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I N T R O D U C T I O N

When a m em brane is p laced betw een two so lu tions of d iffe ren t
com position  a  po ten tia l d ifference  is , as a  ru le , e s ta b lish e d . If
the two so lu tions contain the sam e e le c tro ly te , but th a t in d if f e r 
ent co n cen tra tio n s , th is  po ten tia l is ca lled  concen tra tion  po ten tia l
o r d ia ly sis  po ten tia l. Its value is a  m ea su re  fo r the se le c tiv ity  of
the m em brane fo r  ions of d iffe ren t sign . A m em brane is called
se lec tiv e  if the ra t io  of the tra n s fe re n c e  num bers of cations and
anions in  the m em brane has a  value d iffe ring  from  th a t in the s o 
lu tion. A m em brane is ca lled  anion se lec tiv e  if the tra n s fe re n c e
num ber of the  anions in the m em brane is g re a te r  than  th a t in the
f re e  solu tion . In the r e v e r s e  case  it is ca lled  cation  se le c tiv e .

A ccord ing  to  c u rre n t th eo rie s  the s e le c tiv ity  is caused  by the
p resen ce  of charged  groups fixed on the m em brane ske le ton . The
charge  of th ese  groups is com pensated  by the co u n te r-io n s  which
a re  able to  move f re e ly  in the im bibed so lven t. If a se lec tiv e
m em brane s e p a ra te s  two so lu tions with d iffe ren t " c r i t ic a l"  ions,
the co rrespond ing  po ten tia l is called  a b i-io n ic  po ten tia l (B .I. P .).
" C r itic a l"  ions a re  ions tha t have the sam e sig n  of charge as the
co u n te r-io n s  and can exchange aga in st them . When we have on
one o r on both s id es  of the m em brane an e le c tro ly te  so lu tion  con 
ta in ing  a m ix tu re  of " c r i t ic a l"  ions, the co rresp o n d in g  po ten tia l
is ca lled  m u lti- io n ic  po ten tia l. The B. I .  P . 's  a re  a m ea su re  fo r
the se le c tiv ity  of a  m em brane fo r  ions of the sam e sign .

Investiga tions into th is  phenom enon a re  of g re a t im portance  as
th ese  sy s tem s a re  freq u en tly  found in living o rg an ism s (red  blood
c e ll, fro g  sk in , plant ro o t c e lls , e t c . ) .  In the tech n ica l s e c to r  the
in te re s t  is in c re as in g  too. In re c e n t y e a rs  m em branes w ere s u c 
cessfu lly  m ade on a s e m i-te c h n ic a l sc a le  w ith a v e ry  high s e le c t 
iv ity  even in concen tra ted  so lu tions. T hese m em branes can be
applied  in e le c tro ly tic  p ro c e sse s  (desa lting  of se aw a te r  and b ra c k 
ish  w a te r, concen tra tion  of e le c tro ly te s , e t c . ) .

B es id es , re se a rc h w o rk  is being done on the developm ent of
m em branes with sp ec ific  se le c tiv ity  fo r defin ite  ions o r groups of
ions, they  show se le c tiv ity  fo r ions of the sam e sign . V arious in 
v e s tig a to rs  have m e a su red  B . I . F .  's  fo r  th is  kind of m em brane in
o rd e r  to  d e te rm in e  its se le c tiv e  p ro p e r tie s . In p a rtic u la r  the r a 
tio  of tra n s fe re n c e  num bers has been  deriv ed  from  th ese  B .I . P . 's
in a  wide concen tra tion  range . The b a s is  of the re la tio n  betw een
th is  ra t io  and the B. I. P . how ever, is not yet w ell e s tab lish ed .

In th is  th e s is  an  a ttem p t w ill be m ade to  give a c r i t ic a l  su rv e y
of the ex is tin g  fo rm ulae  fo r the B. I .  P . and to  connect the B. I .P . 's
with the r a t io  of tra n s fe re n c e  num bers in such  a  way as is th e o 
re t ic a l ly  ju s tified .
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A nother ob ject is to  exam ine in how f a r  c o rre c tiv e  te rm s  in the
B .I . P . fo rm u lae  affect the re s u l t .  A sp e c ia l study  was m ade of
the w a te r tra n s p o r t .  A tten tion  is paid to  the d istu rb in g  fac to rs  in
the m ea su rem e n ts , p a rtic u la r ly  b o u n d a ry -lay e r phenom ena. The
re s e a rc h  w ill be r e s t r ic te d  to  univalent ions.
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I. L I T E R A T U R E  ON I O N  S E L E C T I V E  M E M B R A N E S

B . I . P .  m easu rem en ts  a re  of g re a t im portance  fo r the study  of
m em branes w ith a sp ec ific  se le c tiv ity . Hence it se em s w orthw hile
to  give in th is  th es is  a  b r ie f  rev iew  of the developm ent of s e le c 
tive  m em branes and ion exchange re s in s  which can be used  as
base fo r th ese  m em b ran es.

Though the in te re s t  in se lec tiv e  m em branes dates fro m  the b e 
ginning of th is  cen tu ry , se rv ic ea b le  types w ere  not su c ce ss fu lly
m ade un til som e y e a rs  ago. The m em b ran e s , which w ere  m ade
e a r l ie r  w ere  le s s  se le c tiv e , e sp ec ia lly  w ith h igher s a lt  concen
tra t io n s , b es id es  they  w ere  often m echan ica lly  bad and frequen tly
chem ically  le s s  r e s is ta n t .  As negative m em branes w ere  used  a.o .
p o rce la in  p la te s , a sb e s to s , s in te re d  g la s s , o r  collodion and c e l
lophane f ilm s . The choice of positive  m em branes e sp ec ia lly  was
v e ry  lim ited . E xam ples a re :  w oollen fa b r ic s  im pregnated  with
g e la tin e , f ilm s dyed with b asic  dyes, an im al m em branes such  as
hog 's  b lad d e r and le a th e r . The d isadvantage of ge la tine  and o ther
an im al m em branes is tha t they  a re  am p h o te ric ; they  can be used
as positive m em branes only in the pjj reg io n  below  th e ir  is o -e le c 
t r i c  po in ts. As fo r dyed m em b ran es , the dye is so m etim es d i s 
so lved  too e a s ily  from  the film .

The app lication  of ion exchange re s in s  as base  fo r the m em 
b ran e s  m eant an im portan t p ro g re s s . An ion exchange r e s in  con
s is ts  of a  m ac ro m o leeu la r ske le ton , to  which d isso c iab le  groups
a re  a ttached . It sw ells  in w a te r, giving r is e  to  a  charged  netw ork,
w hereas the coun terions d isso lve  in the im bibed w a te r. The a c 
tive  groups usua lly  a re  -SO3H o r -COOH groups in  the case  of
ca tion  exchange r e s in s ,  and q u a te rn a ry  am m onium groups o r s e c -
undary  o r t e r t ia r y  am inogroups in the case  of anion exchange
re s in s . Only the coun terions can  move f re e ly  in the w a te r of the
gel. A m em brane b ased  on a  cation  exchanger thus has a  nega
tiv e ly  charged  netw ork  and in the ideal case  is p erm eab le  only
fo r positive ions.

In the case  of an anion exchange m em brane the netw ork is p o s 
itive ly  charged  and the m em brane is only p erm eab le  fo r negative
ions. If such  a m em brane is p laced in a s a lt  so lu tion  som e sa lt
d iffuses into the im bibed w a te r. A D onnan-equ ilib rium  is obtained
and in the m em brane as w ell som e ions with the sam e s ign  of
charge  as the fixed groups (co-ions) occu r. These p a rtic ip a te  in
the e le c tr ic a l  tra n s p o r t .  C onsequently  the m em brane  is le s s  s e 
lec tive  with h ig h er s a lt  co ncen tra tions . The th eo ry  fo r th is  kind
of m em branes was given by M eyer (1936), S iev ers  (1936) and
T e o re ll (1935).

F o r  a high se le c tiv ity  the m em brane m ust have a  high s e le c -
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tiv ity  constan t, i . e .  a high concen tra tion  of charged  groups in the
m em brane . F o r  the new types of m em branes the leakage caused
by the co-ions is sm a ll, even in concen tra ted  so lu tio n s, hence it
is possib le  to  m easu re  B. I. P . 's  in r a th e r  concen tra ted  so lu tions.

It is possib le  to  m ake m em branes on the b as is  of ion exchange
re s in s  in v a rio u s  w ays:

a . M ixing pow dered ion exchange r e s in  with a th e rm o p la s t and
m oulding a t h igher te m p e ra tu re s . This m ethod was applied
fo r  the f i r s t  tim e by M .R . J .W y llie  and H .W .P atnode  (1950).
By so  doing heterogeneous m em branes a re  obtained.

b. W ith a g re a t num ber of ion exchangers a  hom ogeneous gèl
o ccu rs  during  the p rep a ra tio n . When the n e c e s s a ry  p re c a u 
tions a re  taken , it is often possib le  to  get th is  gel in the r e 
q u ired  shape. This m ethod was f i r s t  published by T. R. E.
K re ssm a n  (1950). A fte rw ard s  W .Juda (1949) tu rned  out to
have been  the f i r s t  to  apply  and patent the m ethod.

V arious o ther techn iques have been  d esc rib ed . We m ay m ention
cellophane m em b ran es fo r in stance  in which se lec tiv e  groups
have been  in troduced  by a  chem ica l p ro ced u re , w ith the a id  of the
m eth y lo ld e riv a tiv es  of o rgan ic  ac id  a m id e s> e .g .  be ta in  am ide
(P . 1955).

A nother p ro m isin g  m ethod is the in troduction  of ac tive  groups
in a  hydrophobic film . In th is  d ire c tio n  m uch w ork has been  done
by T .N .O . As an  exam ple m ay  be m entioned the in troduction  of
-SO3H groups in a polyethylene film  with the a id  of chlorosulphonic
ac id  (P. 1954). The re su ltin g  m em branes im bibe but little  w a te r,
so  th a t a  high se le c tiv ity  constan t is obtained.

The se le c tiv e  m em branes have been  im proved  re c e n tly  to  such
an  ex ten t th a t th e ir  tech n ica l app lication  in the n e a r  fu tu re  can be
an tic ip a ted . The com m on types of se le c tiv e  m em branes a re  p e r 
m eable  e ith e r  to  positive ions, o r to  negative ions. The affin ity  of
a  cation  exchanger, how ever, is not equally  high fo r the  d iffe ren t
ca tions . The sam e holds fo r the affin ity  of an  anion exchanger fo r
an ions. The follow ing ru le s  can be g iv en (see  E. C .N achod (1949)):
1. At low concen tra tions  and room  te m p e ra tu re  the affin ity  in 

c re a s e s  with in c re a s in g  charge  of the ion. (Na+ < Ca+ + < A l+++
< Th++++).

2. In dilu te so lu tions the affin ity  changes in acco rdance  w ith the
H o fm eis te r o r lyo troph ic  s e r ie s :  LP" < Na+ < K+ < Rb+ < CS+.
F "  < C l‘ < B r '  < J ' .

3. The affin ity  fo r H+ re sp e c tiv e ly  OH" ions depends on the
s tre n g th  of the ac id  re sp e c tiv e ly  b asic  groups.

In som e c ases  sm a ll changes in the sequences can occu r. Boyd
e t a l  (1954) fo r in stance  found tha t fo r Dowex 50 (a s tro n g ly  acid
ion exchanger w ith -SO3H on po lysty rene base) the se le c tiv ity  fo r
Na+ d e c re a se s  w ith re s p e c t  to  H+ with d e c re a s in g  capacity  of the
exch an g er. Below a c e r ta in  capacity  H+ ions a re  p re fe rre d  to  Na+
B esides the au tho rs  observed  an  influence of the ra t io  Na+ /H+ in
the so lu tion  and of the num ber of c ro ss lin k s . C onsequently  m em 
b ran e s  m ade from  com m on types of cation  (o r anion) exchange
re s in s  a lso  show d iffe ren ces  in se le c tiv ity  fo r  d iffe ren t cations
(o r a n io n s ) .
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H ow ever, a m uch h igher se le c tiv ity  fo r a defin ite  ion o r a
group of ions can be achieved if we s ta r t  from  sp e c ia l ion e x 
ch an g ers , with a sp ec ific  p re fe ren ce  fo r the ion o r group of ions
concerned . These sp ec ific  ion exchangers have been g rea tly  im 
proved in rec e n t y e a rs . They can be m ade acco rd ing  to  d iffe ren t
p rin c ip le s :
a ) By p rep a rin g  po lym ers with ac tive  groups having a sp ec ific  a f 

fin ity  fo r the  ion o r group of ions concerned .
b) When syn thesiz ing  an ion exchange re s in , by p e rfo rm ing  the

p o lym erisa tion  o r poly condens a t ion in the p resen ce  of reag en ts
that a re  sp ec ific  fo r  c e rta in  ions. The re su ltin g  ion exchanger
has an  in c re ase d  se le c tiv ity  fo r th ese  ions.

c) By m aking use of an io n -s iev e  e ffec t. Reducing the pore s ize
of an exchanger, in c re a se s  its se le c tiv ity  fo r sm a ll ions.
M em branes based  on th ese  p a rtic u la r  ion exchangers a re  ca lled

sp ec ific  se lec tiv e  m em branes.
A d a .  Skogseid (1948) in troduced  in po ly sty ren e , am ong o ther

th ings, hexanitrodiphenylam ino groups (re a g e n t fo r K). The cation
exchange r e s in  obtained showed an in c re a se d  se le c tiv ity  fo r K"*”-
ions. The se le c tiv ity  fa c to r , defined as

(r  * re s in ; s -  so lution; m = m olality ) reach ed  values rang ing  from
2 to  5, depend ing  on the m ola l r a t io  of Na+ and K+ in the s o lu 
tion.

H. P . G reg o r, M. T a ife r, L . G ita re l and E . I. B ecker (1952) sy n -
thetized  ion-exchange re s in s  in which o rgan ic  re a g e n ts  fo r d if 
fe re n t m eta ls  w ere in troduced . They m ade fo r  instance re s in s
based  on m . pheny lene-d ig lycine, (CeH4) (NHCH2COOH)2, a n th ra -
n ilic  ac id , o. am inophenol. Polycondensation  was achieved  with
form aldehyde. The re s in s  showed in c re a se d  affin ity  fo r F e , Cu
Co, Ni, Zn, Mg. A lso  chela ting  groups of the e thy lene-d iam ine
te t r a - a c e t ic  ac id  type w ere  in troduced . T hese exchangers a re
se le c tiv e  fo r  Ca++, Mg++ and heavy m eta l ions.

J .  P . C ornaz and H. D euel (1954) obtained a sp ec ific  ion exchange
re s in  fo r f e r r i  ions by in troducing  hydroxam ic ac id  g roups.
E . Je n ck e l and H .von  L illin  (1954, 1956), syn the tized  an ion e x 
change r e s in  w ith se le c tiv ity  fo r  heavy m eta ls  by in troducing  an -
th ra n ilic  acid  groups and 8 -oxy-quinoline groups. The ion e x 
change r e s in  w ith a n th ra n ilic  ac id  groups is sè le c tiv e  fo r  Z n in
p a rt ic u la r . The d eg ree  of d isso c ia tio n  fo r  both the ac id  and the
heavy m eta l s a lt  is a ? 3.1Q-3. F o r  the Ba++ and the Ca++ sa lt
the sam e values a re  found. The conductiv ity  of the heavy m eta l
s a lt  is 1/1000 of th a t in the Na+ fo rm . In  f re e  so lu tions th is  ra t io
is of the sam e o rd e r .

H . P .  G re g o r, D. D oler and G. K. H oeschele (1955) d e sc rib e  an
exchanger consisting  of po ly th io lsty rene . The r e s in  is v e ry  s e 
lec tiv e  with re sp e c t to  m e ta ls , fo rm ing  m e rc ap tid es . J . R .  P a r 
r is h  (1956) p rep a re d  v a rious se lec tiv e  cation-exchange re s in s  on
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the basis of polystyrene. He observed a strong absorption of Hg
by polyth iol-m ethylstyrene. In general the resin  had an affinity
for m etals form ing m ercaptides. An ion exchanger containing ar-
sonic acid groups showed no absorption of Zn, Mg, and Ca, w here
as Th was taken up in sm all am ounts. Cu, Ni, and Co were ab
sorbed strongly in the ppj region 2 -3  on a polystyrene (4-azo-5)
8 -hydroxyquinoline resin . Zn, Mn, A l, Mg, and Ca were not ab
sorbed below pH 1.5, 2.0, 2 .8 , 4.0, and 4.8 resp ectively .

Ad b. V .N . Lenskaya and M .F . Garanina (1955) condensed p-
phenol sulfonic acid with formaldehyde in the presence of oxalic
acid, c itr ic  acid or quercetrine. The f ir s t  two acids gave a resin
with a high affinity for Fe and Al. V. A. Klyachko (1951) added Na
ethylene-diam ine tetra-acetate in the preparation of a cation e x 
change resin  from phenolsulphonic acid and form aldehyde. The
resin  obtained was se lec tiv e  for Ca++.

Ad c. The increase in se lec tiv ity  for sm all ions by reducing the
pore s iz e  has been mentioned in the literature on sev era l occa
s io n s. A well-known example is the collodion m embrane. By dry
ing in tensively , its se lec tiv ity  for sm all ions in creases . The pore
s iz e  of ion exchange resin s  can be decreased  by introducing more
c r o ss lin k s .

BI-IONIC POTENTIALS
The oldest B .I.P . m easurem ents are due to L .M ichaelis (1925a,

1925b, 1925c, 1926, 1928, 1933), who investigated dried collodion
m em branes and used the formula:

E = 58 log u j/u 2  mV (1-2)

(maintaining the sam e concentrations on both sid es of the m em 
brane) where ui and U2 are the ionic m ob ilities. In Table 1 his
resu lts are given. The ratio ux/uK in the membrane is compared
with that in the solution.

Table 1
Ratios Ux /uK in a dried collodion membrane and in free, solution.

Li Na K Rb H

ux/uK (in membrane) 0.048 0.14 1 2.8 42.5

tlx / ur (in free solution) 0.52 0.65 1 1.04 4.9
q  j  Ay |

In rea lity  M ichaelis compared the ratios * where yi and
Yk are the ionic activity coefficien ts. So it is not clear whether
the large changes of the ratios in the membrane are due to changes
in m obility u or to changes in activity coefficient y or to both.
Probably the change in m obility has the greater influence (sieve
effect).
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R.M ond and F . Hoffmann (1928) p e rfo rm ed  m ea su rem e n ts  on
collodion m em branes dyed with a b as ic  dye, v iz . Rhodam ine B.
F o r  the sequence of p e rm eab ility  of the anions they  found the
H ofm eiste r o r lyo trop ic  s e r ie s :

SCN > NO3 > J  > B r > Cl > a c e ta te  > SO4 ,
w hereas the sequence of the m ob ilities  in f re e  so lu tion  is:

S04 > B r > J  > C l > NOj > SCN > a c e ta te .
R .H öber (1936) a lso  investiga ted  co llod ion- and rhodam ine c o l

lodion m em b ran es . R egard ing  the inorgan ic  anions h is r e s u lts
a g re e  w ith those  of Mond and Hoffmann. In addition  he found an
ir r e g u la r  behav iour of the o rgan ic  an ions. The p e rm eab ility  of
these  ions is la rg e  as com pared  with tha t of the inorgan ic  anions
of the sam e  volum e.
He a ttr ib u te s  th is  phenom enon to  a h ig h er ad so rb a b ility  of th ese
ions, due to  som e kind of van d e r  W aals affin ity . M oreover he
observed  tha t the anion p e rm e ab ility  of the re d  blood ce lls  is in
m any re s p e c ts  co n sis ten t w ith the p e rm eab ility  of the se lec tiv e
anion p erm eab le  collodion m em brane .

K .H . M eyer and P . B ernfeld  (1945a, 1945b, 1946) m easu red
B. I. P . 's  on frog  sk in  and on d iffe ren t kinds of dyed f ilm s , such
as  an acety l ce llu lose  film  dyed with the ac id  dye ch lo ran th in -
lic h tro t o r w ith the b a s ic  dye V ic to ria  blue. They used  the fo rm u -

E  = ( 1 - 3)

m ain ta in ing  the sam e concen tra tions of the cations M j and M 2
re sp e c tiv e ly  on the left and r ig h t side of the m em brane , l i  and
I 2 a re  the p a rtitio n  coeffic ien ts (or the ra tio s  of the a c tiv ity  coef
fic ien ts)  of the ions M fan d  m £ in the so lu tions and in the s u r f a c e -
la y e rs  in .th e  m em brane . The ra t io  u i /u 2 was obtained from  s e 
lec tiv ity  m ea su rem e n ts  a t d iffe ren t concen tra tions of so lu tions of
M"t re sp e c tiv e ly  M^ s a l ts .  In tab le  2 th e ir  r e s u l ts  a re  given fo r a
c h lo ra n th in -lic h tro t-a c e ty l ce llu lo se  m em brane.

Table 2
R atios of m o b ilitie s  and of p a rtitio n co effic ien ts  fo r a ch lo ran th in -

l ic h tro t-a c e ty l  ce llu lose  m em brane

Me+ U M e+  lM e +

UK +  AK  +

U M e +

UK +

* M e +

V
K+ 1 1 1

NH+ 1.55 1.6 1

Na+ 0.7 0.8 0.9

L i+ 0.45 0.65 0.7
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The perm eability of the frog skin depended strongly on the pjj
of the solution. P lacing a Ringer solution on one side of the frog
skin and a KC1 solution on the either sid e, they found that at pH =
6.8 the membrane was anion perm eable, w hereas at pH = 7.8 it
was cation perm eable.

K .Sollner and co-w orkers (1946a, 1946b, 1949a, 1949b, 1950,
1954, 1955) made a thorough study of b i-ion ic potentials. They
chiefly experim ented wichoxydized collodion m em branes as nega
tive and protam ine-collodion m em branes as positive m em branes.
They used the formula:

E = ^ l n | ^  (1-4)

in which ti and t2 are the transference numbers of the ions 1 and
2 in the m em brane. As the sequence of perm eabilities for the
above-m entioned m em branes the H ofm eister se r ie s  was again
found for univalent inorganic ions.

In the theoretica l part of h is papers Sollner considers the in
fluence of: 1) s ter ic  hindrance, 2) difference in absorption, 3) d if
ference in m obility, 4) incomplete d issociation  of the active groups,
5) heteroporosity, 6) degree of d issociation  of the sa lts in the s o 
lution, 7) shape of the ions. Sollner supposes that an ion with a
higher affinity has a greater part in the transport.

S .D ray  and K .Sollner (1955) mention m easurem ents on a su l-
phonated polystyrene-collod ion  m em brane, an oxydized collodion
m em brane, a polyacrylic acid collodion membrane and a prota
mine collodion m em brane. For inorganic ions in a ll ca ses  the
H ofm eister se r ie s  was found as the sequence of perm eabilities.
M oreover they established  the fact that the non-critica l ion had
no influence on the membrane potential for the m em branes in 
vestigated . At low sa lt concentrations they found lower values for
the B. I. P . ' s  than predicted by theory. The d iscrepancies were
considerable esp ecia lly  for m em branes with a low resistan ce ,
showing a high diffusion-rate. The authors attribute this phenom
enon to diffusion layers near the m em branes. The effect se ts  in
at concentration below 0.05 N, it does not vanish entirely  by v ig 
orous stirring .

M. R. J . Wyl l i e  and S.L .K anaan (1954) verified  experim entally
the correctn ess of the B . I . P .  form ula derived by W yllie (1954).

E , R T l n ± M . Ï M  (1-5)
F 3.p Up

in which a M and a P are the activ ities of the ionsJVl resp ectively
P in the two salt solu tions. W yllie calls üm and up the apparent
m obilities of the ions M and P. This is one of the few exam ples
in the literature, where a B . I . P .  form ula was experim entally
te s te d . W yllie and Kanaan rem ark that if üm /üp is constant, a
plot of E against In aM, keeping aP constant m ust give a straight
lin e , having a slope corresponding with a change in B . I . P .  =
2.3026 RT/F (= 59.16 mV at 25°C) for each tenfold change in a M.
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F o r  the sing le  ion a c tiv itie s  they su b stitu ted  m ean ac tiv itie s  of
the sa lt  so lu tions. In m ost cases  they  ac tu a lly  found s tra ig h t lines
with the c o rre c t  slope fo r th e ir  m em b ran es . T hese belonged to
the heterogenous type, consisting  of an ion exchanger and a b ind 
e r .  D ifferen t com binations w ere investiga ted . W yllie and K anaan
de te rm ined  the ra t io  üj^/üp from  the in te rse c tio n  of the s tra ig h t
line w ith the a b sc is sa . In th is  point: üj^/üp = a p/a  m- The au th o rs
found a deviating  slope in the case of a sulphonated po lysty rene
of 17% nom inal divinylbenzene c ro sslin k in g . F o r  the sy s tem :

KC1 M em br. L iC l
so lu . 17% dvb. so lu .

a t constan t a Kcl and va ry in g  a LiCi they  found a  change of only 50
mV in B. I. P . fo r  a tenfold change in a LiC1 . They a sc r ib e d  th is
d isc rep an cy  to  the approx im ate  na tu re  of the equations and to  the
fac t that th ese  equations ignore B .I .P .  e ffec ts  re su ltin g  from
volum e changes in the m em brane.

W yllie and Kanaan su b stitu ted  the ra t io  üM/üP, obtained as
m entioned above in th e ir  fo rm ula :

üM/up
( 1 - 6 )

in which kM and kp a re  the m o b ilitie s  of the ions M and P  in the
m em brane and K^1 is the se le c tiv ity  constan t, defined as

K M
P

M m  a 'p

Mp a m (1-7)

M m /Mp is the ra t io  of the concen tra tions of the ions M and P  in
the m em brane when th is  is e q u ilib ra ted  with a so lu tion  in which
the m ean  ac tiv itie s  of the  ions M and P  a re  a ^ a n d  a’p r e s p e c 
tiv e ly . Values fo r  KP w ere taken  fro m  the l i te ra tu re . The ra tio s
k M/k P ca lcu la ted  in th is  way w ere  com pared  w ith the ra tio s  of
the m ob ilities  obtained fro m  conductiv ity  m ea su rem e n ts  of the
m em brane in the M+ resp e c tiv e ly  P + fo rm . D ifferen t com bina
tions of univalent cations w ere taken . On the whole the ag reem en t
was s a tis fa c to ry . The _H+ - Ag+ values a re  an  exception. In th is
case  the m ea su red  kH/ k A_values exceed by fa r  those ca lcu la ted .
F ro m  the data  gained by W yllie and K anaan m ay be concluded tha t
if an  ion is ab so rbed  se le c tiv e ly  by the m em brane , its m obility
is low ered . As fo r its  con tribu tion  to  the tra n s p o r t  how ever, the
f i r s t  fac to r  p red o m in a tes, so  that a h igher a ffin ity  y ie lds a  r e l a 
tiv e ly  h ig h er tra n s fe re n c e  num ber.

D. W oerm ann, K. F . Bonhoeffer and F . H elffe rich  (1956) in v es
tiga ted  a m em brane consisting  of S kogseid 's  K -se le c tiv e  ion e x 
change r e s in  and polyethylene. The se lf-d iffu s io n  coefficien t of
the Na+ ions (Dn») app eared  to  be 1.2 tim es  tha t of the K+ ions

— C v C
(Dk). The se le c tiv ity  coeffic ien t K* (defined as  — in which

“  c N a c K
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Cr and Cn» are the concentrations of the K+ resp ectively  Na+
ions in the membrane and cNa and c K are the corresponding
values in the solution) varied from  3.2 to 2.3,  depending on the
m ole fraction of the K+ ions, at a total concentration of 10"2N.
(mean value 2.7).  The authors a lso  m easured B . I . P . ' s .  For the
schem e:

Ag AgCl KC1
a ' K

M em br. KC1 a"K
NaCl aJJa AgCl Ag

they used the formula:

_ ak
+ ^ Na h l

Ï Na
( 1 - 8 )

when for Yic/YNathey substituted K^a. For a se r ie s  of m eas-K
urepnents at v h c 'r = 5 .10- 2 n  and cr  + cr» = 0.5.10'^N the
agreem ent between the experim ental B . I . P .  values and those c a l
culated according the form ula (1-8) was satisfactory , if they sub
stituted Dns/Dk = 1.2 and yr/ yNa = 1/2.7.

B . I . P .  m easurem ents are a lso  used to  determ ine transport
ratios in clay m em branes. These investigations are of great im 
portance in agricultural research . C. E. M arshall and W. E. B erg
man (1942a) tried  to m easure K ion activ ities in colloidal c lays.
They prepared film s from  electrodialyzed bentonite according to
the following schem e:

K+
0.081 m olal

Clay
membrane

K+ + H+
solu.

and used the (incorrect) formula
F _ RT in (0.0810) (1_9i
E '  F ln (K+) + (H+) ' ’

in which (M+) is the m olality of the M+ ion. They estim ated
with the aid of a g lass electrode; aK+ was calculated from  E and
a^+. In two subsequent papers C. E. M arshall and W. E. Bergm an
(1942b, 1942c) repeated the experim ents with NH4+ instead of K+.
They found that high acid ities were not tolerated by the m em 
branes which gave erratic  résu lts at pjj values below 4. It may be
rem arked that besides a part of the error was due to the incor
rect B . I . P .  form ula used.

C.E.  M arshall (1948) considered for various clay membranes
the relation between the d ifferences in differential heats of ab
sorption of M+ or N+ ions and the ratio um+ / un+, where um+ and
uN+ are the m obilities of the ions M+ or N+ in the membrane. He
estim ated the potential of the cell:
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N aC l M em br. KC1

by ca lcu latin g  the heat e ffec ts  which occur when a sm a ll amount
of charge flow s through the c e ll .

E membr. = j4 ^ ( H K  + - - H Na+) + ^ l n £ j - i  (1-10)

in which Hr+ and HNa + a re the d ifferen tia l heats of absorption  for
the K+ re sp e c tiv e ly  N a+ ion. The second  term  o rig in ates from  the
osm o tic  work. Ci and C2 are the concentrations of KC1 or N aCl
on e ith er  sid e  of the m em brane; oti and ot2 a re  the corresponding
m ean a ctiv ity  c o e ff ic ie n ts .

F o r  the B. I. P . M arshall used  the form ula:

E a K+
aNa +

a K+
uNa + ( 1- 11)

w here, for d ilute so lu tio n s , he s e t  aiCi/<X2C2-equal to  aK+ /a Na+,
thus:

¥ ln  5 “+ = ^  (Hk+ • H **+> (x - 12>
M arsh a ll's  th eory  was re v ise d  by C olem an (1952) (se e  below ).

M arshall a ls o  studied  the p o ss ib ility  of u sin g  c la y  m em branes
fo r  the determ ination  of the a c t iv it ie s  of m ono- and d ivalent c a t 
ions in so lu tion  (K+, N H j, Na+, Ca++, Mg++). In a la ter  paper
E .O . M cLean, S. A . B arber and C .E . M arshall (1951) d escr ib ed  a
m ethod to  determ in e the sep arate  a c t iv it ie s  in a so lu tion  of two
univalent c a tio n s . They a lso  perform ed  B .I .P . m easu rem en ts with
the sa m e sa lt  so lu tio n s , but w ith tw o m em b ran es, which had d if
feren t va lu es for u i /u 2 . F o r  the sy stem

I
Na+ M em br.

II
Na+ + K+

th ey  used  the form ula:

E II
a N i  +

I
a Na +

+  UK+
UNa +

II
a K +

(1-13)

aNa+ and ajc+ can be estim a ted  in th is way. The authors s u c 
ceeded  in preparing c lay  m em branes with u r / un» va lu es varyin g
from  2.5 to  11.7, depending on the preparation . E sp e c ia lly  the
tem p eratu re to  which the m em branes w ere heated is v er y  im 
portant. In re a lity  the authors did not e stim a te  uK/u Na, but
a K / a Na X Y N a /YK-

N . T .  Colem an (1952) rem arked  that in the therm odynam ic d e 
rivation  of the B. I .  P . it was not the d ifferen ce in heat of a b so rp 
tion , but the d ifferen ce in free  en ergy  that should be substitu ted .
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He used  the fo rm u lae :
AF = -F E  (1-14)

and
AF = -R T  In K ( l - iö )

in which K is the equ ilib rium  constan t fo r  the exchange of two
ions in a so lu tion  with the m em brane.

C olem an stud ied  m em branes of the heterogeneous type-, con
s is t in g  of a cation  exchange r e s in  (A m berlite  I. R. 100, I. R. 105,
and I. R. 120) o r c lay  ("V olclay" bentonite) and po lysty rene  in a
w eight ra t io  of 6 : 4. W ith d iffe ren t com binations of univalent
ca tions such  as  L iC l-K C l; N aC l-K C l; NH4CI-KCI he found a g re e 
m ent betw een  the AF values ca lcu la ted  fro m  equ ilib rium  e x p e r i
m en ts  and those  fro m  B . I . P .  m e a su re m e n ts . H ow ever, he r e 
m ark s  th a t th e o re tic a lly  th is  ag reem en t can be expected  only
when the m o b ilitie s  of the two ions in the m em brane a re  equal.

S K. Bose (1955) s tud ied  the Na+/K+ re v e rs ib i li ty  on clay  m e m 
b ra n e s . He investiga ted  a m on tm orillon ite  m em brane and used
M a rs h a ll 's  fo rm u la :

„  RT aK+ UK+E = - ft- In ------- « --------F  aNa + u Na+

In som e c a se s  UK+/uNa + am ounted to  about 6 .

( 1 - 11)

W a t e r  t r a n s p o r t  t h r o u g h  m e m b r a n e s

In de riv in g  th e ir  fo rm u lae  fo r  the d ia ly s is  po ten tia l and b i-io n ic
po ten tia l m o st in v es tig a to rs  did not take into account the t r a n s 
po rt of uncharged  p a r t ic le s , e . g .  w a te r m o lecu les. The w ell-know n
M . 3 . T .  th eo ry  (M eyer (1936), S iev ers  (1936), T e o re ll (1935)) fo r
the d ia ly s is  po ten tia l neg lec ts  w ater tra n s p o r t ,  the B . I . P .  f o r 
m ulae of S o llner (1949), M a rsh a ll (1944), W yllie (1954) and H elffe-
r ic h  (1956) a re  de riv ed  without considering  w a te r tra n s p o rt .

The app lica tion  of the th eo ry  of non-equ ilib rium  th erm o d y n a
m ics em phasized  the im portance  of tra n s p o r t  of uncharged  p a r 
t ic le s  fo r  the po ten tia l. F o r  e le c tro  k inetic  effec ts th is  th eo ry  has
been  e lab o ra ted  by P ..M azur and J .  Th. G. O verbeek  (1951). F o r
o sm o sis  by A. J . S taverm an  (1951a), fo r  the diffusion po ten tia l by
E . H. W iebenga (1946). S taverm an  (1951b, 1952, 1954) has given
a  g e n e ra l su rv e y  of the th eo rie s  applied  to  m em brane p ro c e s se s .

In the th e o re tic a l  p a rt  it w ill be shown that the effect of u n 
charged  m olecu les on the m em brane po ten tia l is given by the f o r 
m ula:

E soiv. * * i r / Wtw dHw ( i - 1®)r  a
S ta v e rm an 's  w ork caused  G. Schm id (1950, 1951a, 1951b, 1951c,
1952a, 1952b) to  re v is e  h is s tud ies  on the e le c tro c h e m is try  of
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sm a ll pore c a p illa ry  sy s te m s  in th is  re sp e c t. It is a  w ell-know n
fac t, th a t the th eo rie s  of H elm holtz (1879) and Sm oluchow ski (1921)
hold only fo r  c a p illa r ie s  having a d iam e te r  la rg e  in co m p ariso n
with the th ick n ess  of the double la y e r .

G. Schm id, on the c o n tra ry , exam ined the case  tha t the double
la y e r  f il ls  the whole p o re , assu m in g  an equal concen tra tion  of a c 
tive  groups throughout the po re , co rresp o n d in g  with the M .S .T .
theo ry . D rag  effec ts  w ere  accounted fo r  only to  a c e r ta in  extent
in. the fo rm ulae  of H eljnholtz and Sm oluchow ski. Schm id in h is
in itia l w ork neg lec ted  so lven t tra n s p o r t  e n tire ly  and la te r  on
(1952b) he exam ined in how fa r  it had influenced h is r e s u l ts .  It
app eared  th a t the fo rm u la  fo r  e le c tro  osm otic  p e rm eab ility , like
th a t fo r the s tre a m in g -c u r re n t,  was not affec ted . In the fo rm ulae
fo r  the e le c tro  osm otic  p re s s u re  pe r unit of vo ltage and fo r the
s tre a m in g -p o te n tia l the c o rre c tio n s  tu rn e d  out to  cancel exactly ,
only in the fo rm u la  fo r  the e le c tro  osm otic  p re s s u re  p e r unit of
c u rre n t a c o rre c tio n  had to  be m ade. This brought S chm id 's  f o r 
m ulae in fu ll a cco rd  with the re la tio n s  de riv ed  fro m  ir re v e r s ib le
th e rm o d y n am ic s .

D eriv ing  his fo rm u la  fo r the B .I . P . S ca tchard  (1953) did take
account of w a te r tra n s p o r t .  F o r  the ca lcu la tion  of the d ia ly s is
po ten tia l the influence of w a te r tra n s p o r t  has been co n sid e red  a lso
by J . W. L o r im e r , E . I. B o terenbrood  and J .  J .  H erm ans (1956).

T here  is a m ore p ra c tic a l re a so n  as w ell fo r w a te r tra n s p o r t
th rough  m em branes to  a ro u se  in te re s t . In the  e le c tr o -d ia ly tica l
w ater d esa ltin g , tra n s p o r t  of w ater tak es  p lace from  the d ia ly sa te
to  the  co n cen tra te . In desa ltin g  s e a -w a te r ,  th is  can cause  a  lo ss
am ounting to  20% of the o rig in a l volum e of w a te r, re su ltin g  in a
conside rab le  econom ical com e down.

The e le c tro -o sm o s is  has been stud ied  fo r a long tim e The
phenom enon was d isco v e red  by F .F .R e u s s  (1809). L a te r  on in 
vestig a tio n s  w ere  m ade by G. W iedem an (1852) and G .Q uincke
(1859, 1861). A. Bethe and T. Toropoff (1915) stud ied  the phenom e
non on d iffe ren t types of m em b ran es . F o r  the ch rom egela tine
m em brane they  found tha t the d ire c tio n  and the ex ten t of w ater
tra n s  po rt depended on the p n o f  the so lu tion . A t a low pH the w a te r
was tra n sp o rte d  in the d ire c tio n  of the anode, a t a  h ig h er p h  in
the d ire c tio n  of the cathode.

The au th o rs  p laced the m em brane betw een two h a lf -c e lls  p ro 
vided with c a p il la r ie s . The so lven t tra n s p o r t  was d e riv ed  from
the d isp lacem en t of the m en iscus in  e ith e r  c a p illa ry . H. Rem y and
H. R e isn e r  (1926) did m ea su rem e n ts  on a parchm en t m em brane  a t
a high s a lt  concen tra tion . They a lso  used  the c a p illa ry  m ethod.
The tra n s p o rt  of w a te r not bound to  the ions can be neg lected  in
th is  c a se . The w a te r d isp lacem en t observed  depends on the h y d ra 
tion w ater of the ions and th e ir  tra n s fe re n c e  n um bers . S im ila r ly
E .M anegold  and K .Solf (1931) c a r r ie d  out ex p erim en ts  on c o llo 
dion m em branes with the aid of the c a p illa ry  m ethod. E sp e c ia lly
the connection betw een w a te rtra n sp o rt and p o re -d ia m e te r  was
exam ined. T h e ir  ex p e rim en ta l r e s u l ts  did not a g re e  w ith the
H elm holtz-Sm oluchow ski fo rm u lae . H ow ever, G. Schm id (1951a)
showed th a t th ese  r e s u l ts  could be explained by h is theory.
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In a  rev iew  paper on ion exchange by W. Juda , J . A . M arinsky ,
and N .W . R osenberg  (1953), R o sen b erg 's  m ea su rem e n ts  of w ater
t ra n s p o r t  th rough  a  N epton CR-51 m em brane a re  rep roduced .
(P re se n te d  a t G ordon R e se a rc h  Conf. on ion-exchange, New L on
don, N .H .J u ly  16-20, 1951). T h is  membrane is a hom ogeneous
gel (supported  by a  s a ra n  sc reen ) of a ca tion  exchange r e s in  w ith
sulphonic ac id  g roups. The w a te r tra n s p o r t  was m easu red  a c 
cord ing  to  the c a p illa ry  m ethod. F o r  the N epton CR 5 l-N aC l s y s 
tem  the tra n s fe re n c e  num bers of the Na+ ions and of w ater w ere
m ea su red . The "dynam ic" tra n s fe re n c e  num bers

d m e q . N a  . d N V  _ tt d N______ , w d V-------- rl-17^
t+ = d m e q . e l  ‘  d m eq. e l d m eq. e l d m e q . e l '

w ere  com pared  with the tra n s fe re n c e  num bers fro m  e . m . f .  m e a s 
u re m e n ts .

N = n o rm a lity  of N aC l in the  e x te rn a l so lu tion .
V = volum e of so lu tion  in the ce ll. ■ . „
The au th o r s ta te s  th a t the a g reem en t betw een the dynam ic

tra n s fe re n c e  num bers and those  ca lcu la ted  fro m  e. m . f. m e a s u re 
m en ts was good. H ow ever, it m ay be re m a rk e d  tha t the tra n s  .-
fe re n c e  num bers he obtained from  e . m . f .  m ea su rem e n ts  a re  H it-
to r f  tra n s fe re n c e  n u m b ers , w hereas the  "dynam ic" ones c o r r e 
spond to  tru e  tra n s fe re n c e  n u m b ers . C onsequently  the influence
of the w a te r t ra n s p o r t  on the e. m . f .  m ust have been  sm a ll. In 0.1
N N aC l and 0.03 N N aC l the w a te r t ra n s p o r t  am ounted to  17 m ole

W .F .G ra y d o n  and R . J .  S tew art (1955) ca lcu la ted  the w a te r
tra n s p o r t  from  m em brane po ten tia l m ea su rem e n ts . The m em
b ran e s  investiga ted  w ere  p rep a re d  by the  copo lym erization  of the
p ro p y le s te r  of p -s ty re n e  sulphonic ac id  with s ty re n e  and d iv iny l-
benzene and subsequen t h y d ro ly sis  of the po lym er. The deviations
fro m  the idea l m em brane po ten tia l a re  due to  t ra n s p o rt  of co-ions
and of w a te r. The tra n s p o r t  num ber of the co-ions was ca lcu la ted
w ith the  aid of the M. S. T. th eo ry . The r e s t  of the dev ia tion  gives
the  w a te r t ra n s p o rt . F o r  th e ir  m em branes the au tho rs found:

tw = K (WD/X L) (1-18)

WD = g ram s of w a te r pe r g ram  of d ry  m em brane.
X L = nom inal c ro s s - lin k in g  in m ole % divinylbenzene.

A. G. W inger, R. F e rg u so n  and R. Kunin (1956) applied  an  o ther
technique fo r m easu rin g  the w ater t ra n s p o rt . They e s tim a ted  the
to ta l change in the num ber of ions and the quantity  of w ater on
both s id es  of the m em brane during the e le c tro ly s is  by t r a n s m it 
tin g  the contents of a  ce ll in a  "vacuum  line t r a p ' which had been
weighed b e fo re . An a c c u ra c y  of ± 3% is given. The A m berp lex  C
m em brane  was investiga ted . It is a he terogeneous m em brane ,
co n sis tin g  of a  cation  exchange r e s in  with polyethylene as a b ind 
e r .  The re la tio n  betw een the ex ten t of the w a te r tra n s p o r t  and the
num ber of c ro ss lin k s  was exam ined. The w a te r tra n s p o r t  did not
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prove to  be p ro p o rtio n a l to  the w a te r content of the m em brane .
T here  was an approx im ate  p ro p o rtio n a lity  betw een the m obility  of
the ion and the re c ip ro c a l  of the w a te r t ra n s p o r t  of the ion fo r
univalent ca tions , hów ever. Ions w ith the h ighest " tru e "  h y d ra 
tion  num bers gave the h ighest va lues of the w a te r tra n s p o r t  num 
b e rs  .

A .D esp ió  and G. J .  H ills (1956) m ade w ater t ra n s p o r t  m e a s u re 
m ents on a m em brane com posed of c ro ss lin k e d  po lym ethacry lic
acid . T h e ir  ap p a ra tu s  consis ted  of two h a lf -c e lls , e ith e r  of which
contained about one l i te r ,  with two v e r t ic a l  c a p i l la r ie s . They used
tw o n o n -re v e rs ib le  e le c tro d e s . The gas bubbles fo rm ing  during
the ex p erim en t e scaped  up the c a p i l la r ie s . The au th o rs  e s tim a ted
the m obility  of the Na+ ion from  conductiv ity  m ea su rem e n ts  and
a lso  from  se lf-d iffu s io n  ex p e rim e n ts . The la t te r  va lues a re  s m a l
le r ,  the d iffe rence  being caused  by the  m ovem ent of the w a te r
during  the conductiv ity  m ea su rem e n ts . The au tho rs  devided the
w ater tra n s p o r t  in a  p a rt  o rig inating  fro m  the " fre e "  w a te r m o le 
c u le s , and a p a rt o rig ina ting  from  the h yd ra tion  w a te r of the Na+
ion. A p r im a ry  so lva tion  num ber of 9 fo r  the Na+ ions in the
m em brane phase was found.
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II. T H E O R Y

The oldest form ula for the b i-ion ic  potential was derived by
M ichaelis (1926, 1929).

M ichaelis looked upon his membrane as a pore system  in which
the m obility of one kind of ions (positive or negative) was zero.
This hindrance he attributed to a sieve  effect, or to the influence
of charges fixed on the pore w alls. His c e ll consisted  of a m em 
brane separating two sim ple uni-univalent sa lt solutions of equal
concentration with different "critical'1 ions. He started from  the
quasi-therm odynam ic rule that in the steady state the change in
free  energy equals the e lec tr ica l work, when an infinitely sm all
displacem ent of e lec tr ica l charge takes place. M ichaelis consid
ered  ideal solutions and neglected transport of water. He assum ed
constant m obilities of the two "critical" ions in the membrane.
Though his calculation was not quite correct, M ichaelis obtained
for his m odel the right form ula, v iz.

Eb.i.p. = (R T /F  ln u i/u 2) (1-2)

in which ui and U2  are the m obilities of the two "critical" ions
1 and 2 in the m em brane, R is the gas constant, T the absolute
tem perature and F the faraday. His form ula only holds if the sum
of the concentrations of the "critical" ions is constant across the
m em brane: Ci + C 2  = C.

K. Sollner (1949a, 1949b) essen tia lly  used the sam e m odel as
M ichaelis, However, Sollner replaces the ratio of the m obilities
by the ratio of the transference num bers, without proving that
th is is perm issib le .

Eb.i .p. = (R T/F) In t t / t 2 (1-4)

ti and t 2  are the transference numbers of the "critical" ions 1 and
2 in the m em brane. Sollner supposes that the membrane contains
a mixture of the two solutions.

C. E.  M arshall (1944), who in the main investigated clay m em 
branes, does not give a c lear m odel of these m em branes. He
looked upon the B . I . P .  as a liquid junction potential and applied
Henderson's (1907, 1908) form ula in a straight-forw ard manner.
This im plies ideal solutions and constant m obilities of the ions in
the membrane and the neglect of solvent transport. M arshall sup
poses that the m obility of the negative ions in the membrane is
zero . He incorrectly  substitutes activ ities for concentrations in
the Henderson diffusion potential form ula. In the case of sim ple
uni-univalent sa lt solutions separated by the m em brane,h is resu lt
is:
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E = (R T /F )  ln r^T  ~v '  ’ a ?  u2 ( 2 - 1)

a i ' and  a 2' a r e  the a c t iv i t ie s  of th e  ions 1 and 2 in  th e  so lu tio n s
1 and 2, s e p a ra te d  by  the  m e m b ra n e , ui and  u2 a r e  the  m o b ilitie s
of th e  ions 1 and 2 in  the  m e m b ra n e .

M .R .J .W y l l ie  (1954a, 1954b) d e r iv e d  a  B . I .P .  fo rm u la  fo r  a
p e r fe c tly  s e le c t iv e  ion exchange m e m b ra n e . The m o d el u sed  by
h im  is  a  m a c ro m o le c u la r  n e tw o rk  to  w hich  fix ed  c h a rg e s  a r e  at-r
ta ch e d , im b ibed  w ith  w a te r .  A c o n s ta n t c o n c e n tra tio n  of th e s e  a c 
tiv e  g ro u p s is a s su m e d . The m o b ility  of th e  c o - io n s  in  the  m e m 
b ra n e  (ions w ith  the  sa m e  kind of ch a rg e  a s  th e  ac tiv e  g ro u p s) is
su p p o sed  to  be  z e ro .  T h is  m odel c o r re s p o n d s  to  th a t  of M ey er
(1936), S ie v e rs  (1936) and T e o re l l  (1935). L ike M ey e r, S ie v e rs
and T e o re l l  in  th e i r  d e r iv a t io n  of the  c o n c e n tra tio n  p o ten tia l f o r 
m u la , W yllie  s p l i t  up th e  m e m b ra n e  p o te n tia l in tw o phase  b o u n 
d a ry  o r  D onnan p o te n tia ls ,  s i tu a te d  in  the  m e m b ra n e  s u r fa c e s ,
and  a  liq u id  ju n c tio n  p o te n tia l w ith in  th e  m e m b ra n e  i ts e lf .  C a lc u 
la tin g  th e  liq u id  ju n c tio n  p o ten tia l he u sed  th e  H e n d e rso n  fo rm u la ,
in  w hich  he in c o r r e c t ly  s u b s titu te d  a c tiv i t ie s  fo r  c o n c e n tra tio n s !
He o b ta ined :

e b . i .p .
RT
F In

a 2
In

aju ï
a 2u^ ( 2 - 2 )

in  w hich  a i '  and  a 2' a r e  th e  a c t iv i t ie s  of th e  " c r i t i c a l"  ions in  the
so lu tio n s , s e p a ra te d  by th e  m e m b ra n e , w hile  a i a n d  a 2 a r e  th e
a c tiv i t ie s  of th e s e  ions in  th e  m e m b ra n e  s u r fa c e s  in  co n ta c t w ith
the  re s p e c t iv e  so lu tio n s . T h u s:

' B.I.P.
R T  , a l u l
I T  m  — j--------F  a 2 u 2 (2-3)

The r e s t  of W y llie 's  a rg u m e n t is  not v e ry  e x a c t. He s ta te s  th a t  a s
a  r e s u l t  of p re fe re n t  a d s o rp tio n  of one ion  th e  d is tr ib u tio n  of ions
in the  liq u id  ju n c tio n  m ay  be v e ry  d if fe re n t f ro m  th a t  a s s u m e d  in
the  d e r iv a t io n  of th e  H e n d e rso n  eq u a tio n . T h e re fo re  W yllie c a lls
u i and  u 2 " a p p a re n t"  m o b ili t ie s ,  and  re p la c e s  th e  r a t io  u i / u 2 by
t i / t 2, the  r a t io  of th e  t r a n s f e r e n c e  n u m b e rs  in th e  m e m b ra n e .

m i / m 2 he c a lls  th e  s te a d y  s ta teF o r  t i / t 2 he w r i te s :  —  xm 2 k 2
e q u ilib r iu m  c o n c e n tra tio n  r a t io  of th e  ions 1 and  2 in  th e  ju n c tio n
zone (the m ean in g  of th is  s ta te m e n t is  not c le a r ) ,  and  k i /k 2 is  the
r a t io  of the  c o n d u c tiv itie s  of th e  m e m b ra n e  w hen fu lly  in  the  1 o r
2 fo rm . F o r  m i /m 2 W yllie  s u b s t i tu te s  K 2, th e  s e le c t iv i ty  co n s ta n t
d efin ed  a s :  ’

l a 2
2 = M 2 ' a i * ’ f 1 ' 7)

in w hich  Mi /M 2 is  th e  r a t io  of the  c o n c e n tra tio n s  of th e  ions 1
and 2 in  th e  m e m b ra n e  w hen th is  is  e q u il ib ra te d  w ith  a  so lu tio n
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in which the m ean  a c tiv itie s  of the ions 1 and 2 a re  a i ' and a2'+
re sp e c tiv e ly . His u ltim ate  re s u l t  is :

M uch of the in tr ic a c y  of W yllie 's  p aper is caused  by the in c o rre c t
su b stitu tio n  in the H enderson  fo rm u la . C o rre c t use of th is  fo rm u la
g iv es , in stead  of (2-4):

in which Ci and C2 a re  the concen tra tions of the ions 1 and 2 in
the  m em brane  su rfa c e s  in con tac t w ith the re sp e c tiv e  so lu tions.
Now Ci = a i /y ia and C 2 = a 2/Y2W ■ Yia is the a c tiv ity  coefficien t
of the ions 1 in  the m em brane face in con tact w ith so lu tion  1; Y2W
is the a c tiv ity  coeffic ien t of the ions 2 in the m em brane face in
con tac t w ith so lu tion  2. Thus:

A pplica tion  of the H en d erso n 's  d iffusion  po ten tia l fo rm u la  im plies
the assu m p tio n  th a t ui and u 2 a re  constan t a c ro s s  the m em brane .
Below it w ill be shown th a t under som e add itional assum ptions
fo rm u la  (2-6) is iden tica l with th a t of W yllie. We m ust r e m a rk
th a t a lso  in W yllie 's  ca lcu la tions the tra n s p o r t  of w a te r has been
neg lec ted . .

G .S ca tc h a rd  (1953) in th is  study  on B . I .P .  *s a lso  used  the ion
exchange m em brane m odel. He s ta r te d  fro m  the c^uasi**thermo
dynam ic eq u a tio n

ti = tra n s fe re n c e  num ber of ion i, i. e. the num ber of m oles of
sp ec ie s  i t r a n s fe r re d  when one fa rad ay  of e le c tr ic i ty  goes
through  the m em brane .

a i  = a c tiv ity  of ion i. . , , . . .  ...
F o r  a  cation  exchange m em brane , se p a ra tin g  two so lu tions with
d iffe ren t " c r i t ic a l"  ions, but w ith one com m on anion, he deriv ed
the fo rm u la :

a ,1*. a 2',  u t, uz, Yi, m ^  ut have the u sua l m eaning. Yia  ig the

e b .i .p . * (RT/F) In J V -  K | .  ki/kj. (2-4)

E b. i .p . = (R T /F ) ln  1 7  '  ln  iTT + ln  (2 ' 5)

E b.i .p . = (R T /F ) ln
a i ' u i Y2W
a 2' u 2 Yi®

(2 - 6 )

E = R T /F  ƒ w E ^  d ln a t (2-7)

RT |- . a 2' u^  Yi“ Ef mj u t d ln  ut /yi
Eb.i .p . = - j r \ _  ln a i ' uf t Y2“  ' 4  Ej- mj  uj/, ■+

Ei mj Ui d ln  a  ̂ a.

Z Ï  mi ut
+ t wd ln ( 2 - 8)
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activ ity  coefficient of the ions 1 in the membrane face near so lu 
tion 1; Y2W is the corresponding value for the ions 2; tx = tra n s
ference number of the common negative ion in the membrane;
tw = transference nilmber of water in the membrane; a^ = activity
of water in the membrane; indicates sum m ation over positive
ions.

The fir st  term  in Scatchard's form ula is the main term , the
others are correction  term s. The f ir s t  of these is a correction  for
the change in m obilities and activity coefficients in the m em brane,
the second accounts for the transport by the negative ion and the
third is a correction  for the water transport. As Scatchard gives
little  m ore than the final resu lt of his calculation, the derivation
of his form ula w ill be given in appendix 1.

N eglecting the f ir s t  correction term  means that u i/f i  and u2/y2
are assum ed constant a cross  the whole m em brane. Then, instead
of u ia /Yia and u^Vy2W we may write u ^/yi and u 2/y2. This is of
in terest for the com parison of B. I. P . ' s  and transport ratios.
These conditions a lso  make the form ulae (2-6) and (2-4) identical
to each other. Though essen tia lly  the sam e resu lt is obtained as
in splitting up the potential in two Donnan potentials and a diffu
sion potential, Scatchard's approach g ives a good idea of the im 
portance of the correction  term s.

F .H elffer ich  (1956) a lso  started from  the ion exchange m em 
brane m odel. He sp lit up the B .I.'P . in two Donnan potentials and
a diffusion potential. For the calculation of the latter he used the
N ernst-P lanck flux equation:

$ i  = -  D j
3 Ci
3 x +  Q

3 In Yt
3 x + Ci Zj F

RT
3 E I
3 x / (2-9)

$ i = flux of ion i.
Di = diffusion coefficient of ion i in the m em brane.
E = e lec tr ica l potential.

He assum es the membrane non-perm eable for anions, thus the
flux of the common anion $ x = 0. On account of electroneutrality
Zi$i = 0 (only univalent ions are present). A ssum ing, that the
total cation concentration is constant throughout the m em brane,
i. e .- Ci + C2 = C, and a lso  that D i/D 2 is constant, H elfferich finds
for the diffusion potehtial, considering the steady state:

Ediff. R T /F  £  In D2/D i - ƒ “ (ti d In Yi + t2 d In Y2>- (2 - 10)

ti and t2 are the transference numbers of the ions 1 and 2 in the
m em brane. The fir st term  equals the Henderson diffusion poten
tia l. Adding the two Donnan potentials, he gets:

e b. i .p . = R T/F r , *2 ' Dj Yia -
_ ln at« Di Ya**» V

(ti d In Yi + t 2 d In Y2 ) (2 - 11)

in which the sym bols have their usual meaning.
H elfferich's assum ption that D i /D 2 is constant was introduced
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to  sim plify  the ca lcu la tion . Though th e re  is som e evidence from
the l i te ra tu re  th a t th is  is app rox im ate ly  c o rre c t  in som e instances
th is  s im p lifica tio n  need not be in troduced  a  p r io r i . T h erefo re  we
have given in appendix 2 ano ther calcu la tion , avoiding th is a s 
sum ption. As a re s u l t  the sam e fo rm u la  as S c a tc h a rd 's  is ob tain 
ed, except fo r  c o rre c tio n  fo r  w a te r tra n s p o r t  and tra n s p o r t  by the
negative ion.

Sum m arizing  we m ay say  th a t S ca tchard  has given the m ost a c 
cu ra te  d e riv a tio n , but the approaches of S o llner, W yllie and
H elffe rich , except fo r  c o rre c tio n  te rm s , give about the sam e
re s u l t .

It is possib le  to  in troduce a fu r th e r  im provem ent of the theo ry .
S c a tc h a rd 's  s ta r tin g  point was the q u asi-th e rm o d y n am ica l fo rm ula
fo r  the m em brane po ten tia l.

in which t 4 is the num ber of m oles of ion i tra n sp o rte d  from  a to
oo as a  re s u lt  of the passage  of one F a ra d a y  of charge . D eriv ing
th is  fo rm u la , one supposes th a t a t c u rre n t p assage  the w ork done
on the c e ll  equals the in c re a se  in  f re e  energy  caused  by the tra n s  
p o rt of m a tte r  due to  th is  passage  of c u rre n t. This supposition  is
d ispu tab le . A pplication  of non-equ ilib rium  therm odynam ics (see
P . M azur and J. Th. G. O verbeek  (1951), A. J. S taverm an  (1951a,
1951b, 1952)), how ever, has given a m ore  so lid  base to  th is  f o r 
m ula.

In th is  th eo ry  a  sy s tem  of fo rc e s  Xi w orking on the ions, and
the co rrespond ing  c u rre n ts  J i is in troduced  in such  a way, tha t
the en tropy  p roduction  p e r  unit of tim e  can be w ritten :

Choosing fo r the c u rre n ts  hi ( i .e .  d n /d t, the  num ber of m o le 
cu les of the i^1 com ponent passing  per second through the m em 
b ran e ) , we get fo r the co rrespond ing  fo rc e s :

Zi = charge  of ion i.
E = e le c tr ic a l  po ten tia l d iffe rence .
P  = p re s s u re  d iffe ren ce .
Vi = p a r t ia l  volum e of ion i.
Pi = chem ica l po ten tia l of ion i.

1 It is a ssu m ed  that the o c cu rrin g  s tre a m s  a re  p ropo rtiona l to
the fo rc e s  (lin ea r reg ion ), thus:

E = R T /F /“  Zj ti d In ai (2-7)

dS /d t = Zi Xi Ji ( 2 - 12)

Xi = Zi E + v tP  + Api (2-13)

£k Lik X]
hi = z k L ik (zkE + VkP + A p j (2-14)

A ccord ing  to  O n sa g e r 's  fundam ental law:
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Lik = Lk, (2-15)

To d e sc rib e  the m em brane p ro c e sse s  the  phenom enological con
s tan ts  a re  used. They a re  functions of the Lik 's .

F o r  exam ple, the e le c tr ic a l  conductiv ity  is :

L e = ( I /E )P=0> A^ =0 (2-16)

= 1/E E zi hi (P=0, A|i=0)

= 2i 2k Lik Zi Zk (2-17)

The e le c tr ic a l  tra n s p o r t  num ber is:

r p  _ /  z i \  _ z i 2k Ljk zk
1 \  Zzi hi /  Ap=0, P=0 L e

The reduced  tra n s p o r t  num ber o r t ra n s fe re n c e  num ber is :

(2-18)

ti = Ti / z i  = 1 / L e . IkLikZk

In ano ther type of experim en t we m ea su re  the po ten tia l d if 
fe ren ce  when P  = 0 while the Apk's a re  d iffe ren t from  z e ro , so
that

I = 2i Zi hi = Ej Efc Lik zi zkE + Ej L ^  Zj Apk

In the absence  of an e le c tr ic  c u rre n t, i .e .  when 1 = 0, th is  g ives:

2i Ek L ik  Zi A pk

2 i 2k Lik z i ^k

L e 2ktk Apk
= -------------------= - Ek tkApk (2-19)

F ro m  th is  can be concluded tha t fo r the  ca lcu la tion  of the m em 
b rane  po ten tia l the sum m ation  has to  include the uncharged  com 
ponents. F o rm u la  (2-19) cannot s im p ly  be applied  to  ca lcu la te  the
h i-io n ic  po ten tia l, s ince  in th is  case  two of the Apk's  a re  in fin ite .
The rea so n  is , that non -equ ilib rium  therm odynam ics m ay be a p 
plied only to  sy s te m s  with sm a ll deviations from  the equ ilib rium
s ta te . S taverm an  (1956) has so lved  th is  d ifficu lty  by dividing the
m em brane in a g rea t num ber of la y e rs  p a ra lle l  to  the m em brane
fac e , which a re  so  th in  th a t the change in therm odynam ic  po ten tia l
is sm a ll when passing  from  one s ide  of the la y e r  to  the o th er. How
e v e r, it m ust then  be assum ed  th a t the ion concen tra tions change
gradually  from  one la y e r  to  the next. The B. I. P . is found by c a l
cu lating  the po ten tia l d iffe rences  a c ro s s  the s e p a ra te  la y e rs  and
in teg ra ting  over the to ta l m em brane th ick n ess . S taverm an  has r e 
m arked  tha t th is  tre a tm e n t is iden tica l in p rac tic e  with S cat-
c h a rd 's  (1953).
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A p p e n d i x  I

D eriva tion  of S c a tc h a rd 's  B .I . P . fo rm u la
S ca tch ard  corisiders a  p e rfe c tly  cation  se le c tiv e  m em brane , s e p a 
ra tin g  two m ix tu re s  of un i-un ivalen t ions w ith one com m on anion,

E = / U St ti d In ai (2-7)F Jql

Sj tj d In aj = Si ti d In ai + t x d In a x + V  d In aw

t x = tra n s fe re n c e  num ber of the com m on negative ion.
t w = tra n s fe re n c e  num ber of w a te r.
£+ = ind ica tes sum m ation  over positive  ions.

Zt mi Ui d In ai ,  ,
Si ti d In Si = ------ v ~ —“ + tx d In ax + t wd In a w1 1  h i m i Ui

l i  m t Ui d In aj ’ . . ,
= (1 + tx ) --------m t u7 ~  + tx d In ax + t w d In a w

/ S? mi ui __ 1 _ 1 + tx \
Vas Ej m; Uj " V “ A St mi ut '  S? mi ut )

S  ̂mi ui d In mi Y i, , Ŝ  mj Uj d In aj ax
S  ̂m, Ui + tx mi uj “

Sj" mi Ui d In mi u4 S^mj m d In Uj/yi

+ tw d In av

SJ mi ui Sf mi Ui

Si m i Ui d In ai ax
+ <*--------f f S T i -------+ ln a "

_+ S^nii Ui d ln  Ui /yi
= d In (Sj mi U i) --------- £* mi Ui +

St mi uj d ln  aj a , , ,
+ t* ------- S f ^ ------- + t wd In a w

In troducing  a  s ta n d a rd  ion s w ith m obility  U, and a c tiv ity  coef
fic ien t Ys j o n e  get s:

+ Ui Ys S | mi Uj d ln  Uj/us. Ys/Yi
• e b.i .p . = d ln S i a t —  • St mi ui



mi ui d ln  ai a :
+  t x  E i ' m j  Ui
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+ ty, d ln aw ( 2 - 20 )

A p p e n d i x  2

C alcu la tion  of the B. I . P .  using  the N e rn s t-P lan ck  flux equation
and avoiding the assu m p tio n  D 1/D 2 is constan t.

$1  =

^ 2 :

■ 3Ct 3 In Yi _  F 3E
Ul  3x - U 1C1 3x DlCl RT 3x

3C ï 3 ln  Y2 F 3E
^  3x - D2^-2 3x U2{J2 RT Bx

—  ( 2 - 21 )

$ 1  + $ 2  = 0

We in troduce the new v a ria b le s  D i/y i = pi and D2 /Y2 = P2 « which
gives in the s tead y  s ta te :

d Ci d Di
$>1 = Dl dx - C‘ dx + DlCl dx

d C2 d D2 d ln  p2
$ 2 = - D * dx - C ’ dx + D2c 2 dx

d In P i ___ F dE- D 1C 1 RT dx

i v r  F  dE- D2C2 RT dx

F  /R T  dE

RT
F

d(CjDi+ C2P 2) C iD id  ln pi C2D2 d ln p2
C1D1 + Q2D2 + C1D1 + C2D2 Q D i  + C2D2

- S *  4“ **d toTi+ 4" d
Adding the two Donnan po ten tia ls r e s u l ts  in:

D? - •  D’
® B .I .P .  = "

RT
F 1" f i ^ ? # - +4“*-d toTr+4 ,2dl" rfj ( 2 - 22 )

A p art from  c o rre c tio n  fo r w a te r t ra n s p o r t  and t ra n s p o r t  by the
negative ion th is  fo rm u la  is iden tica l w ith S c a tc h a rd 's . This is
not v e ry  su rp r is in g , as  the flux equations in  the s tead y  s ta te  in
th is  case  a re  equivalen t w ith the N e rn s t equation , fo r:

- 3 ln a i _ F 3E
$1 = - Dl Ci 3x + Cl RT Bx

$ 2  =
1- 3 ln a 2 _ F 3E

- D2 C2 3X + Cz r t Bx
(2-23)

$1 + ®2 0
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In the s teady  s ta te :

dE _ D1C1 d In ai D2C2 d In a 2
7 dx " D1C1 + D2C2 dx D1C 1 +D2,G2 dx

F / R T f f . t ,
d In a i d In a 2

dx + *2 dx

th u s: E = t i  d In a ,
*

The equations (2 - 23) a re  a sp e c ia l case  of the m ore  g en era l
phenom enological equations of i r r e v e r s ib le  therm odynam ics; th is
exp la ins the fo rm a l equivalence betw een the equations (2 - 23) and
th a t of S ca tchard .
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C h e c k i n g  t h e  t h e o r y

In the case  of a m em brane se p a ra tin g  two un t-un ivalen t sa lt
solu tions we found fo r the B .I . P .

rw Zj mi u, d In m /yi
a Zf mj uj

. f “  .  % m t u, d In a t a x . . . .
+Jo ** ------- t t  mi m-------- +Ja V d l n a w

N eglecting c o rre c tio n  te rm s  fo r the m om ent, W yllie 's  technique
(1954b) is the b e s t way to  check th is  fo rm u la . In h is technique the
concen tra tion  of one of the so lu tions is kept constan t. P lo tting  the
m ea su red  B . I . P .  ag a in st the logarithm  of the va ry in g  ac tiv ity , in
the f i r s t  place the re s u l t  should be a s tra ig h t-  line  w ith a  slope
co rresp o n d in g  to  a change of B . I . P .  of 58 mV fo r  each  tenfold
change in ac tiv ity . In the second p lace: a t the in te rse c tio n  of the
s tra ig h t line with the a b s c is s a  we m ust have

u2 • Yitt a ( a 2 T i l ( a i ' \
u®. Ï 2 \ U 1 Y2 J \ a 2*Je =0

U2 Y1 /U1 Y2 can be de riv ed  fro m  tra n s fe re n c e  num ber m e a s u re 
m en ts . H ere  the m em brane  is p laced in a so lu tion  of a m ix tu re  of
the two s a lts .  A t c u rre n t passage  the ra t io  of the tra n s fe re n c e
num bers of the ions 1 and 2 is :

11 _ u i ci
12 ~ u 2 c2

u5 and Ci a re  the m obility  and the concen tra tion  of the ion i in the
m em brane . O r a lso

_ u i Y2 a i
t 2 u 2 Yi a 2

Now, acco rd ing  to  Donnan’s law:

&i _ ai]_
a2 ” a2!

w here ai* and a 2' a re  the a c tiv itie s  of the ions 1 and 2 in the s o 
lu tions. B esides the ra t io  u i / u 2can be e s tim a ted  from  conductiv
ity  m easu rem en ts  and Y2 /Y1 fro m  S elec tiv ity  m e a su re m e n ts , p ro 
vided we m ay a ssu m e  ui, U2, y i and y 2 t o b e  constan t a c ro s s  the
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whole m em brane . This goes fu r th e r  than  S ca tch a rd 's  a ssu m p 
tio n s : u t /yi = P i and U2/Y2 = P2-

T h e  c o r r e c t i o n  t e r m s
C alcu la tion  of the f i r s t  c o rre c tio n  te rm  is v e ry  d ifficu lt, as the

co n cen tra tio n s , the m ob ilities  and the ac tiv ity  coeffic ien ts of the
se p a ra te  ions have to  be known throughout the whole m em brane.
The second c o rre c tio n  te rm  o rig inating  fro m  tra n s p o r t  by the
negative ion can  be neglected  if the se le c tiv ity  constan t (defined
acco rd in g  to  the M. S . T .  th eo ry , i . e .  the concen tra tion  of active
groups in the m em brane) of the m em brane is high com pared  with
the a c tiv itie s  of the e x te rn a l so lu tions. The c o rre c tio n  te rm  fo r
the w a te r t ra n s p o r t  t wd In a* can be e s tim a ted  by m easu rin g
w ate r tra n s p o r t  n u m b ers . F ro m  the  l i te ra tu re  it can be lea rn ed
th a t the w a te r  tra n s p o rt  num ber depends only to  a  sm a ll ex ten t on
the c u rre n t d ensity  and the  e x te rn a l concen tra tion . An e s tim a te  of
th is  c o rre c tio n  te rm  can be m ade by tak ing  t w In a w w/ a wa , w here
t w is the m ean  value of the w a te r tra n s p o r t  num ber in the m em 
b ran e , eq u ilib ra te d  w ith a  so lu tion  of the  ions 1 and 2 re s p e c tiv e 
ly.



33

III. E X P E R I M E N T S

1. M e m b r a n e s

We tr ie d  to  include in our investiga tion  as m any different types
of m em branes as possib le . In g en era l one can divide the  m em 
b ran es  acco rd ing  to  th e ir  s tru c tu re  into hom ogeneous and h e te ro 
geneous m em b ran es , o r acco rd ing  to  the na tu re  of th e ir  netw ork
into hydrophylic and hydrophobic m e m b ra n e s .

1. H ydrophilic type. In a perm eab le  hydroph ilic  m em brane a c 
tive  groups a re  in troduced  in a chem ica l way. The re s is ta n c e  of
th is  type can be v e ry  low, but the s e le c tiv ity  in concen tra ted  sa lt
so lu tions is m ostly  poor.

2. H ydrophobic type. A hydrophobic sh ee t is tre a te d  chem ica lly
to  in troduce positive  o r negative g roups. The re s is ta n c e  m a y b e
v e ry  low, e sp ec ia lly  if one s ta r ts  from  a  th in  film . S elec tiv ity
can be v e ry  high, even in concen tra ted  s a lt  so lu tio n s.

3. Hom ogeneous type. The m em brane c o n sis ts  of a continuous
gel of an ion exchange re s in . The re s is ta n c e  of th is  type is m o s t
ly low, but the m echan ica l p ro p e rtie s  a re  often poor!

4. H eterogeneous type. The m em brane co n s is ts  of a powdered
ion exchange r e s in  and a b in d er. It has a  som ew hat h igher r e s i s 
tan ce , but a lso  a high se le c tiv ity  in concen tra ted  so lu tions.

F u r th e r  one can d istingu ish  the m em branes acco rd ing  to  th e ir
ac tive  g roups. O ur r e s e a rc h  included the -SO3H, the - 0 P (0 )(0 H2)
and the -COOH g roups. We w ill now give a b r ie f  d e sc r ip tio n  of
the m em branes used.

a . A 58. This is a cellophane-type m em brane , obtained by
tre a tm e n t of a cellophane film  with the d im ethylo l compound of
ad ip am id e- a a '  d isu lfon ic  acid  (B rit. 733, 100). The p ro p e rtie s
of th is  m em brane a re  as  follow s:

C apacity : 0.27 m g aeq /g ram  dry .
R esistan ce  in 0.1 N NaCl so lu tion  20 Q cm 2.
T hickness 0.15 m m .
W atercon ten t 33% of d ry  weight.
b. A 71. A lso  a cellophane type m em brane , containing how 

e v e r, phosphate g roups. It is obtained by im pregnating  a c e llo 
phane film  with a so lu tion  of u re a  and diam m onium  phosphate, fo l
lowed by curing . To d e c re a se  sw elling  in w a te r, it can be c ro s s -
linked a fte rw a rd s  w ith d im ethy lo lad ipam ide . The m em brane has
the follow ing p ro p e r tie s :

C apacity : 0.42 m g aeq /g ram  dry .
R esistance  in 0.1 N NaCl so lu tion  20 Q cm 2.
T hickness 0.17 m m .
W atercon ten t 45% of d ry  weight.
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c. Dowex 50-polyethylene m em brane . A he terogeneous m em 
b ra n e , containing -SO3H g roups, obtained by m ixing pow dered
Dowex 50 w ith polyethylene in a  w eight ra t io  of 2 to  1, follow ed by
m oulding a t a h ig h er te m p e ra tu re  (B rit. 719, 315). P ro p e r tie s :

C apacity : 2.0 m g aeq /g ram  dry .
R es is ta n c e  in 0.1 N NaCl so lu tion  19 Q cm 2.
T h ickness 0.57 m m .
W ater content 37% of d ry  w eight.
d. A m b e rlite  IRC 50-polyethylene m e m b ra n e . A heterogeneous

m em b ran e , contain ing -COOH g roups, a lso  m ade acco rd ing  to
B r it . 719, 315. P ro p e r t ie s :

C apacity : 3,3 m g ae q /g ra m  d ry .
R e s is tan ce  in 0.1 N N aCl so lu tion  2 Q cm 2.
T h ickness 0.47 m m .
W ater content 24% of d ry  w eight.
e . S tam ex K. A hydrophobic-type m em b ran e , containing -SO3H

groups, obtained by sulphonating a  polyethylene film  with the aid
of ch lo rsu lphonic  acid  (Dutch Appl. 180, 986). P ro p e r t ie s :

C apacity : 1.1 m g ae q /g ra m  d ry .
R esis tan ce  in 0.1 N N aCl so lu tion  13 Q cm 2.
W ater content 14% of d ry  weight.
N. B. A s the p ro p e r tie s  of the m em branes v a ry  som ew hat from

one case  to  ano th er, the data  given above have to  be considered
as  av erag e  v a lues.

2. B i - i o n i c  p o t e n t i a l  m e a s u r e m e n t s
The technique of th ese  m easu rem en ts  has been  d e sc rib ed  a l 

re a d y  in the con tribu tion  of B e rg sm a  and S taverm an  (1956) to  the
sym posium  of the F a ra d a y  Society  on m em brane phenom ena in
N ottingham . The m em brane is clam ped betw een the g round-in
flanges of two g lass  c e lls , containing s a lt  so lu tions w ith d iffe ren t
ca tions. The ce lls  fo rm  p a r t of a  c irc u it  in which the so lu tions
(volum e 60 cm 3) w ere  c irc u la ted  with a ve loc ity  of about 2 1 /h .
The po ten tia ls a re  m e a su re d  with a  lam pvolt m e te r  w ith com pen
s a to r  (accu racy  0.1 mV). F o r  the ch lo ride  so lu tions ca lom el and
s ilv e rc h lo rid e  e le c tro d e s  w ere used . The AgCl e le c tro d e s  w ere
p rép a re d  acco rd in g  to  d irec tio n s  of A .S . Brown (1934).

M easu rem en ts  w ith the two d iffe ren t kinds of e le c tro d e s  w ere
m ade to  check the r e s u l ts .  Often a d ifference  of 1 k 2 mV was
found betw een both m e a su re m e n ts . We did not investiga te  w hether
th is  effec t was caused  by an  incom plete re v e rs ib le  behav iour of
the  AgCl e le c tro d e  o r by the d iffusion po ten tia l a t the ca lom el
e le c tro d e , but m ade se p a ra te  plots of the two s e r ie s  of m e a s u re 
m en ts . F o r  the so lu tions w ith s ilv e rn itra te  we used  ca lom el e le c 
tro d e s  provided  w ith a s a tu ra te d  am m onium nitra te  b ridge  to  p r e 
vent p rec ip ita tio n  of Ag. The m utual d iffe ren ces  of the e lec tro d es
w ere  com pensated  by re g u la rly  changing them , tak ing  the average
of both po ten tia l v a lu es . The follow ing com binations of e le c tro l
y tes  w ere  used:
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AgN 03 - HNO3 .
AgN 03 - N aN 03.
N aCl - HC1.
N aCl - KC1.

The Ag+ -ion  was chosen on account of its  g rea t a ffin ity  to  m any
ion exchange r e s in s . The H+ -ion  has a g re a t a ffin ity  to  cation  e x 
change re s in s  with w eak ac id  groups and a  sm a ll  a ffin ity  to  cation
exchange re s in s  with s tro n g  ac id  g roups. The used  chem icals
w ere p. a. qua litie s  of M erck ’s (for the KC1) and of May and
B a k e r 's  (for the o ther e le c tro ly te s ) .

The B .I . P . 's  w ere p lotted aga inst the logarithm  of the ac tiv ity
of one of the e l e c t r o d e s ,  leaving constan t the o ther so lu tion ,
follow ing a p rocedu re  of W yllie 's  (1954) (see  fig. 2 to  11). In a ll
plots the a rro w s  indicate  the th e o re tic a l s lope . F ro m  th ese  plots
the ra t io  of tra n s fe re n c e  num bers in the m em brane can  be c a l 
cu la ted . At the point of in te rse c tio n  of the s tra ig h t lin es  w ith the
a b s c is s a

m Y2 = (a2' ) a
«2  Yi M o ,

s in ce  a t th a t point E 3  [ p = 0 .
The constan t so lu tion  in m ost c a ses  had a n o rm a lity  of 0.01.

T his low concen tra tion  was chosen to  m eet the req u ire m e n t of
com plete  se le c tiv ity  of the m em b ran es. A s is shown in fig . 12,
the cellophane-type m em branes in p a rtic u la r  lo se  th e ir  s e le c tiv 
ity  a t h igher s a lt  co ncen tra tions . H ow ever, low concen tra tions
have the d isadvantage tha t d iffusion  la y e rs  n e a r  the m em brane
m ay influence the m em brane po ten tia l (see  the d isc u ss io n  ré m a rk
by F . He Iff e r ic h  a t the N ottingham  sym posium  on m em brane phe
nom ena (1956b)). T h erefo re  a num ber of m ea su rem e n ts  w ere  r e 
peated with h ig h er flow ra te s ,  nam ely  30 1/h (see fig . 13 to  18).
F o r  the h igher se le c tiv e  m em branes it is possib le  to  m easu re
with m ore  concen tra ted  so lu tio n s. F o r  som e of th ese  m em branes
we m ade add itional B .I . P . m ea su rem e n ts , in which the constan t
concen tra tion  was kept a t 0.1 N o r 0.05 N. A lso  in th ese  c a se s  the
B .I . P . m easu rem en ts  a t flow ra te s  of 2 1/h and 30 1/h w ere  co m 
pared  (see fig . 19 to  24).

M easuring  B .I . P . ’s ,  a s ta tio n a ry  s ta te  has to  be es tab lish ed
a c ro s s  the m em brane. To tha t end the m em brane was p rev iously
shaken  fo r  som e hours in the so lu tion  tha t is kept constan t during
a  s e r ie s  of m ea su rem e n ts . This so lu tion  was rep la ce d  s e v e ra l
tim e s . A fte r tha t the m em brane was m ounted in the appara tu s
and the two so lu tions w ere  c irc u la ted  fo r  s e v e ra l  hours along the
m em brane . Both so lu tions w ere  rep la ce d  s e v e ra l  t im e s . P o te n 
tia ls  w ere then  re a d  e v e ry  five m inu tes. M easu rem en ts  w ere  con
tinued  fo r about one hour. A lso  during  th is  tim e the so lu tions
w ere renew ed occasionally . The m em brane po ten tia l should not
change sy s te m a tic a lly  in the co u rse  of tim e , so  th a t one can a s -
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su m e th a t e q u il ib r iu m  h as  b ee n  e s ta b lis h e d . O nly w hen m e m 
b ra n e s  com e in to  e q u ilib r iu m  w ith  so lu tio n s  v e ry  slo w ly  a r e  in 
c o r r e c t  r e s u l t s  o b ta in ed  (e x am p les  of th a t w e re  g iv en  a t  the  N o t
tin g h am  sy m p o s iu m ; s e e  G .S c a tc h a rd  and F .H e lf f e r ic h  (1956),
D. H utch ings and  R. J .  P . W illia m s  (1956)). A v e r y  s lo w  e s ta b l i s h 
m en t of e q u ilib r iu m  o c c u rs  fo r  in s ta n c e  if a  " s t r a n g e "  ion is p r e 
se n t in th e  m e m b ra n e , show ing  a  g re a t  a f fin ity  to  th e  ac tiv e
g ro u p s . Som e ex a m p le s  of th is  o c c u rr in g  a r e  g iven  in  the  l i t e r a 
tu r e .  S c a tc h a rd  and H e lf fe r ic h  (1956) c a ll :  W yllie  (1952), C o lem an
(1953), S c a tc h a rd  (1954, 1955). A s an  ac co m p an y in g  phenom enon
a  s t r a ig h t  lin e  w ith  a  s lo p e , d ev ia tin g  fro m  th e  th e o re t ic a l  one,
o c c u rs  in  th a t c a s e ,  We could  d e m o n s tra te  th is  e ffec t on a  c e l 
lo p h an e -ty p e  m e m b ra n e , u sed  p re v io u s ly  in  so lu tio n s  co n ta in in g
A g+ -io n s . An A 58 m e m b ra n e  w as f i r s t  b ro u g h t ta e q u ilib r iu m
b e tw e en  a  0.01 N HNO3 so lu tio n  on one s id e  and  a  0.01 N AgNC>3
so lu tio n  on th e  o th e r  s id e  by c irc u la t in g  th e s e  so lu tio n s  fo r  s e v 
e r a l  h o u rs  a lo n g  the m e m b ra n e . A f te r  th a t  the  m e m b ra n e  was
r in s e d  w ith  d is t i l le d  w a te r  in  the  a p p a ra tu s  fo r  so m e  h o u rs .  T hen
a  s e r i e s  of B . I . P .  m e a s u re m e n ts  w e re  c a r r i e d  out in  the  u su a l
w ay  w ith  th e  H C l/M /N a C l s y s te m  in  w hich  th e  co n s tan t c o n c e n tra 
tio n  w as kep t a t  0.01 N . The r e s u l t s  a r e  g iven  in  fig . 19.

3. T r a n s p o r t  n u m b e r  m e a s u r e m e n t s
T h ese  e x p e r im e n ts  have a ls o  been  d e s c r ib e d  in  o u r p a p e r  fo r

th e  N o ttingham  sy m p o s iu m . O r ig in a lly  the  m e a s u re m e n ts  w ere
c a r r i e d  out in  a  tw o-ce ll! e le c t ro ly s is  a p p a ra tu s  w ith  a  A g anode
and a  A gC l ca th o d e . H o w ev er, re p ro d u c ib il ity  w as r a th e r  poo r.
F o r  th is  tw o r e a s o n s  can  be g iven:
1. It is  p o ss ib le  th a t th e  e le c tro d e s  a r e  not p e r fe c tly  r e v e r s ib le .
2. Som e a b s o rp tio n  of e le c tro ly te  on the  fo rm e d  A gC l la y e r  m ay
o c c u r .
S a t is fa c to ry  r e s u l t s  w e re  o b ta in ed , u s in g  a  m u ltic e l l ,  s c h e m a tic 
a l ly  show n in  fig . 1. The m e m b ra n e  (3:4) w as the n eg a tiv e  m e m 
b ra n e  to  be  te s te d .  M em b ran es  (2:3) and  (4:5) w e re  p o sitiv e
m e m b ra n e s  w ith  h igh  s e le c t iv i ty ,  only  p e rm e a b le  to  a n io n s . In
th e  b eg in n in g , c e lls  2, 3, 4 and  5 w e re  f i l le d  w ith  so lu tio n s  of
id e n tic a l  co m p o sitio n , co n ta in in g  tw o k inds of c a tio n s  in  eq u a l
c o n c e n tra tio n  and a  to ta l  c o n c e n tra tio n  of 0.1 N. The c e lls  3 and 4
ea ch  fo rm  p a r t  of a  c i r c u i t  of 60 cm ^ v o lum e in  w hich  th e  s o lu 
tio n s  a r e  c irc u la te d  w ith  a  v e lo c ity  of 2 1 /h . C e lls  2 and 5 a re
r in s e d  w ith  th e  sa m e  so lu tio n  a s  is  p re s e n t  in  th e  b eg in n in g  in
c e lls  3 and  4. The e le c tro d e  c e lls  a r e  r in s e d  w ith  0.1 N NaNC>3
so lu tio n . M em b ran es  (1:2) and  (5:6) a r e  n eg a tiv e  m e m b ra n e s .
H o w ev er, u s in g  A g+ s o lu tio n s , .(5:6) is  re p la c e d  by a  p o s itiv e
m e m b ra n e  in  o rd e r  to  p re v e n t p re c ip i ta tio n  of A g in the cathode
c e ll .  The e ffec tiv e  a r e a  of e a c h  m e m b ra n e  w as 40 cm ^. The c u r 
r e n t  d e n s ity  w as 0.5 m A /c m ^ . A f te r  p a s sa g e  of a  known am oun t
of e le c t r ic i ty ,  th e  co n ten ts  of c e lls  3 and 4 w e re  t r a n s f e r r e d  s e p 
a r a te ly  and q u a n tita tiv e ly  in to  s ta n d a rd  f la s k s .  T he to ta l  am oun t
of e i th e r  kind of ca tio n s  w as d e te rm in e d . In  th is  w ay t ru e  t r a n s -



37

fe ren ce  num bers w ere d e te rm ined . In o rd e r  to  check the r e s u l ts ,
a balance was m ade a fte rw ard s  of the to ta l am ount of ions of e i 
th e r  kind in ce lls  3 and 4 to g e th e r. The m em brane investiga ted
had p rev io u s ly  been  eq u ilib ra ted  by shaking fo r som e hours with
the re le v an t s a lt  so lu tion . N ev e rth e le ss  a sm a ll lo ss  of cations
was found in the f i r s t  e x p e rim e n ts . A pparen tly  equ ilib rium  had
not been  e s ta b lish ed  com pletely .

The com position  of the s a lt  m ix tu re  was d e te rm in ed  as fo llow s:
in the m ix tu re  HNO3 + AgNC>3, the am ounts of cations w ere  d e te r 
m ined d ire c tly . In the m ix tu re s  HC1 + KC1 and AgNC>3 + NaNC>3 ,
the f i r s t  cation  and the to ta l am ount of anion w ere  d e te rm in ed  and
the second-cation  was ca lcu la ted  by su b trac tio n . H+, Ag+ and Cl
w ere  d e te rm in ed  by ti tra t io n , N0 3 - by m eans of a  colum n of
Dowex 50 (see Sam uelson (1954)). In the m ix tu re  KC1 + N aC l the
concen tra tions  of K+ and Na+ w ere  de te rm in ed  sp ec tro p h o to m e-
tr ic a l ly . F o r  checking, the sum  was com pared  w ith to ta l C l“ ,
found by t itra tio n .

The tab le s  3 to  6 give the ra tio s  u i  Y2/U2Y1 obtained fro m
B . I . P .  m easu rem en ts  and from  tra n s p o r t  m e a su re m e n ts . F o r
purposes of com parison , the ra tio s  of the equivalen t conductiv ities
a t infinite d ilu tion  a re  a lso  given.

" T ra n sp o rt ra t io s " U l Ï 2
U 2.Y 1

T a b l e  3

u Ag+  • Yh +

°H+* Y Agf-

ra t io  of lim iting  equivalen t conductiv ities is 0.18

m em brane tra n s p o r t  m easu rem en t B . I . P .

Dowex 50 0.57 ±  0.05 0.45 i  0.04

Stam ex K 0.53 ± 0.04 0.47 ± 0.04

A 58 0.34 ± 0.02 0.24 ± 0.02

A 71 0.31 ±  0.01 0.22 ±  0.02

IRC 50 0.17 ± 0.01 0.19 + 0.01



T a b l e  4

u Na+ • ÏA g +

u Ag  ̂ • YnsI-
r a t io  of lim itin g  equivalen t conductiv ities is 0.81

m em brane tra n s p o r t  m easu rem en t B. I. P .

Dowex 50 0.62 ±  0.02 0.76 ±  0.04
S tam ex  K 0.40 ±  0.01 0.55 ± 0.03
A 58 0.65 ± 0.05 0.80 ± 0.02
A 71 0.66 ± 0.04 0.69 ± 0.02
IRC 50 0.53 ± 0.04 0.52 ±  0.02

T a b l e  5

u Na+ • Yh +

UH + • YNa+

ra t io  of lim iting  equ ivalen t conductiv ities is 0.14

m em brane tra n s p o r t  m easu rem en t B. I. P .

Dowex 50 0.36 ±  0.04 0.19 ±  0.01
Stam ex K 0.25 ± 0 . 0 3 0.21 ±  0.01

A 58 0.27 ± 0.03 0.12 ±  0.01

A 71 0.18 ± 0.03 0.14 ± 0.02

IRC 50 0.17 ± 0.03 0.10 ± 0.01

T a b l e  6

u Na+ • YK+
UK+ • YNa+

ra t io  of lim iting  equivalen t conductiv ities is 0.68

m em brane tra n s p o r t  m easu rem en t B . I . P .

Dowex 50 0.73 ± 0.04 0.64 ± 0.05

Stam ex K 0.63 ± 0 . 09  . 0.65 ± 0.04

A 58 0.65 ± 0.07 0.65 ± 0.08

A 71 0.72 ± 0.08 0..61 ± 0.08

IRC 50 0.48 ± 0.07 0.48 ± 0.04
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R e m  a r k s  :
1. In the s e r ie s  Ag‘*'/H+ the Dowex 50 and Stam ex K m em brane

w ere investiga ted  at a constan t concen tra tion  of 0.05 N. In a ll
o th er c a ses  the constan t concen tra tion  am ounted to  0.01 N.

2- S ev era l of the above-m entioned  data  have a lre a d y  been  p r e 
sen ted  a t the N ottingham  m em brane conference . L a te r  on, som e
of the s e r ie s  w ere rep e a te d  with a view  to  com pare the B .I . P . 's
a t 2 l /h  flow velocity  w ith those of 30 1/h velocity . In m o st in 
s tan ces  the ag reem en t betw een the 2 l /h  m ea su rem e n ts  was s a t i s 
fac to ry ; only fo r the A 58 and A 71 m em brane in the Na+ /Ag+ s e 
r ie s  w ere o ther va lues found, w hereas the slopes of the s tra ig h t
lines in the la te r  m easu rem en ts  w ere  c lo s e r  to  the th e o re tic a l
value . P o ss ib ly  the m em branes w ere  not com plete ly  in e q u ilib 
riu m  in the fo rm e r  ex p e rim en ts .

4. W a t e r  t r a n s p o r t  m e a s u r e m e n t s
F o r  the m easu rem en t of w ater tra n s p o r t  num bers we had to

m ake a choice from  two m ethods.
a . Balance method. B efore and a f te r  the ex p erim en t the to ta l
am ount of ions and of w a te r is e s tim a ted  on both s id es  of the
m em brane . F ro m  th ese  the w a te r tra n s p o r t  can be ca lcu la ted . A
v a ria n t of th is  ir^ thod  c o n sis ts  in m ea su rin g  in a f i r s t  ex p e rim en t
the change in tne num ber of ions on both s id es  of the m em brane
during  c u rre n t p assage  and in es tim a tin g  the change in c o n c e n tra 
tions in a  duplicate  ex p erim en t. F ro m  th is  the am ount of so lven t
d isp laced  can be ca lcu la ted .
b. Capillary method. The w ater tra n s p o r t  is m ea su red  by p ro v id 
ing both ce lls  with a  c a p illa ry . The d isp lacem en t of the m en isc i
gives the quantity  of the so lven t tra n sp o rte d .

Ad a. An advantage of the f i r s t  m ethod is th a t both ce lls  can
e a s ily  be s t i r r e d .  F o r  the c a p illa ry  m ethod th is  is n e a rly  im p o s
s ib le .

A d isadvantage of the  balance m ethod is the d ifficu lty  of t r a n s 
fe r r in g  th e  so lu tions quan tita tive ly  from  the c e ll  to  a  m easu rin g
v e sse l. T h erefo re  it is n e c e s s a ry  to  allow  the passage  of a la rg e
am ount of charge th rough  the ce ll to  get a re la tiv e ly  la rg e  am ount
of so lvent (o rd e r of m agnitude about 1 m l). This r e s u l ts  in la rg e
co n cen tra tio n  changes in the two c e lls  e sp e c ia lly  in the case  of a
low w ate r tra n s p o r t  num ber. F o r  th is  re a s o n  the concen tra tions
a t the beginning a re  chosen  in such  a  way tha t a t the end of the
experim en t the concen tra tions a re  r e v e rs e d . The influence of d if 
fusion  and osm osis  is e lim ina ted  in th is  fash ion . The long d u ra tion
of the experim en t gives r is e  to  a no ticeable evapo ra tion  of s o l 
vent. T h e re fo re , checking the experim en t by ca lcu la ting  the b a l
ances of both c e lls  and com paring  the r e s u l ts  is im p o ssib le . One
a ssu m es the am ount of evapo ra tion  in the two ce lls  to  be equal,
and c o rre c t  fo r th is  effec t. A. G. W inger e t a l. (1956) c la im ed
an  ex p e rim en ta l a c cu ra cy  of about 3%. The content of the c e ll
am ounted to  75 m l. About 2 m l of w a te r was tra n sp o rte d . This
m eans tha t t ra n s fe r r in g  the so lu tio n s, the lo sse s  m ay not exceed
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0.06 m l. If w a te r t ra n s p o r t  is ca lcu la ted  from  concen tra tion
changes du ring  the ex p e rim e n t, the concen tra tions  have to  be
m ea su red  w ith a v e ry  high a c cu ra cy . B es id es , the e lec tro d es
should be p e rfec tly  re v e rs ib le  and the ex p e rim en ta l r e s u lts  should
be v e ry  rep ro d u c ib le .

Ad b. W ith the c a p illa ry  m ethod it is possib le  to  m easu re  sm a ll
so lven t d isp lacem en ts  w ith a  high a c c u ra c y . C are  has to  be taken
th a t d isp lacem en ts  of the m em brane  and changes in  shape of it a re
preven ted . A su itab le  su p p o rt is th e re fo re  needed. T h is , how ever,
has the d isadvantage th a t the t ra n s p o r t  of m a tte r  n ea r the m em 
b rane  is h indered . C oncen tra tion  p o la riza tio n  m ay occur and H+
re sp e c tiv e ly  OH" ions m ay begin  to  p a rtic ip a te  in the tra n s p o r t  of
ch a rg e . .

O ur f i r s t  m ea su rem e n ts  w ere  c a r r ie d  out acco rd ing  to  the above
m entioned  v a ria n t of the balance  m ethod. The ap p ara tu s  consisted
of tw o c y lin d ric a l p e rsp ex  c e lls , betw een which the m em brane
was clam ped . The ac tive  m em brane a re a  am ounted to  38.5 cm .
The in n er th ick n ess  of each  ce ll was 1 cm ; the content of each
ce ll 38.5 c m 3. The e le c tro d e s  co n sis ted  of s i lv e r  g r id s , e le c tro -
ly tic a lly  covered  w ith a la y e r  of AgCl. A fte r each  m easu rem en t
th ese  e le c tro d e s  w ere  exchanged ag a in s t each  o th er. The e le c t r i 
c a l c u rre n t was v e ry  a c c u ra te ly  de te rm in ed  by m eans of a  p r e c i 
sion  re s is ta n c e  of 100 Q. The voltage a c ro s s  th is  re s is ta n c e  was
m e a su re d  w ith a lam pvoltm e te r . The a c c u ra c y  am ounted to  1 %o.
The c u rre n t was supplied  by a  6 V accu m u la to r. The influence of
b ack -d iffu sion  and osm osis  was e lim ina ted  by tak ing  ca re  that
during  the ex p erim en t the tim e -a v e ra g e d  concen tra tions on e ith e r
s ide  w ere  equal. The volum e of the so lu tion  at the  end of the e x 
p erim en t was de te rm in ed  from

V = c /n
V = volum e of the so lu tion
c = concen tra tion
n = num ber of gaeq. e le c tro ly te
V m ust be e s tim a ted  with an a c c u ra c y  b e tte r  than  l%o.

T h e refo re  c and n m ust be known to  a v e ry  high accu ra cy , c
was d e te rm in ed  by the aid  of a p o ten tiom etric  t i t ra t io n  (d iffe ren 
t ia l  m ethod), d e sc rib ed  by Mac Innes (1950). A t the beginning of
the ex p erim en t both ce lls  w ere  f illed  w ith an  a c c u ra te ly  m easu red
volum e of a  s a lt  so lu tion  of known concen tra tion . Two so u rc e s  of
e r r o r  w ere  found during  the f i r s t  ex p erim en ts:

1. The so lu tions in both ce ll-h a lv es  w ere  c irc u la ted  with the
a id  of a i r - l i f t s .  H ow ever, th ese  prom oted evapo ra tion , upsetting
the r e s u l ts .  T h e re fo re  they  w ere rem oved.

2. B efore the experim en t the ap p ara tu s  m u st be p e rfec tly  d ry .
W ith d ry ing  how ever, som e w ate r is w ithdraw n a lso  from  the
m em b ran e , so  th a t too sm a ll a quantity  of w a te r is e s tim a ted .
T his d ifficu lty  was solved by rin s in g  the ap p ara tu s  p rev iously
w ith alcohol, a f te r  which hum id aid  was blown through.

The num ber of g ram  equ iva len ts , p re se n t a t the end of the e x 
p e rim en t was ca lcu la ted  with the aid of the t ra n s p o r t  num bers in
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the m em brane and the rea c tio n  a t both AgCl e le c tro d e s . The
tra n s p o r t  m easu rem en ts  should be p e rfec tly  rep ro d u c ib le  (dev ia
tions not g re a te r  than  l%o). This was not the case  in our e x p e r i
m en ts . P robab ly  the AgCl e le c tro d e s  a re  not com plete ly  r e v e r s i 
b le. O u t  r e s u l ts  fo r a  num ber of tra n s p o r t  num ber m easu rem en ts
in a  Dowex 50-polyethylene m em brane a re  given in tab le  7. The
to ta l c u rre n t am ounted to  25 mA, the du ra tio n  of the experim en t
was 45 m inu tes. F o r  a  ideally  se le c tiv e  m em brane one should
find fo r  the quantity  of e le c tro ly te  tra n sp o rte d  45 gg^oq 25 m g eq.
= 0.700 mg eq.

T a b l e  7
R eproducib ility  of tra n s p o r t  m ea su rem e n ts  th rough  a

Dowex 5 0 -polyethylene m em brane .

num ber of
experim en t

cathode ce ll anode ce ll

1 + 0.73 m geq. - 0.71 m geq.
2 + 0.67 - 0.68
3 + 0.70 - 0.72
4 + 0.68 - 0.68
5 + 0.72 - 0.72
6 + 0.68 - 0.70

averaged + 0.70 - 0.70

On the average  we find 0.70 m geq. but the  a c c u ra c y  does not e x 
ceed  4%. T h e refo re  th is  m ethod was not p rac tic a b le . F o r  th is
re a s o n  we changed over to  the c a p illa ry  m ethod. To tha t end the
ce lls  w ere provided w ith two h o rizo n ta lly  p laced c a p il la r ie s . 10
mm d isp lacem en t of the  m en iscus co rresp o n d ed  to  0.004 m l
tra n s p o r t  of w a te r. The ap p ara tu s  was p laced  in a  th e rm o s ta t f i l 
led  with tra n s fo rm e r  o il. The te m p e ra tu re  of the bath  was 25°C.
The whole was p laced  in a conditioned room  with a te m p e ra tu re
of 20°C.

A t f i r s t  we obtained v e ry  i r r e g u la r  v a lu es . It app eared  th a t r e 
producib le r e s u l ts  could be obtained only if the c a p illa r ie s  w ere
thoroughly  cleaned. It proved to  be d e s ira b le  to  r e p la c e  the  capil
la r ie s  occasionally . M oreover, the m ethod of supporting  the m e m 
b rane  e x e r ts  som e influence. A su p p o rt w ith openings of 5 mm
d ia m e te r  gave low values of the w a te r t ra n s p o r t .  Supporting with
a  c o a rse  g lass  f i l te r  caused  p o lariza tio n  of the m em b ran e . S a t is 
fac to ry  re s u lts  w ere  obtained using  a suppo rt having holes w ith a
d iam e te r  of 3 m m . T h ickness: 1 m m .  T otal ac tive  m em brane  a re a
= 2.62 c m ^ .

The d isp lacem en t of the m en iscus Was plotted ag a in s t tim e . An
exam ple of th ese  plots is given in fig . 25. A t the beginning we ob
se rv e d  an  in c re as in g  ve loc ity  of the m en iscu s. A fte r som e tim e
a constan t value was reach ed . This phenom enon is due to  changes
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in shape of the m em brane . At the end, when the c u rre n t flow is
stopped, the d isp lacem en t continues fo r som e tim e  as  a re s u l t  of
the  m em brane re s to r in g  its  in itia l shape. C o rrec tio n s  w ere m ade
fo r  the changes in volum e of the e le c tro d e s  and fo r  changes in
volum e due to  a lte ra tio n s  in N aCl concen tra tion . C alcu la ting  the
f i r s t  c o rre c tio n  we used  the following v a lues:

spec, weight of AgCl = 5.56
spec, weight of Ag = 10.5
P e r  F a ra d a y  AV of the e lec tro d e  re a c tio n  A g C l-----» Ag equals

143.5 107.9
5.56 10.5 15.5 m l HzO.

T his co rre sp o n d s  to  -0.86 gm ol H ^ P / F .  F o r  the ca lcu la tion  of the
a p p a re n t m o la l volum e of the v a rio u s  s a lts  we used  the fo rm u la :
$  v= $v° + s v V c m l, w here
$v = ap p aren t m o la l volum e
c = num ber of m oles p e r  1000 m l of so lu tion
$v°an d  sv a re  co n stan ts .
V alues fo r  4>v°and s v a re  bo rrow ed  from  tab le  (8 -5-1) of "The
P h y s ic a l C h e m is try  of E le c tro ly tic  S o lu tions"by  H arned and Owen
(1950).
F o r  N aCl $ v° = 16.40; sv = 2.153
F o r  KC1 $ v° = 26.52; s v = 2.327
F o r  HC1 $ v° = 18.20; s v = 0.85
In 0.1 N s a lt  so lu tions we get fo r:
N aC l = 17.1 m l ~ 0.95 m ole HgO.
KC1 = 27.3 m l ~ 1.5 m ole H20 .
HC1 ^  = 18.5 m l ~ 1.0 m ole HzO.
F o r  0.1 N N aCl the to ta l c o rre c tio n  am ounts to
+ 0.86 - 0.95 = - 0.1 m ole H^O.
F o r  0.1 N KC1: + 0.86 - 1.5 = - 0.6 m ole H20 .
F o r  0.1 N HC1: + 0.86 - 1.0 = - 0.1 m ole HzO.

107 9
F o r  0.1 N AgN03 the c o rre c tio n  is - iq  5x 18 m o*e = ” 0-6 m ole

H2O,
P re v io u s ly  the m em b ran es  w ere shaken  fo r som e hours in  the
0.1 N s a lt  so lu tion  concerned . The to ta l c u rre n t was 12 mA. E v e ry
15 m inutes the position  of both m en isc i was re a d . The m e a s u re 
m en ts la s te d  fo r  som e h o u rs . F o r  each  m em brane  3 to 5 'e x p e r -
im en ts  w ere  c a r r ie d  out. The s ta n d a rd  dev iation  was ca lcu la ted .
The r e s u l ts  of the m ea su rem e n ts  a re  given in tab le  8.
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T a b l e  8
W ater tra n s p o r t  th rough  cation  se lec tiv e  m em branes

m em brane sa lt  so lu tion w ater tra n s p o r t
num ber

s ta n d a rd  deviation

Dowex 50 0.1 N NaCl 9.3 ±  0.2
Stam  ex K 0.1 N NaCl 7.5 ±  0.3
IRC 50 0..1 N NaCl 12.9 ± 1.2
A 71 0.1 N NaCl 16.9 ±  1.2
A 58 0.1 N NaCl 10.5 ±  1.3

Dowex 50 0.1 N KC1 6.3 ± 0.6
Stam ex K 0.1 N KC1 3.9 ±  0.1
IRC 50 0.1 N KC1 7.1 ±  0.2
A 71 0.1 N KC1 7.8 ± 0.7
A 58 0.1 N KC1 7.0 ±  0.3

Dowex 50 0.1 N HC1 1.4 ±  0.1
Stam ex K 0.1 N HC1 1.7 ± 0 .3
IRC 50 0.1 N HC1 2.7 ±  0.2
A 71 0.1 N HC1 2.2 ± 0.1
A 58 0.1 N HC1 1.8 ± 0.1

Dowex 50 0.1 N AgN 03 3.3 ±  0.3
Stam ex K 0.1 N AgN 03 3.1 + 0.3
IRC 50 0.1 N AgN 03 7.2 + 0.3
A 71 0.1 N AgN 03 5.2 + 0.1
A 58 0.1 N AgN 03 5.2 + 0.2

5. M e a s u r e m e n t s  of  t h e  s e l e c t i v i t y  c o n s t a n t
It is a ssu m ed  th a t if a cation  exchange m em brane is p laced in

a  so lu tion  with d iffe ren t ca tions , a Donnan equ ilib rium  is e s ta b 
lish ed  fo r  which is va lid , in the case  of un ivalen t ca tions:

&21 S2 Ï 2  C2 i C2
t  =  =  — K  2

ai'  aj Yi c i c i

a i ' and a 2' a re  the a c tiv itie s  of the ions 1 re sp e c tiv e ly  2 in the
so lu tion , a i  and a 2a re  the co rrespond ing  values in the m em brane .

The m easu rem en ts  w ere c a r r ie d  out as  fo llow s: about 1 g ram
of the m em brane in a  su itab le  s a lt  fo rm  was b rought to  e q u il ib r i
um with a so lu tion , containing a m ix tu re  of the cations 1 and 2.
A fte r tha t the num ber of both cations in the m em brane was d e te r 
m ined. The to ta l concen tra tion  of both cations alw ays am ounted
to  0.1 N. F o r  each  com bination of cations 1 and 2 th re e  s e r ie s  of
m e a su rem e n ts  w ere  c a r r ie d  out with a concen tra tion  ra t io  of 9 /1 ,
1, and 1 /9 , M ost m easu rem en ts  w ere  c a r r ie d  out in t r ip lic a te .
To check the ex p erim en ts  the H+ exchange capac ity  of the sam ple
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was a lso  e s tim a ted . F o r  th is  purpose the m em brane was shaken
fo r  21 hou rs in 100 m l of 1 N su lp h u ric  ac id . The so lu tion  was
rep la ce d  a f te r  3 and 18 h o u rs . It was then  shaken  3 x one hour in
100 m l 0.1 N su lp h u ric  ac id  and squeezed  ligh tly  tw ice betw een
f il te r -p a p e r .  A fte r th a t the m em brane  is shaken  with 0.1 N so d i-
um hydrbxide fo r about 10 h o u rs . The ex cess  of sodium hydroxide
is t i t ra te d  back  with 0.1 N su lp h u ric  ac id  on m ethyl red .

a) Ag+ - H+ s e r ie s .
In itia lly  the ex p e rim en ts  w ere  c a r r ie d  out as follow s: + 1 g of

th e  m em brane was t r a n s fe r r e d  into the H+ -fo rm  by shaking with
100 m l 0.1 N n itr ic  ac id  fo r  24 h o u rs . A fte r tha t the ac id  was r e 
m oved by shaking w ith d is ti lle d  w a te r; Then the m em brane was
shaken  in 100 m l of the s a lt  m ix tu re  fo r  24 h o u rs . The so lu tion
was rep laced  re g u la rly . Then it was squeezed  tw ice betw een f i l 
te r - p a p e r  and shaken  with 100 m l 1 N KNO3 fo r one hour. This
was rep e a te d  tw ice w ith f re s h  KNO3 so lu tion . The th re e  portions
w ere  co llected  and the s i lv e r  content was de te rm in ed  acco rd ing
to  V olhard . The ac id  was t i t ra te d  w ith 0.1 N NaOH. In th is  m an 
n e r  the equ ilib rium  concen tra tions in the Dowex 50, the S tam ex K
and A 58 m em brane w ere d e te rm in ed  fo r  Ca8+ /C h+ * 1.

In  a ll  o ther in stances  the  m em brane  f i r s t  was converted  into the
sodium  fo rm  by shak ing  with 100m l 1 N NaOH fo r 21 h o u rs . A fte r
th re e  and e igh teen  hou rs the NaOH so lu tion  was rep laced . Then
the  m em brane  was shaken  in d is ti lle d  w a te r un til f re e  of a lka line .
A fte r  th a t it was shaken  in the s a lt  m ix tu re  fo r  21 h o u rs . A fte r 3
and 18 hou rs  the so lu tion  was renew ed. Then it was squeezed  tw ice
betw een f i l te r - p a p e r . The Ag+ and a  p a rt  of the H+ ions on
the m em brane w ere  rem oved  by  shaking th re e  tim es  in 100 m l
1 N Ca(N03)2- The r e s t  of the  H+ ions w ere  e s tim a ted  by shaking
the m em brane  in an  ex c ess  of 0.1 N NaOH so lu tion  and back  t i 
t ra te d . Ag+ and H+ w ere de te rm in ed  as s ta te d  above. A ll e x p e r i
m en ts  with s i lv e r  s a lt  so lu tions w ere c a r r ie d  out in b lackpain ted
f la sk s  to  p reven t red u c tio n  of the s i lv e r  ions by ligh t. The re s u lts
of the ex p e rim en ts  a re  given in tab le  9.

b) Na+ - Ag+ s e r ie s .
a. Dowex 50, S tam ex K and IRC 50 m em brane.. The Dowex 50

and Stam ex K m em brane  w ere  f i r s t  converted  into the H+ - fo rm ,
the IRC 50 m em brane into the Na+ - fo rm . A fte r th a t they  w ere
shaken  fo r 21 hou rs with 100 m l of the so lu tion  of s ilv e rn itra te
and so d iu m n itra te . The so lu tion  was rep la ce d  s e v e ra l  t im e s . Then
them em b ran e  was squeezed  tw ice betw een f i l te r -p a p e r  and shaken
in 100 m l 1 N HNO3 fo r  21 h o u rs . The so lu tion  was renew ed th re e
tim e s . The so lu tions w ere  co llected  and n e u tra liz ed  w ith a  25%
NH4OH so lu tion . Ag+ was d e te rm in ed  acco rd ing  to  V olhard. Na+
was e s tim a ted  flam ep h o to m etrica lly . The NH4+ - ion did not d i s 
tu rb  the d e te rm in a tio n s .

p. The A 58 and A 71 m em brane w ere f i r s t  brought in the NH4+ -
fo rm  by tre a tin g  w ith 1 N NH4OH so lu tion . Then they  w ere  shaken
fo r  21 hou rs in 100 m l of the s a lt  m ix tu re . A fte r th a t the Ag+ and
Na+ - ions w ere rem oved  by shaking  in 3 x 100 m l 1 N HNO3. The
so lu tions w ere  co llec ted , n e u tra liz ed  w ith a 25% NH4OH so lu tion .
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and m ade up to  1000 m l. In 500 m l Ag+ was e s tim a ted . The o ther
half was used  to  d e te rm in e  Na+ flam epho tom etrica lly . In the l a t 
t e r  instance it proved to  be usefu l to  f i r s t  rem ove the Ag+-ions.
To tha t end a little  am m onium chloride was added and the co llo idal
p rec ip ita te  was rem oved  by abso rb ing  it on cuttings of f i l te r - p a 
p e r. The re s u lts  a re  given in tab le  10.

c) Na+ - H+ s e r ie s .
The m em branes w ere f i r s t  converted  to  the NH4+ -fo rm . They

w ere shaken  fo r 21 hours in 100 m l of a so lu tion  containing NaGl
and HC1 in a fixed ra tio . A fte r 3 and 18 hours the so lu tion  was
renew ed . A fter that the m em brane was squeezed  as befo re  and
shaken  in an ex cess  of 0.1 N KOH fo r 21 h o u rs . The ex cess  of a l
k a li was back  t i t ra te d  with 0.1 N H2SO4. Then the m em brane was
shaken  th re e  tim es  in 100 m l of 1 N HNO3 fo r 21 h o u rs . The s o lu 
tions w ere co llected  and the liquid being left a f te r  the t itra t io n ,
was added. Then the so lu tion  was n eu tra lized  with 25% NH4OH. In
th is  so lu tion  Na+ was e s tim a ted  flam epho tom etrica lly . The re s u lts
a re  given in tab le  11.

d) Na+ - K+ s e r ie s .
At f i r s t  a ll  m em branes w ere converted  to  the NH4+ - fo rm .

Then each  m em brane was shaken  fo r 21 hours in 100 m l of a  s a lt
so lu tion , containing NaCl and KC1 in a fixed ra tio . The so lu tion
was renew ed a f te r  3 and 18 h o u rs. The m em brane was squeezed  as
befo re  and shaken  in 100 m l of a 1 N HNO3 so lu tion  fo r 21 h o u rs.
This was rep e a te d  th re e  tim e s . The so lu tions w ere co llected  and
n eu tra lized  w ith 25% NH^OH. Na+ and K+ w ere  d e te rm in ed  flam e
pho tom etrica lly . The re s u l ts  a re  given in tab le  12.

The capacity  of the m em brane sam ple  was a lso  m easu red  in a l l
c a ses  to  check the e x p e rim en ts . It is n e c e s s a ry  th a t the sum  of
the cations m ea su red  is equal to  the exchange capacity  of the
sam ple  fo r  H+ ions. In g e n e ra l the ag reem en t was sa tis fa c to ry .
Only in the in stance  of the A 58 m em brane was the sum  of both
cations in m ost s e r ie s  m uch h ig h er than  the exchange capacity .
We found th a t the capacity  fo r  Ag+ - ions of an  A 58 sam p le  was
0.28, w hereas the capacity  fo r H+ - ions was m e re ly  0.12. The
cause of th is  phenom enon was not fu r th e r  investiga ted .

S elec tiv ity  constan ts k |  = Ï 2 /Yi -

T a b l e  9

ÏH+/ïAg+
M em brane Dowex 50 Stam ex K A 58 A 71 IRC 50
C o n cen tra 
tion  ra tio

C V /C h*
9/1 3.1 0.31 0.31 0.07 0.13

1/1 7.5 4.2 1.6 0.43 0.0075
1/9 4.7 3.6 0.40 0.18 0
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T a b l e  10

ÏAg+ /YNa+

M em brane Dowex 50 Stam ex K A 58 A 71 IRC 50
C o n cen tra 
tion  ra tio
C 'Na + /C 'A g +

9/1 0.26 0.18 0.61 0.17 0.034

1/1 0J28 0.22 0.66 0.31 0.018
1/9 0.22 0.30 4.76 1.2 0.032

T a b l e  11

YH+/YNa+
M em brane Dowex 50 Stam ex K A 58 A 71 IRC 50
C o n c e n tra 
tio n  ra t io
C Na + /C 'h+

9 /1 1.1 0.20 0.37 0.054 0.03

1 /1 1.5 1.3 1.2 0.19 0.003
1/9 1.4 1.2 1.6 0.44 0.02

T a b l e  12

Ï K + / W
M em brane Dowex 50 Stam ex K A 58 A 71 IRC 50
C o n c e n tra 
tio n  ra tio

C Na + / C K+
9/1 0.57 0.42 0.64 0.78 1.12

1/1 0.65 0.55 0.89 0.82 1.25

1/9 0.70 0.70 0.74 0.74 1.36

Rem ark. The s ta n d a rd  dev iation  in the e s tim a tio n  of the se le c tiv -
ityconstan ts  am ounts fo r Dowex 50 and Stam ex K 1 to  5%; fo r  A 58
and A 71 5 to  20%; fo r  IRC 50 1 to  5%, with the exception  of
C \ + / C ,h+ = 1 /1 ; C 'Na+/C ,Ag+ = 1/1 r e s p .  1 /9 ; and C^a+/C 'H =1/1
re s p . 1 /9 w here it am ounts to  20 to  40%.
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6 . M e a s u r e m e n t s  of  t h e  c o n d u c t i v i t y

The m em brane was clam ped in betw een two h a lf -c e lls  in  which
the re le v an t s a lt  so lu tions w ere  c irc u la ted  with the a id  of a i r 
l if ts , opera ted  with n itrogen . The ac tive  m e m b ra n e -a re a  am oun t
ed to  0.28 cm 2. A p a r t of each  c irc u la tio n  c irc u it  was su rro u n d ed
by a m an tle . This m antle  fo rm ed  p a rt of a c irc u it  in which a  t h e r 
m o sta t was taken  up to  a  te m p e ra tu re  of 25°C ± 0.01°. The whole
ap p ara tu s  was p laced in a conditioned room  with a te m p e ra tu re  of
20°C ± 1°. The ce ll was provided  w ith two c irc u la r  p latin ized
platinum  e le c tro d e s . The c e ll- r e s is ta n c e  was m e a su red  with an
a c c u ra te  W heatstone b ridge  w ith am p lif ie r  and in d ica to r tube. The
m em brane re s is ta n c e  was e s tim a te d  as the d iffe ren ce  of the c e ll
re s is ta n c e  with m em brane and without m em b ran e . T hree  sam p les
w ere  m ea su red  of each  m em brane . The m em brane  f i r s t  was con
v e rte d  into the re le v an t s a lt  fo rm  and then  brought to  equ ilib rium
with the co rrespond ing  0. I N  s a lt  so lu tion  by shaking  fo r  21 h o u rs.
M easu rem en ts w ere  c a r r ie d  out in re sp e c tiv e ly  0.1 N N aC l, 0.1 N
KCJ„ 0.1 N HNO3 and 0.1 N AgNC>3. To p rev en t h y d ro ly sis  of the
w eak acid  m em b ran es , the  pH of the so lu tions was b rought up to
8. E ach  m em brane sam p le  was converted  su c c e ss iv e ly  in to  the
d iffe ren t s a lt  fo rm s . To e lim in a te  e r r o r s ,  caused  by i r r e g u la r 
itie s  of the m em b ran es , the sam e  a re a  of each  m em brane  sam p le
was m easu red  on each  occasion . The re s is ta n c e  of the c e ll w ith
m em brane was m ea su red  ev e ry  five m inutes over a  period  of half
an  hour. A fte r th a t the re s is ta n c e  of the c e ll w ithout m em b ran e ,
but with the c irc u la tin g  so lu tions was m easu red .

In tab le  13 the ra t io  of the  m ob ilitie s  of the ions in the m e m 
b ran e  is given, using  the fo rm u la  U1/U2 = R2/R1, in which R t and
R2 a re  the re s is ta n c e s  of the m em brane when fu lly  in  the 1 r e 
sp ec tiv e ly  2 -fo rm .

T a b l e  13

u i/u 2

M em brane Dowex 50 Stam ex K A 58 A 71 IRC 50

R atio  of
lim itin g
equ ivalen t
conduct
iv ity

M obility
ra tio

u A g+ /u if* - 0.14 0.07 0.26 0.24 0.39 0.18
U N a + /u Ag+ 1.14 1.84 0.76 0.94 5.33 0.81
U N a + /u H +- 0.16 0.13 0.20 0.23 2.06 0.14

UNa+ / u K+ 0.72 0.49 0.76 0.70 0.46 0.68
Remark. The s ta n d a rd  dev ia tion  in the e s tim a tio n  of the m obility
ra tio s  am ounts to  1 to  10%.
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I V .  D I S C U S S I O N

P lo tting  the B. I. P . 's  aga in st the logarithm  of the vary ing  a c tiv 
ity  in g e n e ra l r e s u l ts  in a s tra ig h t line w ith a  s lope , c o rre sp o n d 
ing w ith a  change of 58 mV in B .I . P . fo r each  tenfold  change in
a c tiv ity  (see  fig . 2 to  11). How ever, fo r  the cellophane m em branes
in som e in stan ces  the slopes of the s tra ig h t lines w ere too sm a ll.

F ro m  the tab le s  3 to  6 can be re a d  tha t th e re  is ag reem en t
w ithin the ex p e rim en ta l e r r o r  betw een the " tra n sp o r t  ra t io s "  d e 
r iv e d  fro m  B. I. P . m ea su rem e n ts  and from  tra n s p o r t  m e a s u re 
m ents in about one half of the c a ses  investiga ted . In the rem ain ing
p a rt th e re  is no ag re e m e n t. As th e re  was a p o ss ib ility  tha t w ater
tra n s p o r t  th rough  the m em brane caused  the d isc re p a n c ie s , w ater
tra n s p o r t  num bers w ere m ea su red  fo r a ll  the m em branes (see
tab le  8). The influence of w a te r t ra n s p o rt  on the B .I . P . can be
ca lcu la ted  ap p rox im ate ly , acco rd ing  to

E ' * E E  . t w l n f ^  (4-1)
F a£

tw = m ean value of the w a te r t ra n s p o r t  num ber in the m em 
branes eq u ilib ra ted  w ith a  so lu tion  of the ions 1 and 2 re s p e c tiv -
e ly.

a  = a c tiv ity  of the w a te r in  so lu tion  1.w J
a w = a c tiv ity  of the w a te r in so lu tion  2.w J
The values fo r the w ater a c tiv itie s  w ere ca lcu la ted  w ith the help

of the n u m erica l tab le s  of J . K ielland (1939) fo r the osm otic  coef
fic ien ts  s ta r t in g  from  the defin ition  of the m ola l o sm otic  coeffi
c ien t

v m Ww
ln aw = - 1000 $  (4-2)

$  = m ola l o sm otic  coeffic ien t.
Ww = m o lecu la r weight of w ater,
m = m ola lity  of the so lu tion .
V = num ber of m oles of ions fo rm ed  from  1 m ole of e le c tro ly te .

On c lo s e r  view  it proved th a t the c o rre c tio n  fo r w a te r t r a n s 
p o rt on the B . I . P .  was v e ry  sm a ll, as the a c tiv ity  coeffic ien ts of
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w ate r in dilu te s a lt  so lu tions a re  only s lig h tly  below one. We sh a ll
now give the ca lcu la tion  fo r  the m ost unfavourable c a se , nam ely
an  A 71 m em brane, se p a ra tin g  a  0.1 N NaCl and a 0.01 N KC1 s o 
lution.

The ac tiv ity  coefficien t fo r  w ater in 0.1 N NaCl is 0.99664; in
0.01 N KC1: 0.99966. F o r  the w a te r t ra n s p o rt  num ber of an A 71
m em brane , p laced in 0.1 N NaCl we found 16 9; in 0 1 N KC1 7 8-
t w = 12.4. Thus ' '

E ' = 58.16 x 12.4 x 0.4343 (-  0.00336 + 0.00034) mV = - 0.94 mV.
The m axim um  dev ia tion  caused  by w ater tra n s p o r t  is consequently
about 1 mV. So w a te r tra n s p o r t  cannot be the cause of the d i s 
c rep an c ie s  .

It is possib le  th a t the d iffe ren ces  a re  due to  the te rm
ZT m i Ui d In u ,/y  .

E J n i j  Uj
S catchard  h im se lf  s ta te s  tha t th is  te rm  m ay be v e ry  sm a ll, w ith 
out giving fu r th e r  a rg u m en ts . As has been  sa id  in the th e o re tic a l
p a rt, e x p e rim en ta l e s tim a tio n  of th is  te rm  is exceedingly  cu m 
b e rso m e , as  tra n s fe re n c e  n um bers , m ob ilities  and a c tiv ity  coef
f ic ien ts  have to  be d e te rm in ed  a c ro s s  the whole m em brane . A l
though se rv ic e a b le  data  in the l i te ra tu re  a re  v e ry  s c a rc e ,  we
sh a ll t r y  to  m ake a  rough e s tim a te  of the m agnitude of th is  c o r 
rec tio n  te rm . Instead  of

E* m . u. d In u. /y .

m i u i

we m ay w rite : E+ tt d In u. /y ,, as  mx ux is a lm o st z e ro .
As fo r  Uj, only a few data  have been  published. B .A .S o ldano

and G . E . Boyd (1953) d e te rm in ed  se lf-d iffu s io n  coeffic ien ts fo r
d iffe ren t cations in v a rio u s  sulphonated po lysty rene  exchangers.
In the in stance  of a nom inal 8.6% DVB (divinylbenzene) exchanger
they  found fo r  the pure Na+ s a lt  a se lf-d iffu s io n  coeffic ien t of
9.44 x 10 cm  /s e c . fo r the Na"^ ions. A t an  exchanger com posi-
tion  of 31% Na+ and 69% H+ th is  figure  was 9.36 x 10-7 c m 2/se c
At a  com position of 7% Na+ and 93% H+ it was 8.82 x 10-7 cm 2 /sec .
The change in uNa+ is in th is  instance only 7%. M oreover the
g re a te r  change occu rs  a t low er Na+ content w here t N + is sm a ll
In th is  in stance  " a

fa t Na+ d  °Na+

is v e ry  sm a ll. H ow ever, it is possib le  that in o ther c a ses  the
change of the m obility  in the m em brane is h ig h er. To evaluate
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U)  ̂ , ,ƒ tj d ln Yi
a

we applied Harned's rule (1950) to the resin  phase following
Glueckauf (1952) and Soldano, Larson and M eyers (1955).
This means that this phase is considered as a concentrated so lu 
tion of sa lts . We get:

log Yi = log y° - o12 m2

log y2 = log y°2 - a21 m x
(4-3)

Yi and y 2 are the activ ity  coefficients of the ions 1 and 2. y° and
Ï 2 are the corresponding values for the pure resin  sa lt of 1 and
2. a 12 and a21 are constants depending only on m, the total m ol
a lity  of the solution which is constant throughout the membrane
Applying th is , we arrive at

d log Yi = - Ot2 d m2 = + a12 d mj

d log Ï2 = - Ofe! d mx = + a21 d

Thus
to to u  m

ƒ a 12 tj d mj = ƒ a12— 1— —1-----  da a 12 Uj mx + u2 m 2 1

= ( i  - u2/ Ul ■ ür/nr-'“ + u2/ Ul ln ui / u2 )

We suppose Uj/u2 to be constant.

(4-4)

t, d L  a21
U2 m 2

Ul + u2 m2

= “21 (Ul/uT - 1 ' U j  /u2 + U 2 / U l  l n  Ui/U2 >

For a sulphonated polystyrene exchanger Soldano et al (1955) e s 
tim ated <Xi2 and a 2i for different combinations of the ions 1 and 2
with the aid of a "tracer selectiv ity"  technique. Some of their data
are compiled in table 14.
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T a b l e  14
In te rac tio n  coeffic ien ts fo r a sulphonated po lysty rene  exchanger

2 /1 ® 12 a2i
A g/N a
A g/H
N a/H
K /N a

0.0066
0.045

0.02

0.07
0.013

-0.059

To e s tim a te  the o rd e r  of m agnitude of the c o rre c tio n  te rm , we
ca lcu la ted  th is  fo r the sy s te m s  A g /H an d A g /N a . F o r  the Dowex50
m em brane we found UAg+/uH+ = 0.14. Thus u2/u j  = 0.14; a 12
= 0.045; a 21 = 0.013. Substitu ting  th ese  values we get:

(i) (jj
ƒ. <x12 t t d m x + ƒ ^  tj  d m2 =

(0.045 x 0.76 - 0.013 x 0.24) m = 0.031 m.
F o r  our Dowex50 m em brane the capacity  am ounted to  2.0 m geq /g
d ry . The w a te r content was 37% of d ry  w eight. This co rresp o n d s
with m = 5.4 m ola l. Thus the c o rre c tio n  te rm  am ounts to  58x0.031
x 5.4 mV = 9.7 mV.

F o r  the A g/N a sy s tem  u ^ + /u N + = 1 /1 .14  = 0.88; tu /u , = 0.88;
a 12 = 0.0066; a2i = 0.07. ^  ^  1

0 )  (a)
fa a21 t j  d mj + fa 0 2 i t 2 d m2 =

(0.0066 x 1.5 + 0.07 x 0.5) m = 0.045 m
The c o rre c tio n  te rm  am ounts to: 58 x 0.045 x 5.4 mV = 14.1 mV.

In both c ases  the te rm  has a r a th e r  high value and cannot be
neglected . H ow ever, it is possib le  tha t the influence of the change
of the a c tiv ity  coeffic ien t in som e in stances is p a rtia lly  com pen
sa ted  by the change of the m obility . As w ill be shown below , a
d e c re a se  in a c tiv ity  coeffic ien t (i. e. an in c re ase  in a ff in ity ) 'is
often attended  by a  d e c re a se  in m obility . A ssum ing  fo r  the m o
m ent a- value fo r the c o rre c tio n  te rm  of 14.1 mV in the case of
Na+/Dowex 50/Ag+ we find th a t the value uNa+yAg+/uAg+YNa+ ob tain 
ed from  the plot has to b e  m ultip lied  by 1.75 (as 0.045 x 5.4 = log 1.75)
to  get the ac tu a l " tra n sp o r t  ra t io " . F o r  the sy s tem  H+ /Dowex 50/
A g+the value uAg+YH+ /uH+ÏAg+ obtained from  the plot has to b e  devid-
ed by 1.45 if we a ssu m e a value of 9.7 mV fo r the c o rre c tio n
te rm . It is evident tha t th is  c o rre c tio n  te rm  re q u ire s  m uch m ore
investigation .

A nother possib le  cause of the d isc re p a n c ie s , v iz . film  diffusion,
was suggested  by H elfferich  (1956) a t the N ottingham  sym posium !
In d e riv ing  the B. I .  P.  fo rm u la  it is supposed  tha t the la y e rs  n ear
the m em brane have the sam e com position  as the re sp e c tiv e  bulk
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so lu tions. D uring the ex p erim en t, how ever, exchange occu rs  b e 
tw een  the " c r i t ic a l  ions"  of the two so lu tio n s. In g e n e ra l the lay e rs
n e a r  the m em brane w ill have a com position  d iffe ren t from  th a t of
the bulk  so lu tion . H elfferich  d istingu ishes two e x trem e  c a se s :
idea l m em brane con tro l and ideal film  con tro l. In the f i r s t  case
the d iffusion  po ten tia l in the film s van ishes and a r e a l  B .I . P . is
m ea su red . In the second case  the m em brane po ten tia l van ishes
and the m e a su red  po ten tia l is equal to  a d iffusion  po ten tia l in
which the m obility  of the com m on anion is z e ro . The effec t of film
fo rm in g  can be su p p re sse d  by v io len tly  s t i r r in g  the so lu tions and
by using  not too  low concen tra tions.

C onsidering  our da ta  it is s tr ik in g  th a t in the dev iating  cases
the  " tra n s p o r t  r a t io s "  from  B . I . P .  m ea su rem e n ts  a re  in betw een
the  " tra n s p o r t  ra t io s "  fro m  tra n s p o r t  num ber m easu rem en ts  and
the  ra t io s  of lim itin g  equivalen t conductiv ities . T h erefo re  it
seem ed  w orth -w hile  to  investiga te  the effec t of film  diffusion.

As the cellophane type m em branes have a  g rea t p e rm eab ility ,
it could be expected  tha t th is  type above a ll  should show the e f
fec t. So som e m ea su rem e n ts  w ere  rep e a te d , com paring  the
B . I . P .  's  a t a  flow ra te  of 2 1/h w ith those  of 30 1/h (see fig . 13 to
18). In the case  of A gN 03 - N aN 03 the values fo r A 71 and A 58
w ere about 1 to  3 mV h ig h er a t the 301/h flow ra te  (fig. 13and 14).
The slopes of the cu rv es  rem ain ed  unchanged. In the case  of KC1 -
N aC l the influence of the flow ra te  was sm a ll fo r the A 58 and A 71
m em brane (fig. 17 and 18). In the case of ifC l - N aC l fo r  the A 58
m em brane  the influence of in c re as in g  flow ra te  was high. The
s tra ig h t line fo r  aNaCi = 0.009, how ever, showed a t h igher flow
ra te  a  g re a te r  dev ia tion  fro m  the th e o re tic a l  slope (fig. 16). The
Dowex 50 m em brane showed fp r the H C l/M /N aC l sy s tem  hard ly
any d iffe rence  in B. I. P . 's  fo r  the two flow ra te s .

The " tra n sp o r t  r a t io s "  from  B . I . P .  m ea su rem e n ts  a t 2 1/h and
30 1/h a re  given in tab le  15.

T a b l e  15
Ul Ï 2
u2 Yl

so lu  1 /M /so lu  2 Flow  ra te  2 1/h Flow  ra te  30 l /h

N aN 03/A 7 l/A g N 0 3
N aN 03/A 58/A gN 03
N aC l/D ow ex 50/HC1
N aC l/A 58/H C l
N aC l/A 58/K C l
N aC l/A 71/K C l

tt.69 ±0 . 02
0.80 ±  0.02
0.21 ±  0.01
0.09 ± 0.01
0.64 ± 0.08
0.62 ±  0.07

0.60 ±  0.04
0.72 ± 0.03
0.21 ± 0.00
0.06 ± 0.02
0.61 ± 0.09
0.67 ± 0.09

In g e n e ra l the " tra n sp o r t  ra t io s "  show a tendency  to  move in
the d ire c tio n  of h igher s e le c tiv ity  of the m em brane as the flow
ra te  in c re a s e s . How ever, the in c re ase  in flow ra te  probably  is
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?t°QRc?ffic ien t tG e lim ina te  film  diffusion com plete ly . H elffe rich
(1956) s ta te s  tha t s t i r r in g  by usual m ethods only red u ces  the f ilm s
j.® * th ickness of about 10*3 cm . A reduc tion  to  below 10-4 cm  is

f «i° a ch iev e - H elffe rich  h im se lf  could reduce  the th ickness
°* th ® f,llm t<3 5-10- cm by u s in g a g lass  tu rb in e  giving a flow
ra te  of about 90 cm /s e c . along the m em brane .

G reg o r and W etstone (1956) used  a f l a t  paddle s t i r r in g  at high
speed , and achieved  a flow ra te  of about 400 c m /s e c . They a s 
sum e a  f ilm -th ic k n e ss  of lp . H ow ever, it was found th a t even th is
v e ry  high flow ra te  in som e c a se s  did not produce m axim um  po
te n tia ls . D ray  and S o llner (1955), m easu rin g  B. I. P , 's  and s t a r t -
m g from  equal concen tra tions  of the " c r i t ic a l"  ions on e ith e r  side
of the m em b ran e , o bserved  a low ering  of the B. I. P . va lues below
a few hundredth  n o rm al. They a ttr ib u ted  th is  effec t to  film  d iffu 
sion  and re m a rk e d  tha t the d iffusion  la y e rs  continue to  ex is t, even
with v e ry  v io len t s t i r r in g . It is th e re fo re  like ly  th a t the chosen
constan t co n cen tra tion  of 0.01 N was too  low, but a h ig h er concen
tra t io n  would be im com patib le w ith the re q u ire m e n t of p e rfec t
s e le c t iv i ty , . on account of the poor se le c tiv ity  of the cellophane
m em branes a t h igher s a lt  concen tra tions .

As the Dowex 50, S tam ex K and IRC 50 m em branes p e rm it a
h igher constan t concen tra tion , fo r  the f i r s t  two of th ese  m em 
b ran e s  som e B. I. P . m ea su rem e n ts  w ere c a r r ie d  out a t a con 
s ta n t concen tra tion  of 0.1 N (see fig. 20, 21 and 23). F o r  the  s y s 
tem  N aC l/D ow ex 50/HC1 uNa+ Yh+/uh+. ÏNa+was 0.31 ± 0 .0 4 . This
value a g re e s  w ithin ex p e rim en ta l e r r o r  w ith the value obtained
tro m  tra n s p o r t  m ea su rem e n ts : 0.36 ± 0.04.

F o r  the sy s te m  N aN 03/Dowex 50/AgNO3, two s e r ie s  of B I P
m easu rem en ts  w ere  c a r r ie d  out a t constan t concen tra tions óf 0.1
N and 0.05 N. A t 0.1 N we found uNa+yAg+ /uA_+YNa+ = 0 .45  ± 0 .0 2
a t a flow ra te  of 30 1/h and 0.45 ± 0.0C a t a  flow ra te  of 2 1/h
T hese values a re  low er than  the " tra n sp o r t  ra t io "  0.62 ± 0.02 ob
ta ined  fro m  tra n s p o r t  num ber m ea su rem e n ts . A ccounting fo r  the
f i r s t  c o rre c tio n  te rm  g ives as a  rough app rox im ation  fo r  the r e a l

ra t io "  0.45 x 1.75 = 0.79. A t a constan t concen tra tion
01 U.U5 N, the co rresp o n d in g  values w ere  0.47 ± 0.01 a t 30 1/h and
0.5 3 ± 0.01 a t 2 1/h. '

F o r  the sy s te m  NaNOa/S tam ex  K /A gN 03 we found a t a constan t
co n cen tra tio n  of 0.1 N u ^ + y ^  /uAg+yNa+ = 0.25 ± 0.03 a t 30 1/h
ana u.^7 + 0.03 a t 2 1/h; a t a  constan t co n cen tra tion  of 0.05 N the
co rresp o n d in g  values w ere  0.28 ± 0.04 a t 30 1/h and 0.35 ± 0 03 at
2 1/h. T hese values a re  low er th an  the " tra n sp o r t  r a t io s "  from
tra n s p o r t  num ber m e a su re m e n ts , being 0.40 ± 0 .0 1 . A ccounting
o r  the f i r s t  c o rre c tio n  te rm  gives as a  rough approx im ation  fo r

the r e a l  tra n s p o r t  ra t io "  0.25 x 1.75 = 0.44. Though it is p re m a 
tu re  to  draw  a defin ite  conclusion  we m ay sa y  th a t in  both in 
s ta n c e s  the c o rre c tio n  points into the r ig h t d ire c tio n  and even
leads to  re m a rk a b ly  good ag reem en t in the second exam ple.

In p rinc ip le  it m ight be possib le  th a t su rfa c e  la y e rs  have in -
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fluenced  the tra n s p o r t  num ber m ea su rem e n ts  a s  w ell. If a  m e m 
b rane  is p laced in a so lu tion  containing two " c r i t ic a l ’' ions, and if
th is  m em brane shows an  in c re a se d  tra n s p o r t  fo r one of these
ions, th e re  is a p o ssib ility  th a t the su rfa c e  la y e r  on the side  of
the m em brane from  which the ions a re  w ithdraw n, changes its
com position  in such  a  way as to  contain  re la tiv e ly  le s s  of the ion
p re fe rre d . This would re s u lt  in a  d e c re a se  of th e  tra n s p o r t  of the
p re fe r re d  ion. This phenom enon w ill o ccu r e sp ec ia lly  a t low con
cen tra tio n s  of the so lu tion , a t high c u rre n t d ensity  and in u n s t i r 
re d  so lu tions.

G reg o r and W etstone (1956) re p o rte d  tra n s p o r t  ra t io  m e a s u re 
m en ts fo r  po tassium  and calcium  ions a t a  to ta l concen tra tion  of
0 . 0 2 .N at c u rre n t d en s itie s  vary ing  fro m  0.1 m A /cm 2 to  10
m A /c m 2. A t the h ighest c u rre n t density  the m em branes w ere
v ir tu a lly  n o n -sp ec ific , w hereas a t low c u rre n t d en s itie s  the t r a n s 
p o rt num ber of calc ium  was about 3-4 tim es  th a t of po tassium .

In ou r e x p e rim en ts  we used  a  re la tiv e ly  low c u rre n t density
(0.5 m A /cm 2). The to ta l concen tra tion  was ra th e r  high (0.1 N)
and the flow ra te  am ounted to  2 1/h. It is to  be expected  th a t u n 
d e r  th ese  c irc u m stan c e s  film  diffusion  plays only a  m in o r p a rt.
N e v e r th e le s s , we have rep e a te d  som e tra n s p o r t  m ea su rem e n ts ,
va ry in g  the c u rre n t d ensity  from  0.125 m A /cm 2 to  0.5 m A /cm 2.

In the case  of a Dowex 50 m em brane p laced in  a  so lu tion  con
ta in in g  NaNOs and AgNC>3 in an  equal concen tra tion  and a t a  to ta l
co n cen tra tio n  of 0.1 N we found fo r  the tra n s fe re n c e  num ber of
Ag+ a t a c u rre n t d en s ity  of 0.5 m A /cm 2 0.60 ±. 0.00; a t 0.25
m A /cm 2 0.62 ±  0.02; a t 0.125 m A /cm 2 0.60 ± 0.04. So our t r a n s 
p o rt m ea su rem e n ts  have not been  upse t by s u r f a c e - la y e r s . R e 
sum ing  we m ay draw  the follow ing conclusions:
1. In about ha lf of the in stances  th e re  is ag reem en t w ithin e x p e r i

m en ta l e r r o r  betw een the ra t io s  of the tra n s fe re n c e  num bers
obtained by d ire c t  m easu rem en t and those de riv ed  fro m  B. I. P .
m e a su re m e n ts , but conside rab le  d isc re p an c ie s  as w ell do o c 
c u r.

2. It is like ly  th a t the te rm  c o rre c tin g  fo r  changes in m obility  and
a c tiv ity  coeffic ien t m ay re a c h  ra th e r  high v a lu es . F u r th e r  in 
v estig a tio n  is re q u ire d .

3. D iffusion la y e rs  m ay upse t s e v e re ly  the B. I. P . m ea su rem en ts .
F ro m  the l i te ra tu re  it is known that even  w ith v io len t s t i r r in g
th ese  la y e rs  cannot alw ays be rem oved .

4. In g en e ra l it is not p e rm itted  to  derive  ra tio s  of tra n s fe re n c e
num bers from  B . I .P .  's  without checking the r e s u l ts .  It is to
be expected  th a t even in the case  of ions fo r which the m em 
b ran e  has a  sp ec ific  se le c tiv ity  e rro n eo u s  re s u l ts  w ill be ob
ta ined .

As a th ird  p o ss ib ility  to  check the B . I .P .  values in the th e o 
r e t ic a l  p a rt  we suggested  com paring  the " tra n sp o r t  r a t io s "
uiY2/ u2Ï i fro m  B .I .P .  m easu rem en ts  w ith the product u t /u 2 and
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Y2 /Y1» u i/u 2 being  obtained fro m  conductiv ity  m easu rem en ts  and
Y2 /Y1 from  se le c tiv ity  m ea su rem e n ts .

The u j u z  values a re  given in tab le  13; the se le c tiv ity  constan ts
K2 = Y2 /Y1 in tab le  9 to  12.

In the th e o re tic a l p a rt we re m a rk e d  th a t th is  p rocedu re  is only
p e rm itted  if u i, 112, Yi and Y2 a re  constan t a c ro s s  the whole
m em brane . Thus Y2 /Y1 a lso  should be constan t a c ro s s  the m em -
b ran e . This is not the c a se , as  Y2 /Y1 can  be shown fro m  tab le  9
to  12 g en e ra lly  to  v a ry  s tro n g ly  with the r a t io  of the c o n c en tra 
tions of the ions 1 and 2 in th  solu tion .

ui and u2 w ere  e s tim a ted  fro m  conductiv ity  m e a su re m e n ts , the
m em brane being in equ ilib rium  with a  0.1 N so lu tion  of the r e 
spective  s a lt .  H ow ever, it is known fro m  the l i te ra tu re  th a t u i/u 2
too  depends on the ra t io  of the concen tra tions of the two ions in
the m em brane . S p ieg le r and C o ry e ll (1952) found th a t when the
ra t io  of the m ob ilities  in an ion exchange r e s in  in the 1+ r e s p e c 
tiv e ly  2+ fo rm  is h igher than  unity , the ra t io  of th ese  m ob ilities
m the r e s in  containing a  m ix tu re  of the two ions, w ill d e c re a se

Thus the th e o re tic a l  conditions a re  not sa tis f ie d . W yllie and
K anaan (1954), c o n tra ry  to  our p ro ced u re , ca lcu la ted  ra t io s  of
m ob iiities  fro m  B . I .P .  m ea su rem e n ts  and se le c tiv ity  constan ts.
They r a th e r  a rb i t r a r i ly  used  se le c tiv ity  constan ts  a t equal co n 
cen tra tio n s  of the " c r i t ic a l"  ions in the so lu tion .
ta iHnIhK ita+bleS ?6 " 19 We give the values of U1Y2 /U 2Y1 , a lsotak ing  K2 at equal co n cen tra tio n s . F o r  co m p ariso n  the u i v 2/u? v ,
nam 6M f r ? “  B i  P - m ea su rem e n ts  a t a  constan t concen tra tion  of
0.01 N and a t a  flow ra te  of 2 1/h a re  given as  w ell.

C om parison  of " tra n sp o r t  r a t io s "  obtained from
conductiv ity - and s e le c tiv ity  m ea su rem e n ts  with

those  obtained from  B. I. P . 's

T a b l e  16

M em brane u A g + / u H +  x  Y H + / Y A g + u A g+ Y H +  , ,
u H + Y A g + f r o m  H - 1 - 1 ' .  s

Dowex 50 0.14 X 7.5 = 1  05 0 45Stam ex K 0.07 x 4.2 = 0.29 0  4 7A 58 0.26 x 1.6 = 0.42 0 24A 71 0.24 x 0.43 = 0.10 0  2 2IRC 50 0.39 x 0.0075 = 0.004 0.19
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T a b le  17

Membrane u N a+  / ^ A g + X  Y Ag+/  Y N a+
UNa-OfAg-H frQm B l p  ,s
u Ag+YNa+

Dowex 50 1.14 x 0.28 = 0.32 0.76
Stam ex K 1.84 x 0.22 = 0.40 0.55
A 58 0.76 x 0.66 = 0.50 0.80
A 71 0 .9 4 x 0 .3 1  = 0 .29 0.69
IRC 50 5.33 x 0.018 = 0.10 0.52

T a b le  18

Membrane u N a + /^ H +  x Ï H + / Ï N a +
u N a+Y H +f r o r n  B  x p  i s
u H +Y*Ja+

Dowex 50 0.16 x 1.5 = 0.24 0.19
Stamex K 0.13 x 1.3 = 0.17 0.21
A 58 0.20 x 1.2 = 0.24 0.12
A 71 0.23 x 0.19 = 0.04 0.14
IRC 50 2.06 x 0.003 = 0.006 0.10

T a b le  19

Membrane U N a + / u K+ X Yk+/ Y N a+ U N a ^ K *  frQ b . I .P .  's
u K+YN a+

Dowex 50 0.72 X  0.65 = 0.47 0.64
Stamex K 0.49 x 0.55 = 0.27 0.65
A 58 0.76 x 0.89 = 0.68 0.65
A 71 0.70 x 0.82 = 0.57 0.61
IRC 50 0.57 x 1.25 = 0.57 0.48

In m ost cases the d ifferences between the two values are of the
sam e order of magnitude as those reported by W yllie and Kanaan.
These d ifferences are too great to allow quantitative conclusions.
Better agreem ent may be expected if the ratio U1 /U2  is d eter
mined in the membrane in equilibrium  with a solution containing
a m ixture of the two ions, in com position identical with the one
for which is estim ated. The values of ui and U2  can be d eter
mined by m eans of radio-active tracers of the ions 1 and 2 r e 
spectively .

From  the available figures we are nevertheless able to draw
the following qualitative conclusions:

1. G enerally the preference for an ion increases as its con
centration ratio  d ecrea ses .

2. If an ion is preferred by a m em brane, its m obility d e c r e a se s .
H owever, the fir st  effect prevails, so  that the relative transport
number of the ion in crea ses . This is c learly  shown e. g. in the
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case  of the Dowex 50 and Stam ex K m em branes in NaNOs - AeNOi
so lu tions. & 3

3. It is s tr ik in g  th a t, although the affin ity  of the IRC 50 m em -
b rane  fo r  s ilv e r  ions and hydrogen  ions is v e ry  high, th e ir  p a rt
in the t ra n s p o rt  is not in c re ase d  exceptionally . A pparen tly  the
na tu re  of the binding is of g re a t influence too . An in c re ase d
tra n s p o r t  num ber can be expected  only if notw ithstanding the
g re a t affin ity  the ionic c h a ra c te r  of the binding is m ain tained .
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S U M M A R Y

The po ten tia l which occurs if an ion exchange m em brane s e p a 
r a te s  two s a lt  so lu tions with d iffe ren t " c r i t ic a l"  ions is  ca lled  b i
ionic po ten tia l (B .I . P . ) .  T hese po ten tia ls have rec e iv e d  co n sid 
e ra b le  in te re s t  fo r the study  of sp ec ific  se le c tiv e  p ro p e rtie s  of
m em b ran e s , caused  by an in c re ase d  affin ity  fo r  an  ion o r a group
of ions. In m any in stan ces  th is  phenom enon is accom panied  by an
in c re a se d  tra n s fe re n c e  num ber fo r the ion concerned . The ra tio
of the tra n s fe re n c e  num bers of the com peting ions is often derived
fro m  B. I .  P . ' s .  T here  is , how ever, h a rd ly  any instance in the
l i te r a tu re  of e x p e rim e n ta l checks on the c o rre c tn e s s  o f t h e B . I . P .
fo rm u la .

In the th e o re tic a l  p a rt of th is  th e s is  an  a ttem p t is m ade to  give
a c r i t ic a l  su rv e y  of the ex is tin g  fo rm ulae  fo r the B . I . P .  and to
find a  connection betw een the B. I .  P . 's  and the ra t io  of the t r a n s 
fe ren ce  num bers which is th e o re tic a lly  ju stified .

A l i te ra tu re  su rv e y  on ion exchange m em branes is given, p a r 
tic u la r ly  sp e c if ic a lly  se le c tiv e  m em b ran es , the m easu rem en ts  of
B . I . P .  's  and the w a te r t ra n s p o r t  th rough  m em branes w ere  r e 
view ed.

A g re a t num ber of ex p erim en ts  w ith d iffe ren t cation  se lec tiv e
m em branes and d iffe ren t com binations of univalent " c r i t ic a l"  ions
w ere pe rfo rm ed  to  check S c a tc h a rd 's  B . I . P .  fo rm u la . F o r  tha t
purpose the " tra n sp o r t  r a t io s "  de riv ed  from  B . I . P .  m e a s u re 
m ents w ere  com pared  with those  obtained fro m  tra n s fe re n c e
num ber m e a su re m e n ts .

M easu rem en ts  on w a te r tra n s p o r t  have been  m ade to  study  its
influence on the B . I . P .  It app eared  th a t fo r the m em branes in 
v e s tig a ted  th is  effect can be neglected .

A rough e s tim a te  was m ade of the c o rre c tio n  te rm  accounting
fo r  changes in the m o b ilitie s  and in the a c tiv ity  coeffic ien ts of the
ions in the m em b ran e . It was found th a t th is  te rm  m ay rea c h
ra th e r  high v a lu es . F u r th e r  investiga tion  on the sub jec t is r e 
qu ired .

It proved tha t d iffusion  la y e rs  n ea r the m em brane su rfa c e s
have a d istu rb in g  effec t on the B . I . P .  These la y e rs  occur e s p e 
c ia lly  in u n s tir re d  so lu tions and w ith low sa lt  concen tra tions . In
our f i r s t  s e r ie s  of m ea su rem e n ts  a constan t concen tra tion  of
0.01 N of the re le v an t s a lt  was m ain tained  on one side of the
m em brane . T his low value was used  because the cellophane-type
m em brane shows a r a th e r  poor s e le c tiv ity  in m ore  concen tra ted
so lu tions. F o r  the o ther types of m em branes som e m easu rem en ts
w ere rep e a te d  with a  h igher constan t concen tra tion . The influence
of the d iffusion  la y e rs  on the tra n s fe re n c e  num ber m easu rem en ts
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m ay re s u l t  in a d e c re a sed  tra n s p o r t  of the p re fe rre d  i o n  A

s ta ted  in the l i t è r a tu r e th Y t l h 8 ' P ' m e a su rem ents it is

m e m r p L l  ° f i he tra n s fe re n c e  num bers obtained by d ire c tm easu rem en ts  and those d e r i v p H  -o r
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Figure 1
M ulticell apparatus used for measurem ents of

transference numbers (schem atically).

.0 0 3 9

Mean m o ld  activ it i es

Figure 2
B i-ionic potentials for HNC?3-AgN03  solutions.

▼ -------------Dowex 50 m em brane.
♦  -------------Stamex K.
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NA a
N \-*  a»n°3-

Mtan mol al activitits

Figure 3
Bi-ionic potentials for HN0 3 -AgNC>3 solutions.

• ................. A 58.
A -------------A 71.
■ ------------ Arnberlite IRC 50 m em brane.

Figure 4
B i.ion ic potentials for AgN0 3 -NaN03  solutions.

▼------------- Dowex 50 m em brane.
♦  --- Stamex K.
•  Arnberlite IRC 50 m em brane.
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Haan m olal activities

Figure 5
B i-ionic potentials for AgN03-NaN03 solutions.

• -------------A 58.
A ------------ A 71.

Mean molal activities
Figure 6

B i-ionic potentials for H Cl-NaCl solutions.
V ________ Dowex 50 m em brane, m easured with calom el

e lec trodes.
o _______ _ Dowex 50 m em brane, m easured w ith AgCl

e lec trodes.
A -------------Stamex K, m easured with calom el electrodes.
0  -------------Stamex K, m easured w ith AgCl electrodes.
■ ---- -------- Aroberlite IRC 50 m em brane, m easured with

calom el e lec trodes.
□  — ---------Am berlite IRC 50 m em brane, m easured with

AgCl electrodes.



Figure 7
Bi-ion ic potentials for H Cl-NaCl solutions.

• -------------A 58, m easured with ca lom el elec trodes.
o -------------A 58, m easured with AgCl electrodes.

Naan molal activities

Figure 8
Bi-ionic potentials for KCl-NaCl solutions.

^  “  A 71, m easured with ca lom el electrodes.
^  * A 71, m easured w ith AgCl electrodes.
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Maan molal activities
Figure 9

Bi-ion ic potentials for KCl-NaCl solutions.
------------ Dowex 50 m em brane, m easured with calom el

e lec trodes.
^ ------------- Dowex 50 m em brane, m easured with AgCl

elec trodes.
t ------------  Stamex K, m easured w ith calom el electrodes.
^  ------------  Stamex K, m easured with AgCl electrodes.
■ ------------ Am berlite IRC 50 m em brane, m easured with

calom el e lec trodes.
□ ------------ A m berlite IRC 50 m em brane, m easured with

AgCl electrodes.

Haan molal octivitiac
Figure 10

B i-ionic potentials for KCl-NaCl solutions.
• ________ A 58, m easured with calom el electrodes.
o ________ A 58, m easured with AgCl electrodes.



M*on molol octivitits

Figure 11
Bi-ionic potentials for KCl-NaCl solutions.

A ------------- A 71, m easured with calom el electrodes.
A ------------- A 71, m easured with AgCl electrodes.

✓
/ «  /

Figure 12
Dependence of the se lectiv ity  from solution concentration.
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Maan molol activities

Figure 13
B i-ionic potentials for AgN0 3 -NaN03  solutions.

x ------------- A 71, flow rate 30 1 /h .
o ________ A 71, flow rate 2 1 /h .

Naan molol activitiaa

Figure 14
B i-ionic potentials for AgN0 3 -NaN03  solutions.

x ------------- A 58, flow rate  30 1/h.
o -------------A 58, flow rate 2 1/h.



*NoCl *

H i o n  molal  ac tivit ies

Figure 15
B i-ionic potentials for H Cl-NaCl solutions.

x ------------- Dowex 50 m em brane, m easured w ith AgCl
electrodes, flow rate 30 1/h.

o -------------Dowex 50 m em brane, m easured with AgCl
electrodes, flow rate 2 1/h.

molal activities

Figure 16
Bi-ionic potentials for H Cl-NaCl solutions.

x ------------- A 58, m easured with AgCl electrodes,
flow rate 30 1 /h .

o -------------A 58, m easured w ith AgCl electrodes,
flow rate 2 1/h.
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Haan molol activities

Figure 17
B i-ionic potentials for KCl-NaCl solutions.

x ------------- A 58, m easured w ith AgCl electrodes,
flow rate  30 1/h.

o -------------A 58, m easured with AgCl electrodes,
flow rate 2 1/h.

H«on molal activities

Figure 18
B i-ionic potentials for KCl-NaCl solutions.

x ------------- A 71, m easured with AgCl electrodes,
flow rate 30 1/h.

o ________ A 58, m easured with AgCl electrodes,
flow rate 2 1/h.
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0.009

molol activities
Figure 19

B i-ionic potentials for H Cl-NaCl solutions
in the presence of traces of Ag+ in the m em brane.
x ------------- A 58, m easured with AgCl electrodes,

flow rate 30 1/h.
o -------------A 58, m easured with AgCl electrodes,

f lo w ra te  2 1/h.
---------------- A 58, non-contam inated  with Ag+ .

00796

Mean molal activities
Figure 20

B i-ionic potentials for H Cl-NaCl solutions
a t a constant concentration of 0 .1  N .

x ------------- Dowex 50 m em brane, m easured w ith AgCl
electrodes, flow rate 30 1/h.

o -------------Dowex 50 m em brane, m easured w ith AgCl
electrodes, f lo w ra te  2 1/h.
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Figure 21
B i-ionic potentials for AgN0 3 -NaN03 solutions

at a constant concentration of 0 .1  N .
x ------------- Dowex 50 m em brane, flow rate  30 1 /h .
o ___ -̂------ Dowex 50 m em brane,, flow rate 2 1/h.

Mean molol activ ities

Figure 22
B i-ionic potentials for AgN0 3 -NaN03 solutions

at a constant concentration of 0 .0 5  N.
x ------------- Dowex 50 m em brane, flow rate 30 1 /h .
o ________ Dowex 50 m em brane, flow rate 2 1/h.
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0.0762

Mton molal activities

Figure 23
B i-ionic potentials for AgNC>3-NaN 03  solutions

at a  constant concentration of 0 .1  N .
x ------------- Staxnex K , flow rate  30 1/h.
o --------------Stamex K, flow rate 2 1 /h .

V

Mean molot activities

Figure 24
B i-ionic potentials for AgN03-N aN 03 solutions

at a constant concentration  of 0 .0 5  N .
x ------------- Stamex K, flow rate 30 1/h.
° -------------Stamex K, flow rate 2 1/h.
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Figure 25
T ypical exam ple of a watertransport m easurem ent

with the capillary  m ethod.
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F eike  B erg sm a , geboren  1920 te  O ldenzaal, bezocht een  ja a r
de U .L .O . van de N utsschool a ld a a r , vervo lgens het C a rm e lly -
ceum , eveneens in O ldenzaal w aar hij in 1939 het einddiplom a
H .B .S . afd. B behaalde. V ervolgens bezocht hij de H ogere T ex 
tie lsch o o l te  E nschede w aar hij in 1941 het einddiplom a afd. v erven
v e rk re e g .

Door een  s tu d ieb eu rs  van het D r. Rudolf Lehm annfonds was hij
in de gelegenheid z ich  in 1941 in te  sc h rijv e n  aan  de U n iv e rs ite it
van A m sterdam  in de facu lte it d e r  w is -  en natuurkunde. Van f e 
b ru a r i  1943 to t de B evrijd ing  w erd  de stud ie  onderbroken  door
een  onderduik tijd . In 1946 w erd het can d id aa ts-ex am en , le t te r  e
afgelegd. In fe b ru a r i  1950 volgde he t d o c to raa l exam en scheikunde
cum laude.

Reeds in 1949 tra d  hij in d ienst bij T .N . O . , aanvankelijk  bij de
toenm alige A lgem een Technische A fdeling (ATA), w aar hij w erk te
aan  de e le c tro d ia ly tisc h e  ontzouting van wei. In 1951 volgde m ede
op z ijn  v e rzo ek  ov erp laa ts in g  n a a r  het K unststo ffen -Instituu t
T .N . O. te  Delft in verband  m et de ontw ikkeling van se lec tiev e
m em branen  voor w a te r ontzouting. L a te r  ging hij over n a a r  het
C e n tra a l L ab o ra to riu m  T . N .  O . ,  w aar ook het in d it p ro e fsc h rif t
b esch rev en  onderzoek  w erd v e rr ic h t .
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