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ACTIVITY COEFFICIENTS OF TETRAETHYLAMMONIUM PERCHLORATE IN 
AQUEOUS SOLUTIONS. 

by 

J o a n TORRENT and F a u s t o SANZ 
Dept. de Química FÍsica,Facultat de Química,Universität de 

B a r c e l o n a . Av. D i a g o n a l 647, 08028-BARCELONA ( S p a i n ) 

A b s t r a c t . - Mean i o n i c a c t i v i t y c o e f f i c i e n t s o f t e t r a e t h y l -
ammonium(TEA) P e r c h l o r a t e i n aqueous s o l u t i o n s have been 
c a l c u l a t e d f r o m t h e e f f e c t o f t h e TEA s a l t on t h e p e r c h l o r i c 
a c i d a c t i v i t y c o e f f i c i e n t s . A c i d a c t i v i t y c o e f f i c i e n t s have 
been d e t e r m i n e d by m e a s u r i n g t h e emf o f a c o n c e n t r a t i o n 
c e l l . 
P a r a m e t e r s ^ * , $ and C^ i n P i t z e r ' s e q u a t i o n s have a l s o been 

c a l c u l a t e d f o r a s e r i e s o f s u b s t i t u t e d ammonium s a l t s u s i n g 
b o t h p r e v i o u s l y r e p o r t e d d a t a and o u r TEA P e r c h l o r a t e v a l u e s . 

Key w o r d s . - A c t i v i t y c o e f f i c i e n t s , t e t r a e t h y l a m m o n i u m P e r ­
c h l o r a t e , e l e c t r o c h e m i c a l c e l l m easurements. 

INTRODUCTION 

An e x a c t t h e r m o d y n a m i c s t u d y o f e l e c t r o s o r p t i o n r e q u i r e s 
t h e k n o w l e d g e o f t h e a c t i v i t y v a l u e s o f t h e s y s t e m compo­
n e n t s i n t h e homogeneous s o l u t i o n p h a s e . I n o r d e r t o a p p l y 
w i t h e x a c t n e s s t h e e l e c t r o c a p i l l a r y e q u a t i o n t o t h e m e r c u r y -
(C 2H-g) 4NC10 4,HCIO^ aqueous s o l u t i o n i n t e r p h a s e , we must know 
TEA P e r c h l o r a t e a c t i v i t y v a l u e s i n p e r c h l o r i c a c i d s o l u t i o n s 
and i t s e f f e c t on t h e a c i d a c t i v i t y v a l u e s . 
B o t h o s m o t i c and a c t i v i t y c o e f f i c i e n t s f o r t e t r a a l k y l a m m o -

nium h a l i d e s [ l - 4 ] were d e t e r m i n e d u s i n g t h e i s o p i e s t i c 
method. V a l u e s o b t a i n e d by t h i s method f o r some s u b s t i t u t e d 
ammonium h a l i d e s , n i t r a t e s and P e r c h l o r a t e s were a l s o r e p o r -

Portugaliee Electrochimica Acta, 4 (1986) 51-59 



— 52 — 

t e d [ 5 - 8 ] . B u t t h e r e l a t i v e l o w s o l u b i l i t y o f TEA p e r c h l o r a t e 
(<0.2m) was an i m p o r t a n t h i n d r a n c e t o be s t u d i e d by t h i s 
method. Then, we c a l c u l a t e TEA p e r c h l o r a t e a c t i v i t y c o e f f i ­
c i e n t s f r o m t h e TEA s a l t e f f e c t on t h e p e r c h l o r i c a c i d 
a c t i v i t y c o e f f i c i e n t s , w h i c h a r e d e t e r m i n e d by m e a u r i n g t h e 
emf o f t h e f o l l o w i n g c o n c e n t r a t i o n c e l l w i t h a l i q u i d mem­
b r a n e ^ ] : 

G l a s s 
e l e c t r o d e 

H C 1 0 4 

( r e f . ) 
L i q u i d membrane 
C 1 0 " - s e l e c t i v e 

HC10 4 + (TEA)C10 4 

™1 *2 

G l a s s (j) 
e l e c t r o d e 

The l i q u i d membrane has a N e r n s t i a n r e s p o n s e i n r e s p e c t t o 
t h e p e r c h l o r a t e a n i o n [ 9 ] : 

E= (RT/F) l n [ m (m +m ) ^ / ( m ^ ) 2 J (1) 1 1 2 "» * r e f . 

and a c t i v i t y c o e f f i c i e n t s a r e a n a l y z e d by means o f P i t z e r ' s 
e q u a t i o n s [ 1 0 ] , o b t a i n i n g t h e p a r a m e t e r s ^°and ^ f o r TEA p e r ­
c h l o r a t e . 

EXPERIMENTAL 

The c e l l d e s i g n and m e a s u r i n g p r o c e d u r e have been d e s c r i b e d 
p r e v i o u s l y [ 9 ] . The l i q u i d membrane c o n s i s t s o f a t e t r a h e p -
tylammonium p e r c h l o r a t e s o l u t i o n ( 0 . 0 0 1 m ) i n e t h y l b r o m i d e , 
t h a t m oreover t o have N e r n s t i a n r e s p o n s e t o p e r c h l o r a t e , 
p r e v e n t s TEA p e r c h l o r a t e s o l u b i l i t y . However, t h e i n f l u e n c e 
o f t h i s compound on t h e l i q u i d membrane has a l s o been a n a ­
l y z e d . I n o r d e r t o e l i m i n a t e asymmetry p o t e n t i a l c o n t r i ­
b u t i o n s o f b o t h g l a s s e l e c t r o d e s ( i n t h e r a n g e o f t e n t h s o f 
m i l l i v o l t s ) a s e c o n d c e l l i s u s e d [ 9 ] : 

G l a s s 
e l e c t r o d e 

HC10 aq. I G l a s s 
4 

( r e f . ) | e l e c t r o d e ( I I ) 

and s i n c e t h e l i q u i d membrane does n o t p r e s e n t asymmetry 
p o t e n t i a l [ 9 ] , E= E j - E r e p r e s e n t s t h e emf o f t h e e q u i v a l e n t 
c e l l : 

H 2 |HC10 4 ( r e f . ) | LM | HC10 4 (mj ) + (TEA) C I O 4 (m 2) | H 2 
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A p p a r a t u s and R e a g e n t s 

The emf measurements were made w i t h a P r e c i s i o n Decade 
P o t e n t i o m e t e r ( S c i e n t i f i c PYE I n s t r u m e n t s 7 6 0 0 ) , u s i n g ^ an 
E l e c t r o m e t e r ( K e i t h l e y 610C) o f h i g h i n p u t impedance(>10 i l ) 
as a n u l l p o i n t d e t e c t o r . B o t h c e l l s were t h e r m o s t a t e d a t 
25+0.05?C w i t h a c i r c u l a t o r t h e r m o s t a t ( H a a k e D8-G), and 
i s o l a t e d f r o m s t a t i c c u r r e n t s by a F a r a d a y c a g e . HC10 

4 
S u p r a p u r Merck and ( T E A ) C I O 4 C a r l o E r b a P o l a r o g r a p h i c Qua­
l i t y were u s e d , t o g e t h e r w i t h t w i c e d i s t i l l e d w a t e r ( o n c e 
o v e r p e r m a n g a n a t e ) , t o p r e p a r e t h e s o l u t i o n s . TEA p e r c h l o ­
r a t e was p r e v i o u s l y r e c r y s t a l l i z e d and d r i e d u n d e r vacuum . 

RESULTS 

T a b l e 1 summarizes mean i o n i c a c t i v i t y c o e f f i c i e n t s f o r 
p e r c h l o r i c a c i d i n m i x t u r e s H C 1 0 4 + ( T E A ) C 1 0 4 c a l c u l a t e d by 
means o f e q u a t i o n ( 1 ) . The r e f e r e n c e s o l u t i o n a c t i v i t y c o e f ­
f i c i e n t has been c a l c u l a t e d u s i n g P i t z e r ' s e q u a t i o n w i t h 
£°=0 .1853 and ^* = 0 . 2 69 5 [ 9 ] . 
I f m i x t u r e p a r a m e t e r s w o u l d be c o n s i d e r e d z e r o and t h e 

c o n t r i b u t i o n o f t e r m s n e g l i g i b l e [ 9 ] b e c a u s e t h e low i o n i c 
s t r e n g t h , P i t z e r ' s e q u a t i o n f o r a m i x t u r e o f two 1:1 e l e c ­
t r o l y t e s w i t h a common i o n [ 1 0 ] becomes: 

I n i = f * + m B* + m ( - B^ ) (2) 
M X M X N X N X M X 

where 

f J = -A^ [ mVz /(1+bm V z ) + ( 2/b.) I n (1+bm * ) ] (3) 

B* = 2 f+2 f /(« m) [ l - ( l + < X m 2 -{oC m/2)exp(-<Xm 2 ) ] (4) 

B* = (3°+ e x p ( - Km * ) (5) 
w i t h t h e v a l u e s A^ =0.392, oC=2.0 and b=1.2 [ 1 0 ] . MX d e n o t e s 

p e r c h l o r i c a c i d and NX TEA p e r c h l o r a t e , m= m^ +m N X . S i n c e ^° 
and 6* f o r p e r c h l o r i c a c i d a r e known, t e r m s i n e q u a t i o n (2) 
can be r e o r d e r e d : 



— 54 — 

T a b l e 1.- Mean i o n i c a c t i v i t y c o e f f i c i e n t s o f HCIO^ i n 
m i x t u r e s w i t h ( T E A ) C 1 0 4 by emf measurements. 

m (HC10. ) 
2 4 1 

) mol Kg _ 1 

m (TEAC10 4) 
1 0 " 2 m o l K g - 1 

E 
mV 

y t(HC10 4 

1.003 1.096 16.83 0.865 
1.026 1.917 24.46 0.838 
1.004 2.766 29.09 0.820 
1.004 3.522 32.90 0.805 
1.002 3.482 32.53 0.804 
0.998 3.974 34.39 0.794 
1.002 4 .404 36.29 0.788 
0 .994 5.150 38.20 0.770 
9 .990 3.065 3.91 0.751 
9.942 3.896 4.63 0.742 

10.039 5.765 6.99 0.723 
9.965 6.646 7.37 0.713 
9.997 8.185 8.69 0.699 

+ m r e f > = 1.001 I Q " 2 , Y r e f = 0.904 
++ m = 1.0016 1 0 - 1 , V = 0.794 réf. 4 ref. 

F = l n L f ^ " m B L + m N x Btx = mwx [ ^ ° N X + ? M X exp(-«mX)] (6) 

and a n o n - l i n e a r r e g r e s s i o n p r o c e d u r e a l l o w us t o f i n d t h e 
p a r a m e t e r s f o r TEA P e r c h l o r a t e w i t h i n t h e c o n c e n t r a t i o n 
r a n g e s t u d i e d : (3" = -1.1828 and = 0.6995 . 
TEA P e r c h l o r a t e a c t i v i t y c o e f f i c i e n t s i n aqueous s o l u t i o n 

have been c a l c u l a t e d a t r o u n d e d m o l a l i t i e s f r o m P i t z e r ' s 
e q u a t i o n f o r 1:1 e l e c t r o l y t e s w i t h t h e c a l c u l a t e d p a r a m e t e r s 
( t a b l e 2 ) . 
M o r e o v e r , as comented i n r e f e r e n c e [ 9 ] , B r o m l e y ' s e q u a t i o n 

f o r 1:1 e l e c t r o l y t e m i x t u r e s , a t moderate i o n i c s t r e n g t h , 
t a k e s t h e f o r m : 

l o g Y = l / ( 2 ( m +m )) ((2m +m ) l o g Y° + m l o g V° ) (7) 
MX MX NX MX NX 5 MX NX ' NX 
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T a b l e 2.- Mean i o n i c a c t i v i t y c o e f f i c i e n t s 
o f ( T E A ) C 1 0 4 . 

m y a 

0.001 0.963 0.963 
0.005 0.919 0.919 
0.01 0.886 0.885 
0.02 0.839 0.838 
0.03 0.803 0.801 
0.04 0.773 0.770 
0.05 0.745 0.742 
0.06 0.720 0.716 
0.07 0.697 0.693 
0.08 0.675 0.671 
0.09 0.655 0.650 
0.1 0.636 0.630 
0.12 0.600 0.593 
0.14 0.567 0.560 
0.16 0.536 0.529 
0.18 0.508 0.500 

a) $° = -1.1828 , f 4 = 0.6995 
b) f= -1.2103 , Ç*= 0.6713 

r e p r e s e n t s t h e i n d i v i d u a l a c t i v i t y c o e f f i c i e n t s a t 
t h e same i o n i c s t r e n g t h o f t h e m i x t u r e . As jfj^ o i s known, 
t h e n Jf r̂gajtfot, c a n b e c a l c u l a t e d e a s i l y . We c a n use a g a i n 
P i t z e r ' s e q u a t i o n f o r 1:1 e l e c t r o l y t e s c o n v e n i e n t l y r e a r r a n ­
ged t o f i n d p a r a m e t e r s and ̂  : 

l n J* - f r = 2mj»° +( p2) [ l - ( l + 2 m * -2m)exp(-2m^ ) ] (8) 

and a r e g r e s s i o n p r o c e d u r e l e a d s t o ^ c=-1.2103 and â —0.6713. 
As t a b l e 2 shows, a c t i v i t y c o e f f i c i e n t s c a l c u l a t e d by b o t h 

p r o c e d u r e s o n l y d e v i a t e s l i g h t l y as c o n c e n t r a t i o n i n c r e a s e s . 
T h i s d e m o n s t r a t e s t h e r e a b i l i t y o f s i m p l e e q u a t i o n (7) i n 
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e s t i m a t i n g a c t i v i t y c o e f f i c i e n t s i n e l e c t r o l y t e m i x t u r e s . 
F i n a l l y , we n o t i c e t h e l i q u i d membrane r e s p o n s e d e v i a t e s 

f r o m t h e e x p e c t e d b e h a v i o u r f o r TEA P e r c h l o r a t e c o n c e n t r a ¬
t i o n b e l o w 10 m ( t a b l e 3 ) . The c o n c e n t r a t i o n r a n g e w i t h a 
n e g l i g i b l e i n f l u e n c e o f t h e l i q u i d membrane c a n be o b t a i n e d 
f r o m a l i n e a r p l o t o f f u n c t i o n G- F- Q>A m N X e x p ( - 2 m ^ ) ( s e e 
e q u a t i o n ( 6 ) ) i n f r o n t o f m ( f i g u r e 1) . 

DISCUSSION 

Lindenbaum and B o y d [ l ] and Wen e t a l . [ 3 , 4 ] showed t h a t b o t h 
o s m o t i c and a c t i v i t y c o e f f i c i e n t s f o r a s e r i e s o f s y m m e t r i c 
t e t r a a l k y l a m m o n i u m h a l i d e s , f o l l o w t h e sequence F~>C1~>Br~>I 
f o r any c a t i o n . On t h e o t h e r hand, t h e c a t i o n s e quence i s 
T M A ( m e t h y l ) > T E A > T P A ( p r o p y l ) > T B A ( b u t y l ) f o r I" a n d B r ~ , c h a n ­
g i n g t o t h e r e v e r s e f o r F"and f o r C l ~ a t moderate c o n c e n t r a ­
t i o n s . 
More r e c e n t l y , B o n n e r [ 6 ] s t u d i e d b o t h TMA and TEA n i t r a t e s 

and n i t r a t e a n i o n c a n be i n s e r t e d i n t h e sequence i n between 
B r ~ and I ~ f o r b o t h c a t i o n s . The e s t i m a t e d o s m o t i c c o e f f i ­
c i e n t s f o r t h e P e r c h l o r a t e s o f t h e s e c a t i o n s [ 6 ] i n t h e l i m i t 
o f t h e i s o p i e s t i c method, l e a d t o c o n c l u d e t h a t TMA P e r c h l o ­
r a t e w o u l d be s i t u a t e d i n between n i t r a t e and i o d i d e , 
whereas TEA P e r c h l o r a t e w o u l d l i e i n between b r o m i d e and 
n i t r a t e . On t h e c o n t r a r y , o u r measurements i n d i c a t e t h a t TEA 
P e r c h l o r a t e a c t i v i t y c o e f f i c i e n t s a r e l o w e r t h a n t h o s e o f 
i o d i d e , t h e sequence b e i n g c o m p l e t e d on t h e r i g h t w i t h P e r ­
c h l o r a t e a n i o n (F" >C1~ >Br~ >NO~ >I~>C10" ) . 

3 4 
To t e s t o u r e x p e r i m e n t a l c o n c l u s i o n , w e have r e e x a m i n e d 

p r e v i o u s l y r e p o r t e d d a t a f o r o t h e r ammonium s a l t s . Thus, 
f r o m t h e o s m o t i c c o e f f i c i e n t s d e t e r m i n e d by E s v a l and T y r e e 
[11] f o r ammonium P e r c h l o r a t e , t h o s e c a l c u l a t e d by Wishaw 
and S t o k e s [ 1 2 ] f o r ammonium n i t r a t e and . c h l o r i d e and t h o s e 
c a l c u l a t e d by Bonner f o r m e t h y l s u b s t i t u t e d ammonium P e r ­
c h l o r a t e s [ 8 ] , n i t r a t e s [ 7 ] and c h l o r i d e s [ 5 ] we c o n c l u d e t h a t 
t h e g e n e r a l sequence i s f o r any c a t i o n C l ~ >N0~>C10~ . I t i s 

3 4 
a l s o n o t e d t h a t a c t i v i t y c o e f f i c i e n t s f o r P e r c h l o r a t e 
a n i o n [ 8 ] s t r o n g l y d e c r e a s e s as ammonium s a l t i s more s u b s t i -

Table 3 .- Effect of TEA cations on the membrane response 

m (HC104) m (TEAC104) E V f jf* 
10" 2 mol Kg" 1 mV (HC104) (TEAC104) 

0.994 0.308 6.40 0.901 0.894 0.954 
1.009 0.393 8.29 0.894 0.890 0.918 
0. 996 0.591 10.66 0.886 0.885 0.891 
1. C04 0.702 12.39 0.880 0.882 0.874 

- 1 I 1 1 • I i I I I I 1 

0 . 0 2 . 0 4 . 0 6 . 0 8 . 1 

m (TEA) 

l y 
F i g . l . - P l o t of the function G=F- £ m N X exp(- 2m2) 
versus the tetraethy1ammonium Perchlorate m o l a l i t y 
f o r several solutions outlined i n Table 1. 
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t u t e d . Our TEA p e r c h l o r a t e v a l u e s a l s o a g r e e w i t h t h i s 
v a r i a t i o n s . 
N e v e r t h e l e s s , t h e p r e c e d i n g c o n s i d e r a t i o n s a r e however 

g e n e r a l and t h e y may be a l t e r e d w i t h i n a c o n c e n t r a t i o n 
r a n g e , e s p e c i a l l y f o r t h e c e n t e r e d e l e m e n t s i n t h e s e q u e n -
c e ( C l ~ , B r " ) . A l s o , i m p o r t a n t d i s c r e p a n c i e s among r e p o r t e d 
d a t a by s e v e r a l a u t h o r s c a n be f o u n d i n t h e l i t e r a t u r e : 
a c t i v i t y c o e f f i c i e n t s r e p o r t e d by Bonner[8] f o r ammonium 
p e r c h l o r a t e a r e g r e a t e r t h a n t h o s e o f n i t r a t e i n c o n t r a s t 
w i t h t h e v a l u e s r e p o r t e d by E s v a l and T y r e e [ l l ] . 
The o r d e r o f a c t i v i t y c o e f f i c i e n t s f o r any ammonium s a l t 

(CI > N 0 3 > c l 0
4 ) c a n b e e x p l a i n e d by t h e l o w e r i n g o f a n i o n 

s o l v a t i o n . Thus, t h e g r e a t e r h y d r a t i o n o f c h l o r i d e a n i o n and 
t h e s t r u c t u r e - p r o m o t e r c h a r a c t e r o f t e t r a a l k y l a m m o n i u m c a ­
t i o n s [13] w o u l d e x p l a i n b o t h t h e g r e a t e r a c t i v i t y c o e f f i ­
c i e n t s and t h e c a t i o n s e quence TBA>TPA>TEA>TMA a t m o d e r a t e 
c o n c e n t r a t i o n . P e r c h l o r a t e a n i o n i s a s o l v e n t s t r u c t u r e -
b r e a k e r l i k e I o d i d e i o n and t h i s e x p l a i n s thé v e r y l o w 

T a b l e 4.- P i t z e r ' s p a r a m e t e r s f o r s e v e r a l s u b s t i t u t e d 
- ammonium s a l t s . 

s a l t m <r r e f . 

N H a M e C l 0 4 -0 .0338 0 .0075 0 .0035 0 . 1--4 0 .0015 8 
NH 2Me 2

C 1 ° 4 -0 .0435 -0 .1196 0 .0024 0 .1-•7 ,5 0 .0015 8 
NHMe^ C10 4 -0 .1204 -0 .1265 0 .0161 0 „1 = •1 >8 0 .002 8 
NH MeCl 3 0 .0651 0 .0398 -0 .0036 0 .1- 7 5 0 .0012 5 
N H 2 M e 2 C l 0 .0582 0 .0495 -0 .0024 0 . 1-6 5 0 .0012 5 
NHgMeNOg -0 0054 0 .1180 0 0001 0 ,1 = 9, 5 0 .003 7 
NH Me „NOL 2 2 3 0 0054 0 1085 -0 0004 0 1-6 0 0023 7 
NHMe NO 3 3 - 0 . 0003 -0 0831 0. 0008 0 1-8, 5 0 0048 7 
NMe4 N 0 3 0128 - 0 . 2225 0, 0011 0 1-7 0. 0028 6 
NE t 4 N 0 3 -0. 0388 - 0 . 7246 0„ 0057 0, 1-8 0. 0076 6 
NH, I 4 0". 0568 0. 2906 - 0 . 0031 0, 1- 7. 5 0, 0017 6 
NEt CIO 4 4 - 1 . 1828 0 o 6995 - < 0„ 2 0 o 0023 t.w. 
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v a l u e s o f a c t i v i t y c o e f f i c i e n t s . TEA p e r c h l o r a t e a c t i v i t y 
c o e f f i c i e n t s a r e even l o w e r t h a n v a l u e s p r e d i c t e d by t h e 
De b y e - H u c k e l l a w . I o n p a i r f o r m a t i o n c a n be p o s t u l a t e d t o 
m i n i m i z e t h e i o n - s o l v e n t i n t e r a c t i o n [ 1 ] , b e i n g i m p o r t a n t 
even i n d i l u t e s o l u t i o n s . 

AKNOWLEDGEMENTS 

We a r e i n d e b t e d t o t h e C I R I T ( G e n e r a l i t a t de C a t a l u n y a ) f o r 
t h e p a r t i a l f i n a n c i a l s u p p o r t g i v e n f o r t h i s s t u d y . 

REFERENCES 

1. S.Lindenbaum & G.E.Boyd, J.Phys.Chem. 68,911 (1964) 
2. V.E.Bower & R . A . R o b i n s o n , T r a n s . F a r a d a y Soc. 59,1717(1963) 
3. W.Y.Wen, S . S a i t o & C.Lee, J.Phys.Chem. 70,1244(1966) 
4. W.Y.Wen & C.Chen, J.Chem.Eng.Data 20,384(1975) 
5. O.D.Bonner, J.Chem.Soc. F a r a d a y T r a n s . 1 , 7 7 , 2 5 1 5 ( 1 9 8 1 ) 
6. O.D.Bonner, J.Chem.Eng.Data 21,498(1976) 
7. O.D.Bonner, J.Chem.Eng.Data 26,149(1981) 
8. O.D.Bonner, J.Chem.Eng.Data 27,62(1982) 
9. J . T o r r e n t , F.Sanz & J . V i r g i l i , J . S o l u t . C h e m . 15,363(1986) 

10. K . S . P i t z e r , J.Phys.Chem 77,268(1973) 
11. O.E..Esval & S.Y.Tyree, J.Phys.Chem. 66,940(1962) 
12. B.F.Wishaw & R.H . S t o k e s , T r a n s . F a r a d a y Soc. 49,27(1953) 
13. H.S.Frank & W.Y.Wen, D i s c u s s i o n s F a r a d a y S oc. 24,133(1957) 

(Received 21 February 1986 

In revised form 12 May 1986) 


