, we 
may assume that 

foc  (q~o)2/3/(q~o)1/3 = (~bo)1/3 , (10)  

where 0 ~ is the volume fraction of the liquid phase 
in the membrane. 

If the counterion of the membrane is H + ion, 
the proton can exchange with the hydrogen of 
water molecules; therefore, volume flux under 
a temperature gradient and a pressure gradient 
may be larger than those with other counterions 
[4]. 

If there is no pressure difference, Eq. (5) be- 
comes 

- - J ~ = D A T ,  (11) 

where 

D = (go - so )D*  = f D  ~ , (12) 

D~ = (~o -- So) D*~ �9 (i3) 

If the counterions are proton or ammonium-type 
ions, the ion exchange between a hydrogen of the 
counterions and a hydrogen of the water molecu- 
les in the membrane may occur, and the entropy 
of water may increase in the membrane. 

Moreover, if there is no temperature difference, 
Eq. (5) becomes 

- J~ = LpA rc, (14) 

where 

Lp = - r o D *  �9 (15) 

Therefore, if we obtain the values of D and Lp, 
we can estimate the value of the entropy difference 
(So - so) from Eqs. (12) and (15), and the value of 
the difference in the molar enthalpy of water be- 
tween the external solution and the membrane at 
a steady state, Aho = - T(go - So). 

S o - - S o  = -- v o D / L p  

= D / D * .  (16) 

Experimental 

M e m b r a n e s  

Porous perfluorosulfonic acid-type mem- 
branes, Flemion S, were used. The thickness of the 
membrane was 0.21 mm and the transport num- 
ber of cations in the membrane was 0.99 for 
0.01 mol/kg KC1/membrane/0.02 mol/kg KC1. 

Elec t ro ly te  solut ions 

The reagents used for the preparation of HC1, 
LiC1, NaC1, KC1, NH,~C1, CH3NH3C1, 
(CH3)zNH2C1, (CH~)4NC1, (C2H5),NC1, (n- 
C3Hv)4NBr and (n-C4H9)4NBr aqueous solutions 
were special grades and for that of (CH3)3NHC1 
was first grade from Wako Pure Chemical Indus- 
tries, Ltd. Japan. Thermoosmosis measurements 
were carried out at 0.01 mol/kg of these electro- 
lyte solutions. 
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Ion-exchange capacity and water content 

Ion-exchange capacities were measured by im- 
mersing the H + form membrane in NaC1 solution 
and titrating the amount  of H + ions released. The 
counterions of the membranes were changed by 
boiling the membranes in 1 mol/kg of the electro- 
lyte solution for 30 min. The electrolyte absorbed 
in the membrane was repeatedly rinsed out in 
pure water four to five times at room temperature. 
Moreover, the membrane was boiled in pure 
water for 30 min to remove the free electrolyte. 
The ion-exchange capacity is expressed by the 
unit: mmol of ion-exchange groups per g of 
the dry membrane without the weight of the 
counterions. 

The water contents of membranes equilibrated 
with ion exchanged water and 0.01 mol/kg elec- 
trolyte solutions were measured. However, the 
difference in the water contents between them was 
not observed in experimental errors. Moreover, 
the water content was independent of temperature 
in the range of the experiments. The water content 
(w0) is also expressed by the unit: g of water per 
g of the dry membrane without the weight of the 
counterions. 

Measurements of  membrane resistance 

Membranes were equilibrated at 0.01 mol/kg of 
the ammonium and the alkyl ammonium halide 
solutions. Two flat, impervious carbon electrodes 
were directly connected to both sides of the mem- 
brane equilibrated with the solution and the 
membrane resistance was measured at 25 ~ with 
10 kHz using an LF Impedance Analyzer 4192A 
(Yokogawa-Hewlett-Packard, Ltd., Japan). 

Measurements of  thermoosmosis 

The cell for measuring mass transport under 
a temperature gradient was similar to the thermo- 
osmosis cell described in the previous paper [3]. 
The upper section, which is a hot chamber 
(1500cm3), was larger than the lower, a cold 
chamber (96 cm3). All measurements of thermoos- 
mosis were carried out at 308.2 K, the mean tem- 
perature of the two chambers. The effective area of 
the membrane was 28 cm 2. The relationship be- 
tween the effective temperature difference across 
the membrane (AT) and the temperature differ- 

ence of two bulk solutions (A Tb) was estimated by 
measuring the thermal membrane potential. The 
value of A T/A T b w a s  about 0.7 for all membranes 
[ I ] .  

Measurements of  osmotic volume flux 

Volume flux under an osmotic pressure differ- 
ence was measured using the same cell as that 
described in the previous paper [3]. The effective 
area of the membrane was 2.54 cm 2. The cell was 
placed in an air thermostat and the temperature 
was kept at 298.16 _+ 0.05 K. The concentration of 
the external salt solution on one side of the mem- 
brane was fixed at 0.001 mol/dm 3, and that on the 
other side was varied in the range of 0.025 to 
0.2 mol/dm 3. The osmotic pressure difference be- 
tween the two chambers was estimated from the 
concentration difference and osmotic coefficients 
in the literature [14, 15]. However, the osmotic 
coefficients for CH3NH3C1, (CH3)2NH2C1 and 
(CH3)3NHC1 were assumed to be 0.9 because of 
the lack of data. When the volume flux was plot- 
ted against the osmotic pressure difference, devi- 
ation of the volume flux from a straight line was 
sometimes observed. In those cases, we estimated 
the hydraulic coefficient (Lp) or the coefficient 
(D*) from the initial slopes. 

Results and discussion 

Figures 1 and 2 show examples of the move- 
ment of the liquid meniscus against time (t) for 
Flemion S with the H + form in 0o01 mol/kg of 
HC1 solution and the NH2 form in 0.01 mol/kg of 
NH4C1 solution, respectively, where the mean 
temperature was kept at 308.2 K and the temper- 
ature differences of the bulk solutions (d Tb) were 
3 to 12K. For the H § form, the direction of 
thermoosmosis is from the cold side to the hot 
side; whereas, for the NH2 form that is from the 
hot side to the cold side. Thermoosmotic volume 
fluxes were calculated from the slopes of these 
figures. 

Figure 3 shows the linear relationships between 
the volume flux and the temperature difference of 
the bulk solutions in 0.01 mol/kg of HC1, LiC1, 
NaC1 and KC1 solutions. The linear relationship 
means that (~o - So) is independent of the temper- 
ature in the range of the experiments, although 
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Fig. 1. Examples of the movement of liquid meniscus under 
temperature differences for the H + form Flemion S. Temper- 
ature differences (K): A, 3; B, 6; C, 9; D, t2. 
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Fig. 2. Examples of the movement of liquid meniscus under 
H + temperature difference for the N , form Flemion S. Tem- 

perature differences (K): A, 3; B, 6; C, 9; D, 12. 

the molar entropy of water is dependent on the 
temperature [16]. The direction of thermoosmo- 
sis is from the cold side to the hot side when the 
counterions are H + or Na + ions and from the hot 
side to the cold side when the counterions are Li + 
or K + ions. 

Figure 4 shows the linear relationships between 
the volume flux and the temperature difference in 
the ammonium and the alkyl ammonium halide 
solutions. In the NH4C1, (CH3)NH3CI and 
(CH3)zNH2C1 solutions, the direction of thermo- 
osmosis is clearly toward the cold side. For 
(CH3)3NHC1 solution, the value of thermoosmo- 
sis is almost zero. Moreover, for the (CH3)4NC1 
solution the direction of thermoosmosis becomes 
inverse toward the hot side. The value of thermo- 
osmosis in the (C2Hs)4NC1 solution is larger than 
that in the (CH3)4NC1 solution and toward the 
hot side because the (C2Hs)4N + ion is bulkier 
than (CH3)4N +. The value of thermoosmosis in 
the (n-C3HT)4NBr solution is almost zero. Finally, 
for the (n-C4Hg),~NBr solution, the direction of 
thermoosmosis changes again toward the cold 
side, because the slate of water is unstable in the 

hydrophobic membranes, and the entropy of 
water in the membrane is larger than the partial 
molar entropy of the external solution [1]. Thus, 
the volume flux increases with a decreasing num- 
ber of hydrogens combining with the nitrogen of 
the counterions. The highest value of thermoos- 
mosis was observed for the (C2Hs)4NC1 solution, 
and after that thermoosmosis decreased with in- 
creasing hydrophobicity of the counterions. 

In order to estimate the difference between the 
mean molar transported entropy of water in the 
membrane phase (~o) and the molar entropy of 
water in the external solutions (so), the volume 
flux (Jr) was measured under an osmotic pressure 
difference. Figures 5 shows the relationship be- 
tween the volume flux and osmotic pressure dif- 
ference in electrolyte solutions. Water contents for 
Flemion S with various counterion forms are 
listed in Table 1. The volume flux is abnormally 
higher in HC1 solutions than in the other electro- 
lyte solutions, even if we take the highest water 
content in HC1 solution into consideration. The 
volume flux could not be observed for (n- 
C3HT)4NBr and (n-C4H9)4NBr solutions. The 
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Flemion S with the various ammonium ion forms at the 
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volume flux under osmotic pressure difference in 
NH4C1 solutions is fairly higher than those in 
a lkylammonium chloride solutions, because the 
water content in the former is higher than those in 
the latter. 

The thermoosmotic coefficient (D) obtained 
from the slopes in Figs. 3 and 4, coefficient (D*) 
obtained from the initial slopes in Fig. 5, and the 
entropy difference, ( s o - S o ) ,  (estimated from 
D and D*) are listed in Table 1. In order to study 
the dependence of D ~ on the counterions, f L i D  ~ 

which means the thermoosmotic coefficient at the 
same water content as that with the Li + form was 
calculated and also listed in Table 1, where the 
volume fraction ~b ~ was approximately evaluated 
by the assumption 4o = Wo/(1 + Wo). The order 
ofD ~ is the same as that o lD because the variation 
in the water contents was comparatively small. 

The values of - ( g o -  So) are from 
- 0 . 5 9 J K - l m o l -  1 for the Li + form to 

0 . 5 5 J K - ~ m o 1 - 1  for the H + form in HC1 and 
alkali metal chloride solutions. The values of 
- (So - So) are from - 0.39 J K -  1 mol -  1 for the 
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Fig. 5. The dependence of osmotic volume flow (Jr)  on the 
osmotic pressure difference of the external salt solutions (ATz) 
for Flemion S at 298.15 K. �9 HC1; (~, LiC1; O--, NaC1; (~, 
KC1; �9 NH4C1; C%, CH3NH3C1; Q, (CH3)2NH2C1;, 
(CH3)3NHC1; "(2), (CH3)4NC1; @, (C2Hs)4NC1. 

NH~- form to 0 . 4 3 J K -  a m o l - i  for the 
(C2H5)4 N+ form in ammonium and alkylam- 
monium chloride solutions. On the whole, the 
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Table 1. The values of water content, D, fLiD ~ D* and - (s0 - so) for Flemion S. 

Counterions Water content, wo - D  x 107 - f u D  ~ x 107 D* x 107 - (So - So) 
(g-H20/g-dry membr, cm. s- 1. K 1 cm' s- 1. K -  i cm. mol- J -  1. s- i J. K -  1. tool i 
without counterions) 

H + 0.59 14.6 14.5 26.7 0.55 
Li § 0.56 - 3.7 - 3.7 6.2 - 0.59 
Na § 0.46 0.2 0.2 6.7 (0.03) 
K § 0.26 - 0.4 - 0.5 4.7 ( - 0.08) 

NH2 0.37 - 3.6 - 4.0 9.4 - 0.39 
CH3NH~- 0.28 - 1.9 - 2.2 4.9 - 0.39 
(CH3)zNH~ 0.27 - 1.1 - 1.3 3.9 - 0.28 
(CH3)3NH + 0.29 0.1 0.1 4.1 (0.02) 
(CH3)r + 0.28 1.0 1.2 4.0 0.25 
(C2Hs)4N + 0.33 2.0 2.3 4.8 0.43 
(n-C3Hv),N + 0.14 0.0 0.0 0.0 - 
(n-C,Hg),N + 0.47 - 0.9 - 0.9 0.0 - oo 
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Fig. 6. The dependence of the entropy difference - (~o - So) 
and thermoosmotic coefficient ( - D )  on the radius of 
counterions for Flemion S with the alkali metal ion forms. 
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Fig. 7. The dependence of the entropy difference - (go - so) 
and thermoosmotic coefficient ( - D) on the species of counter- 
ions for Flemion S with the various ammonium ion forms. 

e n t h a l p y  differences  A h o = -  T ( g o - S o )  are  
f r o m  - 0.18 to  0.17 k J m o 1 - 1  w h e n  one  m o l e  o f  
w a t e r  is t r a n s p o r t e d  f r o m  the  ex te rna l  s o l u t i o n  
p h a s e  in to  the  m e m b r a n e  p h a s e  at T = 308.2 K.  

T h e  t h e r m o o s m o t i c  coeff icients  (D) are  p l o t t e d  
aga in s t  the  ion ic  radi i  for  h y d r o g e n  a n d  alkal i  
me ta l  ions  in Fig.  6, a n d  a ga i n s t  t he  species o f  the  
a m m o n i u m  ions  in Fig.  7. T h e  o r d e r  o f  the  the r -  
m o o s m o t i c  coeff ic ients  in the  h y d r o g e n  a n d  a lkal i  
me ta l  ch lo r ide  so lu t i ons  ( - D )  is H + >  N a  § 
> K + > L i§  w h i c h  is the  s a m e  for  c o n v e n t i o n a l  

ion ic  hea t s  o f  t r a n s p o r t  in a q u e o u s  so lu t ions  
(Q*)  [17, 18]. S imi lar  p h e n o m e n a  were  r e p o r t e d  
for  h y d r o c a r b o n s u l f o n i c  a c i d - t y p e  m e m b r a n e s  
F4, 5]. F o r  a m m o n i u m  a n d  the  a lkyl  a m m o n i u m  
ions,  the  o r d e r  o f  - D  is (C2Hs)4  N +  > ( C H 3 ) 4 N  + 

> ( C H 3 ) 3 N H  + > ( C H 3 ) a N H ~ -  > C H 3 N H ~  > N H 2 ,  
w h i c h  is a lso the  s a m e  as t h a t  fo r  the  va lues  o f  Q* 
[ 1 7 , 1 8 ] .  H o w e v e r ,  for  bu lk ie r  a lkyl  a m m o n i u m  
ions,  the  o r d e r  o f  - D  for  the  (n -C3H7)4N + a n d  
( n - C , H 9 ) , N  + fo rms  is n o t  the  s a m e  as t h a t  for  Q* 
T h e  va lue  o f  - D  for  the  ( n - C , H 9 ) , N  + f o r m  is 
nega t ive  a n d  l o w e r  t h a n  t h a t  o f  the  o t h e r  m e t h y l  
a m m o n i u m  a n d  e thy l  a m m o n i u m  ion  forms ,  
a l t h o u g h  the  c o n v e n t i o n a l  ion ic  hea t  o f  t r a n s p o r t  
o f  (n-Cel l9)4  N +  is h ighe r  t h a n  those  o f  the  o t h e r  
m e t h y l  a m m o n i u m  a n d  the  e thy l  a m m o n i u m  ions  
[18]�9 Similar ly ,  for  a n i o n - e x c h a n g e  m e m b r a n e s ,  
it is k n o w n  tha t  the re  is no  s imple  r e l a t i ons h ip  
b e t w e e n  t h e r m o o s m o t i c  coeff ic ients  a n d  c o n v e n -  
t i ona l  ion ic  hea t s  o f  t r a n s p o r t  in a q u e o u s  solu-  
t ions  [2, 3]. 
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The dependence of (go - So) on the counterions 
is similar as that of D as shown in Figs. 6 and 
7. This means that the dependence of 
D *(  = - - L p / v o )  on the counterions is small com- 
pared with that of (go - So). Figure 8 shows the 
membrane resistance in the ammonium and the 
alkyl ammonium halide solutions. For  the (n- 
C3HT)4N + and (n-C4H9)4N + forms, the resist- 
ance becomes very high and the appearance of the 
membrane changed into a stiffer state. This sug- 
gests that the hydrophobic interaction between 
the counterions and the membrane matrix is very 
strong and the influence of the alkyl group of the 
counterions on the state of water in the membrane 
also becomes very strong. Therefore, the value of 
- (go - so) is negative for the (n-C4H9)4 N+ form 

as observed for polytetrafluoroethylene and poly- 
ethylene membranes El]. 

In this work the value of - D  was negative with 
the Li +, K +, NH2,  CH3NH;  +, (CH3)2NH ~- and 
(n-C4Hg)r + forms. The absolute value of - D  
for the N H ~  form is 10 times greater than that for 
the K + form although their Stokes and crystallo- 
graphic radii are similar. The entropy of water in 
the membranes with ammonium and alkyl am- 
monium ions will be large, because the hydrogen 
of ammonium ions may exchange with that of 
water. The molality of fixed charges of the mem- 
brane is about 2 mol/kg in LiC1 solutions. There- 
fore, the bonding or association of the first and 
subsequent layers of water about the counterions 
in the membrane would be more strongly affected 
by the surrounding membrane matrix than those 
in free solutions. Thus, the difference in the states 

of water between the membrane and the external 
solution would be reflected in the entropy differ- 
ence (s0 - So). An anomalous strong interaction 
between lithium ions and water in the membranes 
might cause the increase in transported entropy of 
water. 

Conclusions 

1) Water flux across a Flemion S membrane 
with the H + form is higher than that with the 
other cation forms, because the hydrogen ions can 
exchange with the hydrogen of the neighboring 
water molecules and contribute to the water 
transport  across the membrane as a proton jump 
in conductivity. 

2) The direction of thermoosmosis across 
Flemion S with the H § Na § (CH3)4 N+ and 
(C2Hs)a N+ forms was from the cold side to the 
hot side and their entropy differences between the 
membranes and the external solutions ( S o -  So) 
were negative. 

3) The direction of thermoosmosis across 
Flemion S with the Li +, K +, NH2,  CH3NH~-, 
(CH3)2NH~- and (n-C4H9)4 N+ forms was from 
the hot side to the cold side and their entropy 
differences (So - So) were positive. 

4) The orders of the entropy difference 
- ( S o - S o )  are H + > N a  + > K  + > L i  + for 
the hydrogen and alkali metal ion forms 
and (C2Hs)4N + > (CH3)4N + > (CH3)3NH + > 
(CH3)zNH~- > CH3NH~- > N H  + for the ammo- 
nium and alkyl ammonium ion forms, respec- 
tively. 
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