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Permselectivity between Anions in Anion-Exchange Membranes 
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In order to control hydrophilicity of anion-exchange membranes, modified anion-exchange membranes were 

prepared by the reaction of a copolymer membrane composed of chloromethylstyrene and divinylbenzene with 

triethylamine, 2,2-diethylaminoethanol, N-ethyldiethanolamine and triethanolamine. The ion-exchange 

equilibrium constant, the mobility ratio and ion selectivity coefficient between fluoride ions and chloride ions were 

measured using these membranes. The increase of the ion-exchange equilibrium constant with increasing the 

hydrophilicity of the anion-exchange groups indicates that the strongly hydrated fluoride ions are ion-exchangen 

more easily in the membrane with high hydrophilicity, in comparison with the less-hydrated chloride ions. The 

mobility ratio of fluoride ions to chloride ions in the membranes decreases with decreasing membrane water 

content. This means that the mobility of the strongly hydrated fluoride ions decreases more steeply in the 

membrane with low water content than that of the less-hydrated chloride ions. 
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1. INTRODUCTION 

The excess of fluoride ions in ground water is found in 

many regions, such as Mrica,l America/ Europe,3.4 and 

Asia.5
·
6 The ions in drinking water have caused serious 

health problems. There are several methods to remove 

fluoride ions and to improve the quality of drinking 

water. 7-
9 It was reported that fluoride ions are difficult to 

permeate though conventional anion-exchange 

membranes because the ion-exchange equilibrium 

constant of the ions compared with chloride ions is 

extremely low.10
•
11 However, electrodialysis1

•
1

2.
13 is one of 

the ma>t effective methods to remove fluoride ions if ion­

exchange membranes having perrnselectivity for the ions 

are developed. Sata et aJ.l4- 19 have studied about 

dependence of membrane hydrophilicity on perm­

selectivity between ions with the same sign and the same 

valence. They reported that the permeation of fluoride 

ions increased relative to chloride ions by impregnating 

compounds containing ether bonds into anion exchange 

membranes.19 

In this study, anion-exchange membranes having 
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different degree of hydrophilicity were prepared by the 

reaction of a copolymer membrane composed of 

chloromethylstyrene and divinylbenzene with various 

kinds of amine groups. we prepared anion-exchange 

membranes having different de!,Tfee of hydrophilicity by 

changing anion exchange groups. We measured the 

permeability coefficient, the ion exchange equilibrium 

constant and the ionic mobility ratio of various anions in 

the membranes to analyze the relationship between the 

perrnselectivity of fluoride 1ons and membrane 

hydrophilicity. 

2.EXPERIMENTAL 

2.1. Sample membranes 

Anion-exchange membrane with different anion-exchange 

groups were prepared by the reaction of the copolymer 

membrane compa>ed of chloromethylstyrene-divinyl­

benzene with triethylamine, 2,2-diethylaminoethanol, N­

ethyldiethanolamine and triethanolamine. The copolymer 

membrane was prepared by the same methods as shown 

elsewhere. 22 The obtained copolymer membrane was 
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reacted at 60'C with the amines: a 1M triethylamine + 
alcohol solution for 24h, a 1M 2,2-diethylaminoethanol 

alcohol solution for 48h, a lM N-ethyldiethanolamine 

alcohol solution for 240h and a 1 M triethanolamine 

alcohol solution for 480h. After the reaction, the 

membranes were thoroughly washed with a 1.0 

hydrochloric acid solution. The membranes were 

equilibrated with an aqueous 1.0 N hydrochloric acid 

solution and a 0.5 N sodium chloride solution alternately, 

and then stored in a 0.5 N sodium chloride solution. The 

characteristics of the anion-exchange membranes are 

listed in Table I. 

Table I: Amines, ion exchange capacity, Q, water content, 

Hand thickness, d, of the anion exchange membranes. 

Name M1 M2 M3 M4 
Amines 

Ql) 

HZJ 
d[mm] 

Al* 
1.55 
32.6 
0.145 

A2* 
1.57 
25.7 

0.141 

A3* 
1.52 
17.6 

0.137 

A4* 
1.37 
13.3 

0.113 

* A1 :Triethylamine, A2:2-Diethylaminoethanol, A3:N­

Ethyldiethanolamine, A4:Triethanolamine 

1lmeq./g-dry membrane ZJg-Hp/g-dry membrane 

2.2 Measurements of ion selective coefficient m 

electrodialysis 

Fig. 1 shows four-comportment cell with Ag/AgO 

for electrodialysis to measure ion selective coefficient of 

fluoride ions to chloride ions. After an anion-exchange 

membrane had been placed in the cell, the two middle 

compartments were filled with 100cm3 of a 1:1 mixed 

sodium chloride and sodium fluoride solution. Its 

concentration was O.OlN or 0.04N as sodium ion 

concentration. The anolyte and the catholyte were 

sodium chloride solutions, which were separated by 

cation exchange membranes (NEOSEPTA CM-2, made 

by Tokuyama), and their concentration was the same as 

that of the mixed salt solution in the middle 

compartments. Electrodialysis was carried out at the 

current density of 1mNcm2 under vigorous agitation 

(1500 rpm with stirrers) for 60 min at 25.0"C. After 

electrodialysis, the solutions were analyzed by an ion 

C{ 

Fig. 1 Apparatus for measurement of ion selective 

coefficient of fluoride ions to chloride ions. C: cation 

exchange membrane; A: anion exchange membrane; 

effective membrane area: 2cm X 5cm; volume of each 

compartment: 100cm3 

chromatograph (TOSHO CCPD, IC-8010). The ion 

selective coefficient, Pct, was calculated from the 

following equation: 

P{z = Cp(L)-Cp(R) (l) 
CC/(L)-CC/(R) 

where C;(L) and C; (R) (i=Cl or F) are the anion 

concentration at the compartment at side Land at side R, 

respectively. 

2.3 Measurements of membrane electrical resistance 

Electrical resistance of the anion-exchange membranes 

was measured by 1000Hz AC, using Hewlett Packard 

LCR-4263 meter at 25.0"C and a two compartment cell 

(effective membrane area is l.Ocm~ with platinum black 

electrodes. The electrical resistance was measured using 

0.50N sodium chloride and sodium fluoride. 

2.4 Ion exchange equilibrium constant between ions 

The ion exchange equilibrium constant between fluoride 

ions and chloride ions was determined as follows: after 

the membranes had been equilibrated with a 1:1 mixed 

sodium chloride and sodium fluoride solution wha;e 

concentration was O.OlN or 0.04N as sodium ion 

concentration, both the anions had been eluted with O.lM 

sodium sulfate, and then the concentration of the anions 

was determined by the ion chromatograph. The 

equilibrium constant, K~1 , was defined as: 

K~l = ~F 
CC/ 

(2) 

where CF and eel were the concentration of fluoride 
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and chloride ions ion-exchanged in the membranes. 

The water content and ion-exchange capacity of the 

membrane were measured according to conventional 

meth<XIs. 

3.RESULTS AND DISCUSSION 

Fig. 2 shows the effect of species of anion-exchange 

0.7 

0.6 

0 

~ 0.5 
LL 

::) 

0.4 

groups on the ion exchange equilibrium constant, X::
1

• 0.3 

~1 increases with increasing number of hydroxyl 

groups in the ion-exchange groups. Hydrophilicity of the 

ion-exchange groups increases with increasing number 

of hydroxyl groups. Fluoride ions are strongly hydrated 

compared with chloride ions (the Gibbs hydration 

energies of fluoride and chloride ions are -434 and -317 

kJ mol·\ respectively). Hence, It is thought that the 

strongly hydrated fluoride ions are ion-exchanged more 

easily in the membrane with high hydrophilicity, in 

comparison with the less-hydrated chloride ions. X::
1 

increases with increasing concentration of the mixed salt 

solutions. This means that the effect of hydrophilicity of 

the charged groups on ion-exchange equilibrium 

increases with decreasing salt concentration. 

0.20 

0.15 

0.10 

0.05 
Ollo OH, OH, OH, 

Number of Hydroxyl Group in loo Exchange Groups 

Fig. 2 Effect of species of anion-exchange groups on the 

ion-exchange equilibrium constant, I<;
1

: e: 0.005N 

NaF+O.OOSN NaO ; 0: 0.02N NaF+0.02N NaCI. 

Fig. 3 shows mobility ratio of fluoride ions to 

chloride ions in the membranes as a function of 

membrane water content, H. As shown in Table I, the 

membrane water content decreases in order of membrane 

Ml, M2, M3 and M4, in other wards, with increasing 

10 15 20 25 30 35 

H 

Fig. 3 Mobility ratio of fluoride ions to chloride ions in 

the membranes, Up'U0 , as a function of membrane 

water content, H: e: 0.005N NaF+O.OOSN NaO ; 0: 
0.02N NaF+0.02N NaCI. 
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Number of Hydroxyl Group in Ion Exchange Groups 

Fig. 4 Ion selective coefficient, P!t , of the ion­

exchange membranes vs. number of hydroxyl group: 

e: 0.005N NaF+O.OOSN NaCl ; 0: 0.02N NaF+0.02N 

NaCI. 

number of hydroxyl groups in the ion exchange groups. 

The mobility ratio of fluoride ions to chloride ions in the 

membranes decreases with decreasing H. In an aqueous 

solution, the mobility ratio is 0.73.20 This means that 

fluoride ions are strongly hydrated compared with 

chloride ions, and the radius of the hydrated fluoride ions 

is larger than that of chloride ions. In Fig. 3, the ratio in 

the membranes is alma;t the same as that in an aqueous 

solution when the membranes have high water content. 

The mobility of strongly hydrated fluoride ions decreases 

more steeply with decreasing H in compared with less­

hydrated chloride ions. 

Fig. 4 shows the ion selective coefficient, P!t , of the 

ion exchange membranes vs. number of hydroxyl group. 

189 
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P{r in all the membranes are smaller than unity. This 

means that these membranes have the selectivity for 

chloride ions. J>b decreases slightly with increasing 

number of hydroxyl group. The ion selective coefficient 

is equals to the ion exchange equilibrium constant times 

the mobility ratio in a membrane. Hence, The slight 

decrease of P{r indicates that the effect of the decrease 

of the mobility ratio on the selectivity for fluoride ions is 

larger than that of the increase of ion exchange 

equilibrium constant in the membranes. J>b in the 

0.01N mixed solution is larger than that in the 0.04N 

mixed solution in all the membranes because ~1 in the 

former is larger than that in the latter while the mobility 

H. Grib and B. Bariou, Water Res., 32, 1604(1998). 

(2) D. R. Lee, J. M. Hargreaves, L Badertocher, L Rein 

and F. Kassir, IAHS, 233, 155(1995). 

(3) 0. M. Saether, C. Reimann, B. 0. Hilmo and E. 

Taushani,Environ. Geol., 26, 147(1995). 

( 4) P. Mazounie and P. Mouchet, Rev. Fr. Sci. Eau. 3, 

29(1984). 

(5) H. Naoki, M. Masahiro, 0. Hajime, S. Akindou, E. 

Takeji and K. Tooru, Water Res., 30, 865(1996). 

( 6) A K. Susheela, WIS, 233, 123(1995). 

(7) R. Wang, H. u, P. Na and Y Wang, Water Polut. 

Res. 1. Can., 30, 81(1995). 

(8) S. I. Abou Elela, E. M. El Kamah, H. I. Aly and E. 

ratio does not change with the concentration. Aboutaleb, Water Sci. & Technol., 32, 45(1995). 

(9) H. Lounici, L Addour, D. Belhocine, H. Grib, S. 

4. CONCLUSIONS Nicolas, B. Bariou and N. Mameri, Desalination, 

In order to increase the hydrophilicity of anion- 114, 241(1997). 

exchange membranes, We made anion exchange 

membranes with various kinds of anion exchange groups. 

The data of the ion exchange equilibrium constant 

indicates that the strongly hydrated fluoride ions are ion­

exchanged more easily in the membrane with high 

hydrophilicity, in comparison with the less-hydrated 

chloride ions. The data of the electrical resistance 

shows that the mobility of the strongly hydrated fluoride 

ions decreases more steeply in the membrane with low 

water content than that of the less-hydrated chloride ions. 

These results indicate that an anion-exchange membrane 

which has high water content and consists of hydrophilic 

charge groups and/or hydrophilic matrix, such as 

poly(vinyl alcohol) will have higher permselectivity for 

fluoride ions than conventional ion exchange 

membranes. 

5.ACKNOWI.EDGEMENTS 

Financial support from the Ministry of Education, 

Science and Culture, and Uruma Trust for Research into 

Science and Humanity are gratefully acknowledged. 

6.REFERENCES 

(1) N. Mameri, A R. Yeddou, H. Lounici, D. Belhocine, 

(10) K. M. Wheaton and W. C. bauman, Ind. Eng. 

Chem. 43, 1088(1951). 

(11) I. Kamii, T. Tanaka and T. Yamabe, Nippon 

Kagaku Kaishi (J. Chem Soc. Japan, Pure Chem. 

Section) 83, 1161(1962). 

(12) F. Walsh and G Mills, Chem. Technol. Eur., 1, 

13(1994). 

(13) L. S. Cheng, Water Supply, 3, 177(1985). 

(14) T. Sata, T. Yamaguchi and K. Matsusaki, J. Phys. 

Chem., 99, 12875(1995). 

(15) T. Sata, T. Yamaguchi and K. Matsusaki, J. Chem. 

Soc., Chem. Commun., 1153(1995). 

(16) T. Sata, K. Teshima and T. Yamaguchi, J. Polym. 

Sci., Part A, Polym. Chem., 34, 1475(1996). 

(17) T. Sata, T. Yamaguchi, K. Kawamura and K. 

Matsusaki, 1. Chem. Soc. Faraday Trans., 93, 

457(1997). 

(18) T. Sata, K. Mine and M. Higa,J. Membr. Sci., 141, 

137(1998). 

(19) T. Sata, K. Mine, Yaohitaka Tagami, M. Higa and 

K. Matsusaki, J. Chem. Soc., Faraday Trans., 94, 

147(1998). 

(20) International critical tables, McGrow-Hill, NY, 

1949. 

(Received December 11, 1998; accepted March 10, 1999) 


