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INTRODUCTION

When a membrane is placed between two solutions of different
composition a potential difference is, as a rule, established. If
the two solutions contain the same electrolyte, but that in differ-
ent concentrations, this potential is called concentration potential
or dialysis potential, Its value is a measure for the selectivity of
the membrane for ions of different sign. A membrane is called
selective if the ratio of the transference numbers of cations and
anions % the membrane has a value differing from that in the so-
lution. A membrane is called anion selective if the transference
number of the anions in the membrane is greater than that in the
free solution. In the reverse case it is called cation selective.

According to current theories the selectivity is caused by the
presence of charged groups fixed on the membrane skeleton. The
charge of these groups is compensated by the counter-ions which
are able to move freely in the imbibed solvent. If a selective
membrane separates two solutions with different "critical" ions,
the corresponding potential is called a bi-ionic potential (B.I. P.).
"Critical" ions are ions that have the same sign of charge as the
counter-ions and can exchange against them. When we have on
one or on both sides of the membrane an electrolyte solution con-
taining a mixture of "critical" ions, the corresponding potential
is called multi-ionic potential. The B.I.P.'s are a measure for
the selectivity of a membrane for ions of the same sign.

Investigations into this phenomenon are of great importance as
these systems are frequently found in living organisms (red blood
cell, frog skin, plant root cells, etc.). In the technical sector the
interest is increasing too. In recent years membranes were suc-
cessfully made on a semi-technical scale with a very high select-
ivity even in concentrated solutions, These membranes can be
applied in electrolytic processes (desalting of seawater and brack-
ish water, concentration of electrolytes, etc.).

Besides, researchwork is being done on the development of
membranes with specific selectivity for definite ions or groups of
ions, they show selectivity for ions of the same sign. Various in-
vestigators have measured B.I.P.'s for this kind of membrane in
order to determine its selective properties. In particular the ra-
tio of transference numbers has been derived from these B.I. P.'s
in a wide concentration range. The basis of the relation between
this ratio and the B.I1. P. however, is not yet well established.

In this thesis an attempt will be made to give a critical survey
of the existing formulae for the B.I. P.and to connect the B.1.P.'s
with the ratio of transference numbers in such a way as is theo-
retically justified,




Another object is to examine in how far corrective terms in the
B.1.P. formulae affect the result. A special study was made of
the water transport. Attention is paid to the disturbing factors in
the measurements, particularly boundary-layer phenomena. The
research will be restricted to univalent ions.




I. LITERATURE ON ION SELECTIVE MEMBRANES

B.1.P. measurements are of great importance for the study of
membranes with a specificselectivity. Hence it seems worthwhile
to give in this thesis a brief review of the development of selec-
tive membranes and ion exchange resins which can be used as
base for these membranes.

Though the interest in selective membranes dates from the be-
ginning of this century, serviceable types were not successfully
made until some years ago. The membranes, which were made
earlier were less selective, especially with higher salt concen-
trations, besides they were often mechanically bad and frequently
chemically less resistant. As negative membranes were used a.o,
porcelain plates, asbestos, sintered glass, or collodion and cel-
lophane films. The choice of positive membranes especially was
very limited. Examples are: woollen fabrics impregnated with
gelatine, films dyed with basic dyes, animal membranes such as
hog's bladder and leather. The disadvantage of gelatine and other
animal membranes is that they are amphoteric; they can be used
as positive membranes only in the py region below their iso-elec-
tric points. As for dyed membranes, the dye is sometimes dis-
solved too easily from the film.

The application of ion exchange resins as base for the mem-
branes meant an important progress. An ion exchange resin con-
sists of a macromolecular skeleton, to which dissociable groups
are attached. It swells in water, giving rise to a charged network,
whereas the counterions dissolve in the imbibed water. The ac-
tive groups usually are -SO3H or -COOH groups in the case of
cation exchange resins, and quaternary ammoniumgroups or sec-
undary or tertiary aminogroups in the case of anion exchange
resins. Ounly the counterions can move freely in the water of the
gel. A membrane based on a cation exchanger thus has a nega=
tively charged network and in the ideal case is permeable only
for positive ions.

In the case of an anion exchange membrane the network is pos-
itively charged and the membrane is only permeable for negative
ions. If such a membrane is placed in a salt solution some salt
diffuses into the imbibed water. A Donnan-equilibrium is obtained
and in the membrane as well some ions with the same sign of
charge as the fixed groups (co-ions) occur. These participate in
the electrical transport. Consequently the membrane is less se-
lective with higher salt concentrations. The theory for this kind
of membranes was given by Meyer (1936), Sievers (1936) and
Teorell (1935).

For a high selectivity the membrane must have a high selec-
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tivity constant, i.e. a high concentration of charged groups in the

membrane. For the new types of membranes the leakage caused

by the co-ions is small, even in concentrated solutions, hence it
is possible to measure B.I. P.'s in rather concentrated solutions.

It is possible to make membranes on the basis of ion exchange
resins in various ways:

a. Mixing powdered ion exchange resin with a thermoplast and

moulding at higher temperatures. This method was applied
for the first time by M. R.J. Wyllie and H. W. Patnode (1950).
By so doing heterogeneous membranes are obtained.

b. With a great number of ion exchangers a homogeneous gel
occurs during the preparation. When the necessary precau-
tions are taken, it is often possible to get this gel in the re-
quired shape. This method was first published by T.R. E.
Kressman (1950). Afterwards W.Juda (1949) turned out to
have been the first to apply and patent the method.

Various other techniques have been described. We may mention
cellophane membranes for instance in which selective groups
have been introduced by a chemical procedure, with the aid of the
methylolderivatives of organic acid amides, e.g. betain amide
(P. 1955).

Another promising method is the introduction of active groups
in a hydrophobic film. In this direction much work has been done
by T.N.O. As an example may be mentioned the introduction of
-SO3H groups in a polyethylene film with the aid of chlorosulphonic
acid (P, 1954), The resulting membranes imbibe but little water,
so that a high selectivity constant is obtained.

The selective membranes have been improved recently to such
an extent that their technical application in the near future can be
anticipated. The common types of selective membranes are per-
meable either to positive ions, or to negative ions. The affinify of
a cation exchanger, however, is not equally high for the different
cations. The same holds for the affinity of an anion exchanger for
anions. The following rules can be given(see E.C.Nachod (1949)):
1. At low concentrations and room temperature the affinity in-

creases with increasing charge of the ion. (Nat ¢ Cat+ < AltHt
< Th++++),

2. In dilute solutions the affinity changes in accordance with the
Hofmeister or lyotrophic series: Lit < Nat < K+ < Rb* < CS*,
B Gl OB Gl

3. The affinity for H' respectively OH~ ions depends on the
strength of the acid respectively basic groups.

In some cases small changes in the sequences can occur. Boyd
et al (1954) for instance found that for Dowex 50 (a strongly acid
ion exchanger with -SO3H on polystyrene base) the selectivity for
Na't decreases with respect to HT with decreasing capacity of the
exchanger. Below a certain capacity H%ions are preferred to Na*
Besides the authors observed an influence of the ratio Na*/H* in
the solution and of the number of crosslinks. Consequently mem -
branes made from common types of cation (or anion) exchange
resins also show differences in selectivity for different cations
(or anions).
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However, a much higher selectivity for a definite ion or a
group of ions can be achieved if we start from special ion ex-
changers, with a specific preference for the ion or group of ions
concerned. These specific ion exchangers have been greatly im-
proved in recent years. They can be made according to different
principles:

a) By preparing polymers with active groups having a specific af-
finity for the ion or group of ions concerned.

b) When synthesizing an ion exchange resin, by performing the
polymerisation or polycondensation in the presence of reagents
that are specific for certain ions. The resulting ion exchanger
has an increased selectivity for these ions.

¢) By making use of an ion-sieve effect. Reducing the pore size
of an exchanger, increases its selectivity for small ions.
Membranes based on these particular ionexchangers are called

specific seléctive membranes.

Ad a. Skogseid (1948) introduced in polystyrene, among other
things, hexanitrodiphenylamino groups (reagent for K). The cation
exchange resin obtained showed an increased selectivity for K*-
ions. The selectivity factor, defined as

I ms
KK = m*r( L (1-1)
my, Mg

(r = resin; s = solution; m = molality) reached values ranging from
2 to 5, depending on the molal ratio of Nat* and K* in the solu-
tion.

H.P.Gregor, M. Taifer, L.Citarel and E.I. Becker (1952) syn-
thetized ion-exchange resins in which organic reagents for dif-
ferent metals were introduced. They made for instance resins
based on m. phenylene -diglycine, (CeHg) (NHCHCOOH),;, anthra-
nilic acid, o.aminophenol. Polycondensation was achieved with
formaldehyde. The resins showed increased affinity for Fe, Cu
Co, Ni, Zn, Mg. Also chelating groups of the ethylene-diamine
tetra-acetic acid type were introduced. These exchangers are
selective for Cat*, Mgtt and heavy metal ions.

J.P.Cornaz and H. Deuel (1954) obtained a specific ion exchange
resin for ferri ions by introducing hydroxamic acid groups.
E.Jenckel and H.von Lillin (1954, 1956), synthetized an ion ex-
change resin with selectivity for heavy metals by introducing an-
thranilic acid groups and 8-oxy-quinoline groups. The ion ex-
change resin with anthranilic acid groups is selective for Zn in
particular. The degree of dissociation for both the acid and the
heavy metal salt is @ ¥ 3.10-3, For the Bat* and the Cat+ salt
the same values are found. The conductivity of the heavy metal
salt is 1/1000 of that in the Na* form. In free solutions this ratio
is of the same order.

H.P.Gregor, D.Doler and G. K. Hoeschele (1955) describe an
exchanger consisting of polythiolstyrene. The resin is very se-
lective with respect to metals, forming mercaptides. J.R. Par-
rish (1956) prepared various selective cation-exchange resins on
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the basis of polystyrene. He observed a strong absorption of Hg
by polythiol-methylstyrene. In general the resin had an affinity
for metals forming mercaptides. An ion exchanger containing ar-
sonic acid groups showed no absorption of Zn, Mg, and Ca, where-
as Th was taken up in small amounts. Cu, Ni, and Co were ab-
sorbed strongly in the py region 2-3 on a polystyrene (4-azo-5)
8 -hydroxyquinoline resin. Zn, Mn, Al, Mg, and Ca were not ab-
sorbed below pH 1.5, 2.0, 2.8, 4.0, and 4.8 respectively.

Ad b. V.N.Lenskaya and M.F.Garanina (1955) condensed p-
phenol sulfonic acid with formaldehyde in the presence of oxalic
acid, citric acid or quercetrine. The first two acids gave a resin
with a high affinity for Fe and Al. V.A. Klyachko (1951) added Na
ethylene -diamine tetra-acetate in the preparation of a cation ex-
change resin from phenolsulphonic acid and formaldehyde. The
resin obtained was selective for Cat?,

Ad c. The increase in selectivity for small ions by reducing the
pore size has been mentioned in the literature on several occa-
sions. A well-known example is the collodion membrane. By dry-
ing intensively, its selectivity for small ions increases. The pore
size of ion exchange resins can be decreased by introducing more
crosslinks.

BI-IONIC POTENTIALS

The oldest B.I.P.measurements are due to L. Michaelis (1925a,
1925b, 1925¢, 1926, 1928, 1933), who investigated dried collodion
membranes and used the formula:

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

(maintaining the same concentrations on both sides of the mem-
brane) where u; and up are the ionic mobilities. In Table 1 his
results are given. The ratio u,/uk in the membrane is compared
with that in the solution.

Table 1
Ratios u/ug in a dried collodion membrane and in free solution.
Li Na K Rb H
uy /uk (in membrane) 0.048 | 0.14 | 1 2.8 42 5

u, /ug (in free solution) | 0.52 0.65 | 1 1.04 4.9

s A
In reality Michaelis compared the ratios u;\-//;:(’ where y; and

Yx are the ionic activity coefficients. So it is not clear whether
the large changes of the ratios inthe membrane are due tochanges
in mobility u or to changes in activity coefficient y or to both.
Probably the change in mobility has the greater influence (sieve
effect).
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R.Mond and F.Hoffmann (1928) performed measurements on
collodion membranes dyed with a basic dye, viz. Rhodamine B.
For the sequence of permeability of the anions they found the
Hofmeister or lyotropic series:

SCN > NO3 > J > Br > Cl > acetate > SOq4,
whereas the sequence of the mobilities in free solution is:
SO, > Br> J > C1> NO; » SCN > acetate.

R. Hdber (1936) also investigated collodion- and rhodamine col-

lodion membranes. Regarding the inorganic anions his results
agree with those of Mond and Hoffmann. In addition he found an
irregular behaviour of the organic anions. The permeability of
these ions is large as compared with that of the inorganic anions
of the same volume.
He attributes this phenomenon to a higher adsorbability of these
ions, due to some kind of van der Waals affinity. Moreover he
observed that the anion permeability of the red blood cells is in
many respects consistent with the permeability of the selective
anion permeable collodion membrane.

K.H.Meyer and P, Berunfeld (1945a, 1945b, 1946) measured
B.1.P.'s on frog skin and on different kinds of dyed films, such
as an acetyl cellulose film dyed with the acid dye chloranthin-
lichtrot or with the basic dye Victoria blue. They used the formu-

la:

- RT, wlp 1
E=% In ™ (1-3)

maintaining the same concentrations of the cations M, and M,
respectively on the left and right side of the membrane. 11 and
12 are the partition coefficients (or the ratios of the activity coef-
ficients) of the ions Mt and M7 in the solutions and in the surface-
layers in the membrane. The ratio ui/uz was obtained from se-
lectivity measurements at different concentrations of solutions of
M1 respectively M3 salts. In table 2 their results are given for a
chloranthin-lichtrot-acetyl cellulose membrane.

Table 2
Ratios of mobilities and of partitioncoefficients for a chloranthin-
lichtrot-acetyl cellulose membrane

Me* UMe+ IMe+ UMe+ 1o+
Ugs Igs Uy+ ey
K* 1 1 1
NHY 1.55 1.6 1
Na*t 0.7 0.8 0.9
0.45 0.65 0.7
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The permeability of the frog skin depended strongly on the ppy
of the solution. Placing a Ringer solution on one side of the frog
skin and a KC1 solution on the either side, they found that at pyg =
6.8 the membrane was anion permeable, whereas at pg = 7.8 it
was cation permeable.

K.Sollner and co-workers (1946a, 1946b, 1949a, 1949b, 1950,
1954, 1955) made a thorough study of bi-ionic potentials. They
chiefly experimented with oxydized collodion membranes as nega-
tive and protamine-collodion membranes as positive membranes.
They used the formula:

SRT .t
Sy In %
in which t; and t are the transference numbers ot the ions 1 and
2 in the membrane. As the sequence of permeabilities for the
above -mentioned membranes the Hofmeister series was again
found for univalent inorganic ions.

In the theoretical part of his papers Sollner considers the in-
fluence of: 1) steric hindrance, 2) difference in absorption, 3) dif-
ference in mobility, 4) incomplete dissociation of the active groups,
5) heteroporosity, 6) degree of dissociation of the salts in the so-
lution, 7) shape of the ions. Sollner supposes that an ion with a
higher affinity has a greater part in the transport.

S.Dray and K.Sollner (1955) mention measurements on a sul-
phonated polystyrene-collodion membrane, an oxydized collodion
membrane, a polyacrylic acid collodion membrane and a prota-
mine collodion membrane. For inorganic ions in all cases the
Hofmeister series was found as the sequence of permeabilities.
Moreover they established the fact that the non-critical ion had
no influence on the membrane potential for the membranes in-
vestigated. At low salt concentrations they found lower values for
the B.1.P,'s than predicted by theory. The discrepancies were
considerable especially for membranes with a low resistance,
showing a high diffusion-rate. The authors attribute this phenom-
enon to diffusion layers near the membranes. The effect sets in
at concentration below 0.05 N, it does not vanish entirely by vig-
orous stirring.

M. R.J.Wyllie and S.L.Kanaan (1954) verified experimentally
the correctness of the B.I.P. formula derived by Wyllie (1954).

E (1-4)

LRE

am Um
E_ n——m . ——

F ap tp (1 5)
in which ay and ap are the activities of the ions M respectively
P in the two salt solutions. Wyllie calls Gy and Up the apparent
mobilities of the ions M aund P. This is one of the few examples
in the literature, where a B.I.P. formula was experimentally
tested. Wyllie and Kanaan remark that if Gm/tGp is constant, a
plot of E against In ay, keeping ap coustant must give a straight
line, having a slope corresponding with a change in B.L.P. =
2.3026 RT/F (= 59.16 mV at 25°C) for each tenfold change in ay.
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For the single ion activities they substituted mean activities of
the salt solgtions. In most cases they actually found straight lines
with the correct slope for their membranes, These belonged to
the heterogenous type, consisting of an ion exchanger and a bind-
er. Different combinations were investigated. Wyllie and Kanaan
determined the ratio Gy /fp from the intersection of the straight
line with the abscissa. In this point: i /Gp = ap/aym The authors
found a deviating slope in the case of a sulphonated polystyrene
of 17% nominal divinylbenzene crosslinking. For the system:

KC1 Membr. LiCl
solu. | 17% dvb. | solu.

at constant agc) and varying ajic) they found a change of only 50
mV in B.I. P. for a tenfold change in ajic) . They ascribed this
discrepancy to the approximate nature of the equations and to the
fact that these equations ignore B.I.P. effects resulting from
volume changes in the membrane,

Wyllie and Kanaan substituted the ratio Gy /tp, obtained as
mentioned above in their formula:

Km , Om/de (1-6)

=B

in which kj and kp are the mobilities of the ions M and P in the
membrane and KM is the selectivity constant, defined as

'
S -

P M
My /Mp is the ratio of the concentrations of the ions M and P in
the membrane when this is equilibrated with a solution in which
the mean activities r\?f the ions M and P are a'yand ap respec-
tively. Values for Kp' were taken from the literature. The ratios
Kp/kp calculated in this way were compared with the ratios of
the mobilities obtained from conductivity measurements of the
membrane in the M* respectively P* form. Different combina-
tions of univalent cations were taken. On the whole the agreement
was satisfactory. The H' - Ag"® values are an exception. In this
case the measured ky/ka, values exceed by far those calculated.
From the data gained by \%Vyllie and Kanaan may be concluded that
if an ion is absorbed selectively by the membrane, its mobility
is lowered. As for its contribution to the transport however, the
first factor predominates, so that a higher affinity yields a rela-
tively higher transference number.

D. Woermann, K.F.Bonhoeffer and F.Helfferich (1956) inves-
tigated a membrane consisting of Skogseid's K-selective ion ex-
change resin and polyethylene. The self-diffusion coefficient of
the Nat ions (Dya.) appeared to be 1,2 times that of the K* ions

c

o C
(Ck). The selectivity coefficient K*ém (defined as

in which
CNnaCk
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Ck and Cpng are the concentrations of the Kt respectively Nat
ions in the membrane and cy, and ckg are the corresponding
values in the solution) varied from 3.2 to 2.3, depending on the
mole fraction of the K' ions, at a total concentration of IO'ZN,
(mean value 2.7). The authors also measured B.1.P.'s. For the
scheme:

KC1 KCl a'k ,
Ag lAgCl ‘ a'y i Membr. l NaCl a}, AgCl ‘Ag
they used the formula:
1
Epip = RTT ln 2K
ag + n—DN’ ol aNa (1-8)
K W.Na

when for yk/Yna they substituted KE‘K‘ For a series of meas-
urements at h o'k = 5.1002N and cf + cia = 0.5.10"2N the

agreement between the experimental B.1.P. values and those cal-
culated according the formula (1-8) was satisfactory, if they sub-
stituted Dna/Dk = 1.2 and yk /yna = 1/2.7.

B.I.P. measurements are also used to determine transport
ratios in clay membranes. These investigations are of great im-
portance in agricultural research. C.E.Marshall and W.E. Berg-
man (1942a) tried to measure K ion activities in colloidal clays.
They prepared films from electrodialyzed bentonite according to
the following scheme:

K+t + HY
solu.

K+
0.081 molal

Clay
membrane

and used the (incorrect) formula
_RT 0,0810 s
E=7F W&+ @y fretd

in which (M%) is the molality of the M* ion. They estimated ay:
with the aid of a glass electrode; ag+ was calculated from E and
ayt+. In two subsequent papers C.E.Marshall and W.E. Bergman
(1942b, 1942c) repeated the experiments with NH4" instead of Kt,
They found that high acidities were not tolerated by the mem-
branes which gave erratic results at pg values below 4, It may be
remarked that besides a part of the error was due to the incor-
rect B.1. P, formula used.

C.E.Marshall (1948) considered for various clay membranes
the relation between the differences in differential heats of ab-
sorption of M* or N¥ ions and the ratio um+/un+, where upm+ and
unt+ are the mobilities of the ions M* or N* in the membrane. He
estimated the potential of the cell:




NaCl

Membr.

KCl1

by calculating the heat effects which occur when a small amount
of charge flows through the cell.

4.185 RT , %;Cy
Emembr. = —F (Hct - Hya ) + 55 In 1 (1-10)

in which Hx+ and Hya + are the differential heats of absorption for
the K* respectively Na*t ion. The second term originates from the
osmotic work. Cj and Cz are the concentrations of KCl or NaCl
on either side of the membrane; a4 and as are the corresponding
mean activity coefficients.

For the B.1. P. Marshall used the formula:

ag+ +
E=Eln—K Sk

F aNat  Unat

(1-11)

where, for dilute solutions, he set «1Ci/axCz-equal to ag+/ay,+,
thus:

ugt 4185

RT
i

(Hg+ - Hyg+) (1-12)

Marshall's theory was revised by Coleman (1952) (see below).

Marshall also studied the possibility of using clay membranes
for the determination of the activities of mono- and divalent cat-
ions in solution (K*, NH}, Na‘*, Catt, Mgtt). In a later paper
E.O.McLean, S.A. Barber and C.E.Marshall (1951) described a
method to determine the separate activities in a solution of two
univalent cations. They also performed B.I.P. measurements with
the same salt solutions, but with two membranes, which had dif-
ferent values for uy/uz For the system

I I
Na* | Membr. | Nat + Kt
they used the formula:
E=8L1, Na + (1-13)
F o, ukt I
Na + Ungt - K

aga+ and a:(l+ can be estimated in this way. The authors suc-
ceeded in preparing clay membranes with ug /uns values varying
from 2.5 to 11.7, depending on the preparation. Especially the
temperature to which the membranes were heated is very im-
portant. In reality the authors did not estimate ugk/una., but
ug /UNa X YNa/YK-

N.T. Coleman (1952) remarked that in the thermodynamic de-
rivation of the B.I.P. it was not the difference in heat of absorp-
tion, but the difference in free energy that should be substituted.
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He used the formulae:
AF = -FE (1-14)
and
AF = -RT In K (1-15)

in which K is the equilibrium constant for the exchange of two
ions in a solution with the membrane.

Coleman studied membranes of the heterogeneous type, con-
sisting of a cation exchange resin (Amberlite I.R. 100, I: R, 109,
and I.R. 120) or clay (''Volclay'" bentonite) and polystyrene in a
weight ratio of 6 : 4. With different combinations of univalent
cations such as LiCl-KCl; NaCl-KCl; NH4C1-KC1 he found agree-
ment between the AF values calculated from equilibrium experi-
ments and those from B.I.P. measurements. However, he re-
marks that theoretically this agreement can be expected only
when the mobilities of the two ions in the membrane are equal.

S.K. Bose (1955) studied the Na*/K* reversibility on clay mem-
branes. He investigated a montmorillonite membrane and used
Marshall's formula:

RT L LA (1-11)

E = = '
E aNa+ UNat

In some cases uyg+ /uy, + amounted to about 6.

Water transport through membranes

In deriving their formulae for the dialysis potential and bi-ionic
potential most investigators did not take into account the trans-
port of uncharged particles, e.g. water molecules. The well-known
M.3.T. theory (Meyer (1936), Sievers (1936), Teorell (1935)) for
the dialysis potential neglects water transport, the B.I.P. for-
mulae of Sollner (1949), Marshall (1944), Wyllie (1954) and Helffe -
rich (1956) are derived without considering water transport.

The application of the theory of non-equilibrium thermodyna -
mics emphasized the importance of transport of uncharged par-
ticles for the potential. For electro kinetic effects this theory has
been elaborated by P.Mazur and J. Th.G.Overbeek (1951). For
osmosis by A.J.Staverman (1951a), for the diffusion potential by
E.H.Wiebenga (1946). Staverman (1951b, 1952, 1954) has given
a general survey of the theories applied to membrane processes.

In the theoretical part it will be shown that the effect of un-
charged molecules on the membrane potential is given by the for-
mula:

_RT /‘('x“" ty dilw (1-18)

Staverman's work caused G.Schmid (1950, 1951a, 1951b, 185lec,
1952a, 1952b) to revise his studies on the electrochemistry of

E &
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small pore capillary systems in this respect. It is a well-known
fact, that the theories of Helmholtz (1879) and Smoluchowski (1921)
hold only for capillaries having a diameter large in comparison
with the thickness of the double layer.

G.Schmid, on the contrary, examined the case that the double
layer fills the whole pore, assuming an equal concentration of ac-
tive groups throughout the pore, corresponding with the M.S. T.
theory. Drag effects were accounted for only to a certain extent
in the formulae of Helmholtz and Smoluchowski. Schmid in his
initial work neglected solvent transport entirely and later on
(1952b) he examined in how far it had influenced his results. It
appeared that the formula for electro osmotic permeability, like
that for the streaming-current, was not affected. In the formulae
for the electro osmotic pressure per unit of voltage and for the
streaming-potential the corrections turned out to cancel exactly,
only in the formula for the electro osmotic pressure per unit of
current a correction had to be made. This brought Schmid's for-
mulae in full accord with the relations derived from irreversible
thermodynamics.

Deriving his formula for the B.I.P. Scatchard (1953) did take
account of water transport. For the calculation of the dialysis
potential the influence of water transport has been considered also
by J.W. Lorimer, E,I. Boterenbrood and J.J. Hermans (1956).

There is a more practical reason as well for water transport
through membranes to arouse interest. In the electro-dialytical
water desalting, transport of water takes place from the dialysate
to the concentrate. In desalting sea-water, this can cause a loss
amounting to 20% of the original volume of water, resulting in a
considerable economical come down,

The electro-osmosis has been studied for a long time. The
phenomenon was discovered by F.F.Reuss (1809). Later on in-
vestigations were made by G.Wiedeman (1852) and G.Quincke
(1859, 1861). A. Bethe and T. Toropoff (1915) studied the phencme-
non on different types of membranes. For the chromegelatine
membrane they found that the direction and the extent of water
transportdepended on the py of the solution. At a low pPH the water
was transported in the direction of the anode, at a higher pH in
the direction of the cathode.

The authors placed the membrane between two half-cells pro-
vided with capillaries. The solvent transport was derived from
the displacement of the meniscus in either capillary. H. Remy and
H. Reisner (1926) did measurements on a parchment membrane at
a high salt concentration. They also used the capillary method.
The transport of water not bound to the ions can be neglected in
this case. The water displacement observed depends on the hydra-
tion water of the ions and their transference numbers. Similarly,
E. Manegold and K.Solf (1931) carried out experiments on collo-
dion membranes with the aid of the capillary method. Especially
the connection between watertransport and pore-diameter was
examined. Their experimental results did not agree with the
Helmholtz -Smoluchowski formulae. However, G.Schmid (1951a)
showed that these results could be explained by his theory.
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In a review paper on ion exchange by W. Juda, J.A.Marinsky,
and N.W. Rosenberg (1953), Rosenberg's measurements of water
transport through a Nepton CR-51 membrane are reproduced.
(Presented at Gordon Research Conf. on ion-exchange, New Lon-
don, N.H.July 16-20, 1951). This membrane is a homogeneous
gel (supported by a saran screen) of a cation exchange resin with
sulphonic acid groups. The water transport was measured ac-
cording to the capillary method. For the Nepton CR 51-NaCl sys-
tem the transference numbers of the Na't ions and of water were
measured. The 'dynamic' transference numbers

d meq.Na _ d NV _ v OGN +NdV
d meq.el d meq. el d meq.el d meq.el

t+ = (1-17)
were compared with the transference numbers from e.m.f. meas-
urements. £

N = normality of NaCl in the external solution.

V = volume of solution in the cell.

The author states that the agreement between the "dynamic"
transference numbers and those calculated from e.m. f. measure-
ments was good. However, it may be remarked that the trans-
ference numbers he obtained from e, m.f{. measurements are Hit-
torf transference numbers, whereas the ''dynamic' ones corre-
spond to true transference numbers. Consequently the influence
of the water transport on the e. m.f. must have been small. In 0.1
N NaCl and 0.03 NNaCl the water transport amounted to 17 mole
H,O /Far.

W.F.Graydon and R.J.Stewart (1955) calculated the water
transport from membrane potential measurements. The mem-
branes investigated were prepared by the copolymerization of the
propylester of p-styrene sulphonic acid with styrene and divinyl-
benzene and subsequent hydrolysis of the polymer. The deviations
from the ideal membrane potential are due to transport of co-ions
and of water. The transport number of the co-ions was calculated
with the aid of the M.S. T. theory. The rest of the deviation gives
the water transport. For their membranes the authors found:

tw = K (Wp /X1) (1-18)

Wp

X1 = nominal cross-linking in mole % divinylbenzene.

grams of water per gram of dry membrane.

A.G.Winger, R.Ferguson and R. Kunin (1956) applied an other
technique for measuring the water transport. They estimated the
total change in the number of ions and the quantity of water on
both sides of the membrane during the electrolysis by transmit-
ting the contents of a cell in a "vacuum line trap' which had been
weighed before. An accuracy of + 3% is given. The Amberplex C 1
membrane was investigated. It is a heterogeneous membrane,
consisting of a cation exchange resin with polyethylene as a bind-
er. The relation between the extent of the water transport and the
number of crosslinks was examined. The water transport did not
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prove to be proportional to the water content of the membrane.
There was an approximate proportionality between the mobility of
the ion and the reciprocal of the water transport of the ion for
univalent cations, however. Ions with the highest 'true' hydra-
tion numbers gave the highest values of the water transport num-
bers.

A .Despi¢ and G.J. Hills (1956) made water transport measure -
ments on a membrane composed of crosslinked polymethacrylic
acid. Their apparatus consisted of two half-cells, either of which
contained about one liter, with two vertical capillaries. They used
two non-reversible electrodes. The gas bubbles forming during
the experiment escaped up the capillaries. The authors estimated
the mobility of the Na* ion from conductivity measurements and
also from self -diffusion experiments. The latter values are smal-
ler, the difference being caused by the movement of the water
during the conductivity measurements. The authors devided the
water transport in a part originating from the '"free' water mole-
cules, and a part originating from the hydration water of the Na‘
ion. A primary solvation number of 9 for the Nat ions in the
membrane phase was found.
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II. THEORY

The oldest formula for the bi-ionic potential was derived by
Michaelis (1926, 1929).

Michaelis looked upon his membrane as a pore system in which
the mobility 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 walls. His cell consisted of a mem-
brane separating two simple uni-univalent salt solutions of equal
concentration with different "critical" ions. He started from the
quasi-thermodynamic rule that in the steady state the change in
free energy equals the electrical work, when an infinitely small
displacement of electrical charge takes place. Michaelis consid-
ered ideal solutions and neglected transport of water. He assumed
constant mobilities of the two 'critical" ions in the membrane.
Though his calculation was not quite correct, Michaelis obtained
for his model the right formula, viz.

Ep.yp. = (RT/F lnuy/up) (1-2)

in which u; and uz are the mobilities of the two "critical" ions
1 and 2 in the membrane, R is the gas constant, T the absolute
temperature and F the faraday. His formula only holds if the sum
of the concentrations of the "critical" ions is constant across the
membrane: C; + Cz = C.

K. Sollner (1949a, 1949b) essentially used the same model as
Michaelis, However, Sollner replaces the ratio of the mobilities
by the ratio of the transference numbers, without proving that
this is permissible.

Ep.pp. = (RT/F) Inty/ty (1-4)

t; and tp are the transference numbers of the "eritical' ions 1 and
2 in the membrane. Sollner supposes that the membrane contains
a mixture of the two solutions.

C.E.Marshall (1944), who in the main investigated clay mem-
branes, does not give a clear model of these membranes. He
looked upon the B.I.P. as a liquid junction potential and applied
Henderson's (1907, 1908) formula in a straight-forward manner.
This implies ideal solutions and constant mobilities of the ions in
the membrane and the neglect of solvent transport, Marshall sup-
poses that the mobility of the negative ions in the membrane is
zero. He incorrectly substitutes activities for concentrations in
the Henderson diffusion potential formula. In the case of simple
uni-univalent salt solutions separated by the membrane, his result
is:
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~ <1a1' oo 2-1
E-(RT/P)na?-E (2-1)

ai' and a;' are the activities of the ions 1 and 2 in the solutions
1 and 2, separated by the membrane, u; and u; are the mobilities
of the ions 1 and 2 in the membrane.

M. R.J. Wyllie (1954a, 1954b) derived a B.I.P. formula for a
perfectly selective ion exchange membrane. The model used by
him is a macromolecular network to which fixed charges are at-+
tached, imbibed with water., A constant concentration of these ac-
tive groups is assumed. The mobility of the co-ions in the mem-
brane (ions with the same kind of charge as the active groups) is
supposed to be zero. This model corresponds to that of Meyer
(1936), Sievers (1936) and Teorell (1935). Like Meyer, Sievers
and Teorell in their derivation of the concentration potential for-
mula, Wyllie split up the membrane potential in two phase boun-
dary or Donnan potentials, situated in the membrane surfaces,
and a liquid junction potential within the membrane itself. Calcu-
lating the liquid junction potential he used the Henderson formula,
in which he incorrectly substituted activities for concentrations.
He obtained:

RT a;' ap' ajuy
= — — + -
Eg 1.p. ¥ L In 3 In o In a0 (2-2)
in which a' and az' are the activities of the "critical” ions in the
solutions, separated by the membrane, while aj and ajzare the
activities of these ions in the membrane surfaces in contact with
the respective solutions. Thus:

a' uy

- RT
Epip. =F In 2, U,

(2-3)
The rest of Wyllie's argument is not very exact. He states that as
a result of preferent adsorption of one ion the distribution of ions
in the liquid junction may be very different from that assumed in
the derivation of the Henderson equation. Therefore Wyllie calls
uy and uz "apparent' mobilities, and replaces the ratio uj/uz by
ti1/ta, the ratio of the trar‘x(sfex‘ence numbers in the membrane,
I

For ti1/t; he writes: Fn% x-k—;. my/mp he calls the steady state
equilibrium concentration ratio of the ions 1 and 2 in the junction
zone (the meaning of this statement is not clear), and k1/kp is the
ratio of the conductivities of the membrane when fully in the 1 or
2 form. For mi/mj Wyllie substitutes Kzl, the selectivity constant,
defined as:

3. My ap
}\zz—Nl—z-?l'—. (1_7)

in which M; /M2 is the ratio of the concentrations of the ions 1
and 2 in the membrane when this is equilibrated with a solution
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in which the mean activities of the ions 1 and 2 are a;' and az'+ -
respectively. His ultimate result is:

1I

a
Eprp. = (RT/E)In ks K. k/k, (2-4)

Much of the intricacy of Wyllie's paper is caused by the incorrect
substitution in the Henderson formula.Correct use of this formula
gives, instead of (2-4):

X ai
ERLe o ARL RIS I e i e (2-5)

in which Cj and Cz are the concentrations of the ions 1l and 2 in
the membrane surfaces in contact with the respective solutions.
Now Ci = a1/y1* and Cp = az/y2¥ . V1% is the activity coefficient
of the ions 1 in the membrane face in contact with solution 1 y2®
is the activity coefficient of the ions 2 in the membrane face in
contact with solution 2. Thus:

o ar' ug y2%
Eg1p. = (RT/F) ln oy @ (2-6)
Application of the Henderson's diffusion potential formula implies
the assumption that u; and uz are constant across the membrane.
Below it will be shown that under some additional assumptions
formula (2-6) is identical with that of Wyllie. We must remark
that also in Wyllie's calculations the transport of water has been
neglected.
G.Scatchard (1953) in this study on B.I1.P.'s also used the ion
exchange membrane model. He started from the quasimthermo-
dynamic equation

E = RT/F '['1‘” Zit;dlna;j (2-7)

t; = transference number of ion i, i.e. the number of moles of
species i transferred when one faraday of electricity goes
through the membrane.

aj = activity of ion i.

For a cation exchange membrane, separating two solutions with

different "critical' ions, but with one common anion, he derived

the formula:

RT [ az' u¥ % w Zf my u; dlnu; /Y q

- B T a,' ufFy® gy I m; uy
w %:m; u; dlna; a .
+fa £ i 1*1 i X+JU) twdlna.w:] (2-8)

ai', ap', uy, vy Y;, m;, u; have the usual meaning. ;% isthe
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activity coefficient of the ions 1 in the membrane face near solu-
tion 1; Y, is the corresponding value for the ions 2; t, = trans-

ference number of the common negative ion in the membrane;
tw = transference number of water in the membrane; ay = activity
of water in the membrane; Z; indicates summation over positive
ions.

The first term in Scatchard's formula is the main term, the
others are correction terms. The firstof these is a correction for
the change in mobilities and activity coefficients in the membrane,
the second accounts for the transport by the negative ion and the
third is a correction for the water transport. As Scatchard gives
little more than the final result of his calculation, the derivation
of his formula will be given in appendix 1.

Neglecting the first correction term means that u; /y; and uz/yz
are assumed constant across the whole membrane. Then, instead
of u1® /y;* and uz’/y;¥ we may write uy/y; and u,/y,. This is of
interest for the comparison of B.I1.P.'s and transport ratios.
These conditions also make the formulae (2-6) and (2-4) identical
to each other. Though essentially the same result is obtained as
in splitting up the potential in two Donnan potentials and a diffu-
sion potential, Scatchard's approach gives a good idea of the im-
portance of the correction terms.

F. Helfferich (1956) also started from the ion exchange mem-
brane model. He split up the B.1.P. in two Donnan potentials and
a diffusion potential. For the calculation of the latter he used the
Nernst-Planck flux equation:

3.C B0 Rt F o3 E)
i i(ax xR Ry (2-9)
®; = flux of ion i.
D; = diffusion coefficient of ion i in the membrane.
E = electrical potential.

He assumes the membrane non-permeable for anions, thus the
flux of the common anion ®x = 0. On account of electroneutrality
Zi®; = 0 (only univalent ions are present). Assuming, that the
total cation concentration is constant throughout the membrane,
i.e..Cy + C; = C, and also that D;/D; is constant, Helfferich finds
for the diffusion potential, considering the steady state:

Baitr, = RT/F [ InDa/Dy - [© (t1dlnyy +tpd In Y2 (2-10)

t1 and t; are the transference numbers of the ions 1 and 2 in the
membrane. The first term equals the Henderson diffusion poten-
tial. Adding the two Donnan potentials, he gets:

az' D y4% -j-“’ (tydlnyy +tpdIn Yz)] (2-11)

Eg.1p. =RT/F [m a D, @ ‘u

in which the symbols have their usual meaning.
Helfferich's assumption that D;/D; is constant was introduced
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to simplify the calculation. Though there is some evidence from
the literature that this is approximately correct in some instances
this simplification need not be introduced a priori. Therefore we
have given in appendix 2 another calculation, avoiding this as-
sumption. As a result the same formula as Scatchard's is obtain-
ed, except for correction for water transport and transport by the
negative ion.

Summarizing we may say that Scatchard has given the most ac-
curate derivation, but the approaches of Sollner, Wyllie and
Helfferich, except for correction terms, give about the same
result.

It is possible to introduce a further improvement of the theory.
Scatchard's starting point was the quasi-thermodynamical formula
for the membrane potential.

E = RT/[“/(L‘“) Z; t; d ln a; (2-7)

in which t; is the number of moles of ion i transported from & to
was a result of the passage of one Faraday of charge. Deriving
this formula, one supposes that at current passage the work done
on the cell equals the increase in free energy caused by the trans-
port of matter due to this passage of current. This supposition is
disputable. Application of non-equilibrium thermodynamics (see
P. Mazur and J.Th.G.Overbeek (1951), A.J.Staverman (1951a,
1951b, 1952)), however, has given a more solid base to this for-
mula.

In this theory a system of forces Xi working on the ions, and
the corresponding currents J; is introduced in such a way, that
the entropy production per unit of time can be written:

ds /dt =2y Xy Ji (2'12)
Choosing for the currents n; (i.e. dn/dt, the number of mole-

cules of the ith component passing per second through the mem-
brane), we get for the corresponding forces:

XiZZiE+ViP+Au-‘ (2-13)
z; = charge of ion i.
E = electrical potential difference.
P = pressure difference.
vi = partial volume of ion i.
4; = chemical potential of ion i.

is assumed that the occurring streams are proportional to
the forces (linear region), thus:

—
-

iy = Iy Lk Xy

hi 2‘}( [Jik (ZkE o ka + Auk) (2‘14)

According to Onsager's fundamental law:
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I—‘ik = Lkl (2‘15)
To describe the membrane processes the phenomenological con-

stants are used. They are functions of the L 's.
For example, the electrical conductivity is:

L = (I/E)p=0, Ap=0 (2-16)

1/E Z z; 1; (P=0, Ap=0)

= Zj Zx Lik 2 2k (2-17)

The electrical transport number is:

T 2 ( Zi ﬁi) v Ik Lk 2g (2-18)
i z; 0 Ap=0, P=0 Lg

The reduced transport number or transference number is:
ti = Tifzi = 1/Lg . ZxLik 2z
In another type of experiment we measure the potential dif-

ference when P = 0 while the Apy's are different from Zero, so
that

I=2izi i =% 2 Ly z; zE + 5 I Lk z; Apy

In the absence of an electric current, i.e. when I = 0, this gives:
% Ik Lik zi Opx
© LIy Lk 2 2

Lg Zxty Ap
= - ELER k= - Zk tkAuk (2—1())

From this can be concluded that for the calculation of the mem-
brane potential the summation has to include the uncharged com-
ponents. Formula (2-19) cannot simply be applied to calculate the
bi-ionic potential, since in this case two of the Apy's are infinite.
The reason is, that non-equilibrium thermodynamics may be ap-
plied only to systems with small deviations from the equilibrium
state. Staverman (1956) has solved this difficulty by dividing the
membrane in a great number of layers parallel to the membrane
face, which are so thin that the change in thermodynamic potential
is small when passing from one side of the layer to the other. How-
ever, it must then be assumed that the ion concentrations change
gradually from one layer to the next. The B.1.P. is found by cal-
culating the potential differences across the separate layers and
integrating over the total membrane thickness.Staverman has re-
marked that this treatment is identical in practice with Scat-
chard's (1953).
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Appendix I

Derivation of Scatchard's B.I. P. formula
Scatchard considers a perfectly cationselective membrane, sepa-
rating two mixtures of uni-univalent ions with one common anion,

RT (@
E ='17f<1 %, t; dlna; (2-7)

+
Zitjdlna; = X:tidlnai+txd1nax+twdlnaw

t, = transference number of the common negative ion,
ty = transference number of water.
$} = indicates summation over positive ions,
2 A i m; u; d1n ag i o
itidlng = Y nay +t na
1 1 zl ml ul 2.9 X w w
+
I;my u; dln gy
=i At By) YT m; U, +tydlnay +tydlnay
i my ug 1 1+t
<as — -t =1— )
Ei m; Wy Zi mj; Uj E my Ui

Ly m; u; d In m; Yi+t £im; u; d ln a; ax

+ X ¥
7 my uy L m; uy

wd lnag,

i m; u; d In my u; Z m,uldlnu‘/y,

E: mj uj E mi uij

"

Zimiu; dlnaj ax
+ 1
% i m; oy

+t,d lna,

Limiu; dInu/yi
+

3
=d ln (Z; mj u;) - TF m; u;

4
Zim; u; d In a; ax

+ .
- T o U twd In ay
Introducing a standard ion s with mobility u; and activity coef-
ficient y,, one gets:

F .ouy Ys  Zimyou dloug/u. Ys/Y
ﬁ.EB‘l'P' =dln£iai-u—s-.—- %

Yi i m; uj
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Efmi uj dIn aj adg
Z:’ mj; Uy

5

+t,d ln a, (2-20)

Appendix 2

Calculation of the B.I.P. using the Nernst-Planck flux equation
and avoiding the assumption D;/D; is constant.

Cl BInYI

9 F 3E
® = - Dy Sx —chl—ax—- D Cy RT 3x (2-21)
2C2 oln y2 F 3E
o, = —&-B—X—-DZCZB—X‘ D,C, 2RT 5x
P11+ $2=0
We introduce the new variables Di/y:1 = pi1 and D2/Y2= py, Wwhich
gives in the steady state:
d C d Dy d ln p; . F dE
©=-Dig--Ci gy * DG~ — - DCipTax
d C2 d Dy d In p2 F dE
®2= - Doy~ - Cagg + Dela—q— - DeCa gy
d(CiDy+ C2D CiD;d In & d In
F/RTdE=—,(ll 22)+‘11 B ‘2Dz P2
CiDy + GDs CiD; + C3Dy CiD; + CDy
_RT D¥ ¥ f Dy | D,
E—_F— 'lnTa t;dln—+[ t, nT;
Adding the two Donnan potentials results in:
N al’ D(ll Y%J W D2
EB.I.P. —ire T In W+I t d ln e f tzd In 72—(2‘22)

Apart from correction for water transport and transport by the
negative ion this formula is identical with Scatchard's. This is
not very surprising, as the flux equations in the steady state in
this case are equivalent with the Nernst equation, for:

. olna F °E
®1=-D1[:C1 ?:x1 LR c\{]
dln ap E 3
"2“"2[ C2—x +C2ﬁ'§} (@ned)

P+ @2=0
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In the steady state:

/RT dE P Dy Cy d In a i D,;C, dlnaj
" DiCy + DC,  dx D,Cy + D,C, dx
~dE , dlnay d ln ap
F/RT 3= =ty ——+t3—5—,
s RT
thus: E = i j; t; d In a;

The equations (2-23) are a special case of the more general
phenomenological equations of irreversible thermodynamics; this
explains the formal equivalence between the equations (2-23) and
that of Scatchard.




Checking the theory

In the case of a membrane separating two uni-univalent salt
solutions we found for the B.1. P.

_RT ap' udy
EB.I,P. S In ar + In uq'qu""

[w Z; m; u; d In uj fyi

o zr mi U.i (2“8)
w IL'm; u; dlna; a W
1 1 1 1 X
+'{Ct b i my +fa b in awj|

Neglecting correction terms for the moment, Wyllie's technique
(1954b) is the best way to check this formula. In his technique the
concentration of one of the solutions is kept constant. Plotting the
measured B.1.P. against the logarithm of the varying activity, in
the first place the result should be a straight line with a slope
corresponding to a change of B.I.P. of 58 mV for each tenfold
change in activity. In the second place: at the intersection of the
straight line with the abscissa we must have

ug. v¥ - fua vl 2"
L) B ‘Y%} Uy Y2 azl E=0

Uz Y1/ui Y2 can be derived from transference number measure -
ments. Here the membrane is placed in a solution of a mixture of
the two salts. At current passage the ratio of the transference
numbers of the ions 1 and 2 is:

-8

h_ulc,

ta uze

u; and ¢; are the mobility and the concentration of the ion i in the
membrane. Or also

bt _uiYz a
t2 uzy; a;

Now, according to Donnan's law:

where a;' and a,' are the activities of the ions 1 and 2 in the so-
lutions. Besides the ratio uj/uzcan be estimated from conductiv-
ity measurements and y3/y; from selectivity measurements, pro-
vided we may assume uj, up, Y1 and yzto be constant across the
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whole membrane. This goes further than Scatchard's assump-
tions: uy /y; = Py and uz/yz = Pa.

The correction terms

Calculation of the first correction term is very difficult, as the
concentrations, the mobilities and the activity coefficients of the
separate ions have to be known throughout the whole membrane.
The second correction term originating from transport by the
negative ion can be neglected if the selectivity constant (defined
according to the M.S.T. theory, i.e. the concentration of active
groups in the membrane) of the membrane is high compared with
the activities of the external solutions. The correction term for
the water transport f&“ tyd ln a, can be estimated by measuring
water transport numbers. From the literature it can be learned
that the water transport number depends only to a small extent on
the current density and the external concentration. An estimate of
this correction term can be made by taking twln aw “/aw®*, where
ty is the mean value of the water transport number in the mem-
brane, equilibrated with a solution of the ions 1 and 2 respective -

ly.
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III. EXPERIMENTS

1, Membranes

We tried to include in our investigation as many different types
of membranes as possible. In general one can divide the mem-
branes according to their structure into homogeneous and hetero-
geheous membranes, or according to the nature of their network
into hydrophylic and hydrophobic membranes.

1. Hydrophilic type. In a permeable hydrophilic membrane ac-
tive groups are introduced in a chemical way. The resistance of
this type can be very low, but the selectivity in concentrated salt
solutions is mostly poor.

2. Hydrophobic type. A hydrophobic sheet is treated chemically
to introduce positive or negative groups. The resistance may be
very low, especially if one starts from a thin film. Selectivity
can be very high, even in concentrated salt solutions.

3. Homogeneous type. The membrane consists of a continuous
gel of an ion exchange resin. The resistance of this type is most-
ly low, but the mechanical properties are often poor.

4. Heterogeneous type. The membrane consists of a powdered
ion exchange resin and a binder. It has a somewhat higher resis-
tance, but also a high selectivity in concentrated solutions.

Further one can distinguish the membranes according to their
active groups. Our research included the -SO3H, the -OP(O)(OHj3)
and the -COOH groups. We will now give a brief description of
the membranes used.

a. A 58. This is a cellophane-type membrane, obtained by
treatment of a cellophane film with the dimethylol compound of
adipamide - x a' disulfonic acid (Brit. 733, 100). The properties
of this membrane are as follows:

Capacity: 0.27 mgaeq /gram dry.

Resistance in 0.1 N NaCl solution 20 Q cm?.

Thickness 0.15 mm.

Watercontent 33% of dry weight.

b. A 71. Also a cellophane type membrane, containing how-
ever, phosphate groups. It is obtained by impregnating a cello-
phane film with a solution of urea and diammoniumphosphate, fol-
lowed by curing. To decrease swelling in water, it can be cross-
linked afterwards with dimethyloladipamide. The membrane has
the following properties:

Capacity: 0.42 mgaeq/gram dry.

Resistance in 0.1 N NaCl solution 20 Q cm?2.

Thickness 0.17 mm.

Watercontent 45% of dry weight.
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c. Dowex 50-polyethylene membrane. A heterogeneous mem-
brane, containing -SO3H groups, obtained by mixing powdered
Dowex 50 with polyethylene in a weight ratio of 2 to 1, followed by
moulding at a higher temperature (Brit. 719, 315), Properties:

Capacity: 2.0 mgaeq/gram dry.

Resistance in 0.1 N NaCl solution 19 Q@ cm?.

Thickness 0.57 mm.,

Watercontent 37% of dry weight.

d. Amberlite IRC 50-polyethylene membrane. A heterogeneous
membrane, containing -COOH groups, also made according to
Brit. 719, 315. Properties:

Capacity: 3.3 mgaeq/gram dry.

Resistance in 0.1 N NaCl solution 2 Q cm?2.

Thickness 0.47 mm.

Watercontent 24% of dry weight.

e. Stamex K. A hydrophobic-type membrane, containing -SO;H
groups, obtained by sulphonating a polyethylene film with the aid
of chlorsulphonic acid (Dutch Appl. 180, 986). Properties:

Capacity: 1.1 mgaeq/gram dry.

Resistance in 0.1 N NaCl solution 13 Q cm?.

Watercontent 14% of dry weight.

N.B. As the properties of the membranes vary somewhat from
one case to another, the data given above have to be considered
as average values.

2, Bi-ionic potential measurements

The technique of these measurements has been described al-

ready in the contribution of Bergsma and Staverman (1956) to the
symposium of the Faraday Society on membrane phenomena in
Nottingham. The membrane is clamped between the ground-in
flanges of two glass cells, containing salt solutions with different
cations. The cells form part of a circuit in which the solutions
(volume 60 cm3) were circulated with a velocity of about 2 1/h.
The potentials are measured with a lampvolt meter with compen-
sator (accuracy 0.1 mV). For the chloride solutions calomel and
silverchloride electrodes were used. The AgCl electrodes were
prepared according to directions of A.S. Brown (1934).

Measurements with the two different kinds of electrodes were
made to check the results. Often a difference of 1 a2 mV was
found between both measurements. We did not investigate whether
this effect was caused by an incomplete reversible behaviour of
the AgCl electrode or by the diffusion potential at the calomel
electrode, but made separate plots of the two series of measure-
ments. For the solutions with silvernitrate we used calomel elec-
trodes provided with a saturated ammoniumnitrate bridge to pre-
vent precipitation of Ag. The mutual differences of the electrodes
were compensated by regularly changing them, taking the average
of both potential values. The following combinations of electrol-
ytes were used:




AgNO; - HNO;.
AgNO; - NaNOs.
NaCl - HCL.
NaCl - KCl.

The Ag"-ion was chosen on account of its great affinity to many
ion exchange resins. The H*-ion has a great affinity to cation ex-
change resins with weak acid groups and a small affinity to cation
exchange resins with strong acid groups. The used chemicals
were p.a. qualities of Merck's (for the KCl) and of May and
Baker's (for the other electrolytes).

The B.I.P.'s were plotted against the logarithm of the activity
of one of the electrolytes, leaving constant the other solution,
following a procedure of Wyllie's (1954) (see fig. 2 to 11). In all
plots the arrows indicate the theoretical slope. From these plots
the ratio of transference numbers in the membrane can be cal-
culated. At the point of intersection of the straight lines with the
abscissa

since at that point Eg ; p. = 0.

The constant solution in most cases had a normality of 0.01.
This low concentration was chosen to meet the requirement of
complete selectivity of the membranes. As is shown in fig. 12,
the cellophane-type membranes in particular lose their selectiv-
ity at higher salt concentrations. However, low concentrations
have the disadvantage that diffusion layers near the membrane
may influence the membrane potential (see the discussion remark
by F.Helfferich at the Nottingham symposium on membrane phe -
nomena (1956b)). Therefore a number of measurements were re-
peated with higher flow rates, namely 30 1/h (see fig. 13 to 18).
For the higher selective membraunes it is possible to measure
with more concentrated solutions. For some of these membranes
we made additional B.I.P. measurements, in which the constant
concentration was kept at 0.1 N or 0.05 N. Also in these cases the
B.I.P. measurements at flow rates of 2 1/h and 30 1/h were com -
pared (see fig. 19 to 24).

Measuring B.1.P.'s, a stationary state has to be established
across the membrane. To that end the membrane was previously
shaken for some hours in the solution that is kept constant during
a series of measurements. This solution was replaced several
times. After that the membrane was mounted in the apparatus
and the two solutions were circulated for several hours along the
membrane. Both solutions were replaced several times. Poten-
tials were then read every five minutes. Measurements were con-
tinued for about one hour. Also during this time the solutions
were renewed occasionally. The membrane potential should not
change systematically in the course of time, so that one can as-
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sume that equilibrium has been established. Only when mem-
branes come into equilibrium with solutions very slowly are in-
correct results obtained (examples of that were given at the Not-
tingham symposium; see G.Scatchard and F.Helfferich (1956),
D. Hutchings and R. J. P. Williams (1956)). A very slow establish-
ment of equilibrium occurs for instance if a "strange'' ion is pre-
sent in the membrane, showing a great affinity to the active
groups. Some examples of this occurring are given in the litera-
ture. Scatchard and Helfferich (1956) call: Wyllie (1952), Coleman
(1953), Scatchard (1954, 1955). As an accompanying phenomenon
a straight line with a slope, deviating from the theoretical one,
occurs in that case, We could demonstrate this effect on a cel-
lophane -type membrane, used previously in solutions containing
Agt-ions. An A 58 membrane was first brought ta equilibrium
between a 0.01 N HNO3z solution on one side and a 0.01 N AgNO;
solution on the other side by circulating these solutions for sev-
eral hours along the membrane. After that the membrane was
rinsed with distilled water in the apparatus for some hours. Then
a series of B.1.P. measurements were carried out in the usual
way with the HC1/M/NaClsystem in which the constant concentra-
tion was kept at 0.01 N. The results are given in fig. 19.

3. Transport number measurements

These experiments have also been described in our paper for
the Nottingham symposium. Originally the measurements were
carried out in a two-cell electrolysis apparatus with a Ag anode
and a AgCl cathode. However, reproducibility was rather poor.
For this two reasons can be given:

1. It is possible that the electrodes are not perfectly reversible.
2. Some absorption of electrolyte on the formed AgCl layer may
occur,

Satisfactory results were obtained, using a multicell, schematic=-
ally shown in fig.1l. The membrane (3:4) was the negative mem-
brane to be tested. Membranes (2:3) and (4:5) were positive
membranes with high selectivity, ounly permeable to anions. In
the beginning, cells 2, 3, 4 and 5 were filled with solutions of
identical composition, containing two kinds of cations in equal
concentration and a total conceuntration of 0.1 N. The cells 3 and 4
each form part of a circuit of 60 cm3 volume in which the solu-
tions are circulated with a velocity of 2 1/h. Cells 2 and 5 are
rinsed with the same solution as is present in the beginning in
cells 3 and 4. The electrode cells are rinsed with 0.1 N NaNQO3
solution. Membranes (1:2) and (5:6) are negative membranes.
However, using Ag' solutions, (5:6) is replaced by a positive
membrane in order to prevent precipitation of Ag in the cathode
cell, The effective area of each membrane was 40 cm2. The cur-
rent density was 0.5 mA /cm2. After passage of a known amount
of electricity, the contents of cells 3 and 4 were transferred sep-
arately and quantitatively into standard flasks. The total amount
of either kind of cations was determined. In this way true trans-
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ference numbers were determined. In order to check the results,
a balance was made afterwards of the total amount of ions of ei-
ther kind in cells 3 and 4 together. The membrane investigated
had previously been equilibrated by shaking for some hours with
the relevant salt solution. Nevertheless a small loss of cations
was found in the first experiments. Apparently equilibrium had
not been established completely,

The composition of the salt mixture was determined as follows:
in the mixture HNO3 + AgNO3, the amounts of cations were deter-
mined directly. In the mixtures HCl + KCl and AgNO3z + NaNO3 ,
the first cation and the total amount of anion were determined and
the second cation was calculated by subtraction. H*, Ag* and C1°
were determined by titration, NO3~ by means of a column of
Dowex 50 (see Samuelson (1954)). In the mixture KC1 + NaCl the
concentrations of K* and Nat were determined spectrophotome-
trically. For checking, the sum was compared with total CI7,
found by titration.

The tables 3 to 6 give the ratios uj yz/upy; obtained from
B.1.P. measurements and from transport measurements. For
purposes of comparison, the ratios of the equivalent conductivities
at infinite dilution are also given.

- u; Y2
Iransport ratios" ——
uz2.v1

Table 3
Upgt - Yt
Ugg+ Y/\g*’
ratio of limiting equivalent conductivities is 0.18

membrane transport measurement 230 B

Dowex 50 0.57 +£ 0,05 0.45 + 0.04
Stamex K 0.53 + 0.04 § +0.04
A 58 0.34 + 0.02 3 0.02
ATl 0.31 £0.01 ; 0.02
IRC 50 0.17 + 0.01 0.01
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Table 4

UNat- - YAg"’

uAg+ 3 YN:d’

ratio of limiting equivalent conductivities is 0.81

membrane transport measurement 1234 (50 S

Dowex 50 0.62 + 0.02 0.76 +£ 0.04

Stamex 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
Table 5

Una+ - YH+

U+ . YNa+t

14

ratio of limiting equivalent conductivities is 0.
membrane transport measurement B, L. Px
Dowex 50 0.36 + 0.04 0.19 + 0.01
Stamex K 0.25 + 0.03 0.21 + 0.01
A 58 0.27 £ 0.03 0.12 £ 0.01
ATl 0.18 + 0.03 0.14 + 0.02
IRC 50 0.17 + 0.03 0.10 + 0.01

Table 6

UNat - Ykt
UK+ . YNat

ratio of limiting equivalent conductivities is 0.68

membrane

transport measurement

BLEP

Dowex 50
Stamex K
A 58
ATl

IRC 50

0.73 £ 0.04
0.63 +£ 0.09
0.65 £ 0.07
0.72 + 0,08
0.48 + 0.07

I+

0.64 + 0.05
0.65 + 0.04
0.65 + 0.08
0.61 + 0.08
0.48 + 0.04
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Remarks:

1. In the series Ag*/H" the Dowex 50 and Stamex K membrane
were investigated at a constant concentration of 0.05 N. In all
other cases the constant concentration amounted to 0,01 N,

2. Several of the above-mentioned data have already been pre-
sented at the Nottingham membrane conference. Later on, some
of the series were repeated with a view to compare the B.1. P.'s
at 2 1/h flow velocity with those of 30 1/h velocity. In most in-
stances the agreement between the 2 1/h measurements was satis-
factory; only for the A 58 and A 71 membrane in the Nat/Ag" se-
ries were other values found, whereas the slopes of the straight
lines in the later measurements were closer to the theoretical
value. Possibly the membranes were not completely in equilib-
rium in the former experiments.

4. Water transport measurements

For the measurement of water tramsport numbers we had to
make a choice from two methods.

a. Balance method. Before and after the experiment the total
amount of ions and of water is estimated on both sides of the
membrane. From these the water transport can be calculated. A
variant of this method consists in measuring in a first experiment
the change in the number of ions on both sides of the membrane
during current passage and in estimating the change in concentra-
tions in a duplicate experiment. From this the amount of solvent
displaced can be calculated.

b. Capillary method. The water transport is measured by provid-
ing both cells with a capillary. The displacement of the menisci
gives the quantity of the solvent transported.

Ad a. An advantage of the first method is that both cells can
easily be stirred. For the capillary method this is nearly impos -
sible.

A disadvantage of the balance method is the difficulty of trans-
ferring the solutions quantitatively from the cell to a measuring
vessel. Therefore it is necessary to allow the passage of a large
amount of charge through the cell to get a relatively large amount
of solvent (order of magnitude about 1 ml). This results in large
concentration changes in the two cells especially in the case of a
low water transport number. For this reason the concentrations
at the beginning are chosen in such a way that at the end of the
experiment the concentrations are reversed. The influence of dif-
fusion and osmosis is eliminated in this fashion, The long duration
of the experiment gives rise to a noticeable evaporation of sol-
vent. Therefore, checking the experiment by calculating the bal-
ances of both cells and comparing the results is impossible. One
assumes the amount of evaporation in the two cells to be equal,
and correct for this effect. A.G.Winger et al. (1956) claimed
an experimental accuracy of about 3%. The content of the cell
amounted to 75 ml, About 2 ml of water was transported. This
means that transferring the solutions, the losses may not exceed
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0.06 ml. If water transport is calculated from concentration
changes during the experiment, the concentrations have to be
measured with a very high accuracy. Besides, the electrodes
should be perfectly reversible andthe experimental results should
be very reproducible.

Ad b. With the capillary method it is possible to measure small
solvent displacements with a high accuracy. Care has to be taken
that displacements of the membrane and changes in shape of it are
prevented. A suitable support is therefore needed. This, however,
has the disadvantage that the transport of matter near the mem-
brane is hindered. Concentration polarization may occur and HY
respectively OH™ ions may begin to participate in the transport of
charge.

Our first measurements were carried out according to the above
mentioned variant of the balance method. The apparatus consisted
of two cylindrical perspex cells, between which the membrane
was clamped. The active membrane area amounted to 38.5 cm?.
The inner thickness of each cell was 1 cm; the content of each
cell 38.5 cm3. The electrodes consisted of silver grids, electro-
lytically covered with a layer of AgCl. After each measurement
these electrodes were exchanged against each other. The electri-
cal current was very accurately determined by means of a preci-
sion resistance of 100Q. The voltage across this resistance was
measured with a lampvoltmeter. The accuracy amounted to 1%o.
The current was supplied by a 6 V accumulator. The influence of
back-diffusion and osmosis was eliminated by taking care that
during the experiment the time-averaged concentrations on either
side were equal. The volume of the solution at the end of the ex-
periment was determined from

V=c/n

volume of the solution
concentration
number of gaeq. electrolyte

must be estimated with an accuracy better than 1%e,.

Therefore ¢ and n must be known to a very high accuracy. ¢
was determined by the aid of a potentiometric titration (differen-
tial method), described by Mac Innes (1950), At the beginning of
the experiment both cells were filled with an accurately measured
volume of a salt solution of known concentration. Two sources of
error were found during the first experiments:

1, The solutions in both cell-halves were circulated with the
aid of air-lifts. However, these promoted evaporation, upsetting
the results. Therefore they were removed.

2. Before the experiment the apparatus must be perfectly dry.
With drying however, some water is withdrawn also from the
membrane, so that too small a quantity of water is estimated.
This difficulty was solved by rinsing the apparatus previously
with alcohol, after which humid aid was blown through.

The number of gram equivalents, present at the end of the ex-
periment was calculated with the aid of the transport numbers in
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the membrane and the reaction at both AgCl electrodes., The
transport measurements should be perfectly reproducible (devia-
tions not greater than 1%o.). This was not the case in our experi-
ments, Probably the AgCl electrodes are not completely reversi-
ble. Our results for a number of transport number measurements
in a Dowex 50-polyethylene membrane are given in table 7. The
total current amounted to 25 mA, the duration of the experiment
was 45 minutes. For a ideally selective membrane one should
find for the quantity of electrolyte transported ‘-15—);:——1&322 mg eq.

= 0.700 mg eq.

Table 7
Reproducibility of transport measurements through a
Dowex 50-polyethylene membrane.

number of cathode cell anode cell
experiment

1 + 0.73 mgeq. - 0.71 mgeq.

2 + 0.67 - 0.68

3 + 0.70 -0.72

4 + 0.68 - 0.68

5 +10:72 - 0.72

6 + 0,68 - 0.70
averaged + 0,70 - 0.70

On the average we find 0.70 mgeq. but the accuracy does not ex-
ceed 4%, Therefore this method was not practicable. For this
reason we changed over to the capillary method. To that end the
cells were provided with two horizontally placed capillaries, 10
mm displacement of the meniscus corresponded to 0.004 ml
transport of water. The apparatus was placed in a thermostat fil-
led with transformer oil. The temperature of the bath was 25°C,
The whole was placed in a conditioned room with a temperature
of 20°C.

At first we obtained very irregular values. It appeared that re-
producible results could be obtained only if the capillaries were
thoroughly cleaned. It proved to be desirable to replace the capil-
laries occasionally. Moreover, the method of supporting the mem-
brane exerts some influence. A support with openings of 5 mm
diameter gave low values of the water transport. Supporting with
a coarse glass filter caused polarization of the membrane. Satis-
factory results were obtained using a support having holes with a
diameter of 3 mm. Thickness: 1 mm. Total active membrane area
= 2.62 cm?2,

The displacement of the meniscus was plotted against time. An
example of these plots is given in fig. 25. At the beginning we ob-
served an increasing velocity of the meniscus. After some time
a constant value was reached. This phenomenon is due to changes
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in shape of the membrane. At the end, when the current flow is
stopped, the displacement continues for some time as a result of
the membrane restoring its initial shape. Corrections were made
for the changes in volume of the electrodes and for changes in
volume due to alterations in NaCl concentration. Calculating the
first correction we used the following values:

spec. weight of AgCl = 5.56

spec. weight of Ag = 10.5

Per Faraday AV of the electrode reaction AgCl — Ag equals

143.5 . 107.9 _
- —g—s—s- + —m-g B 155 ml I'Izo

This corresponds to -0.86 gmol HO/F. For the calculation of the
apparent molal volume of the various salts we used the formula:

®,=®°+s, V c ml, where

®, = apparent molal volume

¢ = number of moles per 1000 ml of solution
®,°and s, are constants.

Values for ®,’and s, are borrowed from table (8-5-1) of "The
Physical Chemistry of Electrolytic Solutions' by Harned and Owen
(1950).

For NaCl &,° = 16.40; s, = 2,153
For KC1 &,°= 26,52; s, = 2.327
For HC1 ®0°=18.20; s, = 0.85

In 0.1 N salt solutions we get for:
NaCl &, = 17.1 ml ~ 0,95 mole H,O.
KCl @, =27.3 ml ~1.5 mole HO,
HCL & =18.5 ml ~1.0 mole H,0.

For 0.1 N NaCl the total correction amounts to
+ 0,86 - 0.95 = - 0.1 mole H,0.

For 0.1 N KC1: + 0.86 - 1.5 = - 0.6 mole HyO.
For 0.1 N HCl: + 0.86 - 1.0 = - 0,1 mole H,O.

4 . —" 107.9
For 0.1 N AgNO; the correction is 10.5%18

mole = - 0.6 mole

H20.

Previously the membranes were shaken for some hours in the
0.1 N salt solution concerned. The total current was 12 mA. Every
15 minutes the position of both menisci was read. The measure-
ments lasted for some hours. For each membrane 3 to5exper-
iments were carried out. The standard deviation was calculated.
The results of the measurements are given in table 8.




Table 8
Water transport through cation selective membranes

membrane salt solution water transport standard deviation
number

Dowex 50 0.1 N NaCl 9.3 0.2
Stamex K 0.1 N NaCl 2.9 + 0,3
IRC 50 0.1 N NaCl 12.9 + 1.2
ATl 0.1 N NaCl 16.9 +1.2
A 58 0.1 N NaCl 10,5 + 1.3

Dowex 50 0.1 KC1 6.3 + 0.6
Stamex K 0.1 KC1 3.9 L
IRC 50 0.1 N KC1 i | + 0.2
A7 0.1 N KC1 7.8 + 0.7
A 58 0.1 7.0 + 0.3

Dowex 50 0.1 N HC1 1.4 + 0.1
Stamex K 0.1 N HC1 1.7 + 0.3
IRC 50 0.1 N HC1 2.7 + 0.2
ATl 0.1 N HC1 2.2 + 0.1
A 58 0.1 N HC1 1.8 + 0.1
Dowex 50 0.1 N AgNO3 3.3 + 0.3
Stamex K 0.1 N AgNO; 3.1 + 0.3
IRC 50 0.1 N AgNO3 7.2 + 0.3
ATl 0.1 N AgNO; 9.2 + 0.1
A 58 0.1 N AgNO; 5.2 + 0.2

5. Measurements of the selectivity constant K 3

It is assumed that if a cation exchange membrane is placed in
a solution with different cations, a Donnan equilibrium is estab-
lished for which is valid, in the case of univalent cations:

az

a,;' and a;' are the activities of the ions 1 respectively 2 in the
solution, a; and azare the corresponding values in the membrane.

The measurements were carried out as follows: about 1 gram
of the membrane in a suitable salt form was brought to equilibri-
um with a solution, containing a mixture of the cations 1 and 2.
After that the number of both cations in the membrane was deter-
mined. The total concentration of both cations always amounted
to 0.1 N, For each combination of cations 1 and 2 three series of
measurements were carried out with a concentration ratio of 9/1,
1, and 1/9. Most measurements were carried out in triplicate.
To check the experiments the HY exchange capacity of the sample
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was also estimated. For this purpose the membrane was shaken
for 21 hours in 100 ml of 1 N sulphuric acid. The solution was
replaced after 3 and 18 hours. It was then shaken 3 x one hour in
100 ml 0.1 N sulphuric acid and squeezed lightly twice between
filter-paper. After that the membrane is shaken with 0.1 N sodi-
umhydroxide for about 10 hours. The excess of sodiumhydroxide
is titrated back with 0.1 N sulphuric acid on methyl red.

a) Agt - HT series.

Initially the experiments were carried out as follows: + 1 g of
the membrane was transferred into the HY-form by shaking with
100 ml 0.1 N nitric acid for 24 hours. After that the acid was re-
moved by shaking with distilled water. Then the membrane was
shaken in 100 ml of the salt mixture for 24 hours. The solution
was replaced regularly. Then it was squeezed twice between fil-
ter-paper and shaken with 100 ml 1 N KNO3 for one hour. This
was repeated twice with fresh KNOj solution. The three portions
were collected and the silver content was determined according
to Volhard. The acid 'was titrated with 0.1 N NaOH. In this man-
ner the equilibrium concentrations in the Dowex 50, the Stamex K
and A 58 membrane were determined for Cug+/Cyt+ = 1.

In all other instances the membrane first was converted into the
sodium form by shaking with 100ml 1 N NaOH for 21 hours. After
three and eighteen hours the NaOH solution was replaced. Then
the membrane was shaken in distilled water until free of alkaline.
After that it was shaken in the salt mixture for 21 hours. After 3
and 18 hours the solutionwas renewed. Then it was squeezed twice
between filter-paper. The Agt and a part of the H* ions on
the membrane were removed by shaking three times in 100 ml
1 N Ca(NO3)2. The rest of the H ions were estimated by shaking
the membrane in an excess of 0.1 N NaOH solution and back ti-
trated. Ag* and H" were determined as stated above, All experi-
ments with silver salt solutions were carried out in blackpainted
flasks to prevent reduction of the silver ions by light. The results
of the experiments are given in table 9.

b) Nat - Agt series.

o. Dowex 50, Stamex K and IRC 50 membrane. The Dowex 50
and Stamex K membrane were first converted into the H* - form,
the IRC 50 membrane into the Nat - form. After that they were
shaken for 21 hours with 100 ml of the solution of silvernitrate
and sodiumnitrate, The solution was replaced several times. Then
themembrane was squeezed twice between filter-paper and shaken
in 100 ml 1 N HNOj for 21 hours. The solution was renewed three
times. The solutions were collected and neutralized with a 25%
NH;OH solution, Agt was determined according to Volhard. Na*t
was estimated flamephotometrically. The NH,* - ion did not dis-
turb the determinations.

B. The A 58 and A 71 membrane were first brought in the NH" -
form by treating with 1 N NH4OH solution. Then they were shaken
for 21 hours in 100 ml of the salt mixture. After that the Ag" and
Nat - ions were removed by shaking in 3 x 100 ml 1 N HNO3. The
solutions were collected, neutralized with a 25% NH4OH solution,
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and made up to 1000 ml. In 500 ml Ag* was estimated. The other
half was used to determine Na' flamephotometrically. In the lat-
ter instance it proved to be useful to first remove the Agt-ions.
Tothat end a little ammoniumchloride was added and the colloidal
precipitate was removed by absorbing it on cuttings of filter-pa-
per. The results are given in table 10,

¢) Nat - H* series.

The membranes were first converted to the NH4*-form. They
were shaken for 21 hours in 100 ml of a solution containing NaCl
and HCl in a fixed ratio, After 3 and 18 hours the solution was
renewed, After that the membrane was squeezed as before and
shaken in an excess of 0.1 N KOH for 21 hours. The excess of al-
kali was back titrated with 0.1 N H»SO4. Then the membrane was
shaken three times in 100 ml of 1 N HNO3 for 21 hours. The solu-
tions were collected and the liquid being left after the titration,
was added. Then the solution was neutralized with 25% NH,OH. In
this solution Nat was estimated flamephotometrically. The results
are given in table 11,

d) Nat - K* series.

At first all membranes were converted to the NHyt - form.
Then each membrane was shaken for 21 hours in 100 ml of a salt
solution, containing NaCl and KCl in a fixed ratio. The solution
was renewed after 3 and 18 hours. The membrane was squeezed as
before and shaken in 100 ml of a 1 N HNO3 solution for 21 hours.
This was repeated three times. The solutions were collected and
neutralized with 25% NHOH. Na' and K* were determined flame
photometrically. The results are given in table 12.

The capacity of the membrane sample was also measured in all
cases to check the experiments. It is necessary that the sum of
the cations measured is equal to the exchange capacity of the
sample for H' ions. In general the agreement was satisfactory.
Only in the instance of the A 58 membrane was the sum of both
cations in most series much higher than the exchange capacity.
We found that the capacity for Agt - ions of an A 58 sample was
0.28, whereas the capacity for H* - ions was merely 0,12, The
cause of this phenomenon was not further investigated.

Selectivity constants K} = v /vi.

Table 9
Yt/ Yagt
Membrane Dowex 50 Stamex K A 58 A1 IRC 50
Concentra-
tion ratio
Clag+/Cly+
9/1 31 0.31 0.31 0.07 0.13
1/1 7.5 4.2 1.6 0.43 0.0075
1/9
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Table 10
YAg*“/YNa‘*
Membrane Dowex 50 Stamex K | A 58 A T1 IRC 50
Concentra-
tion ratio
C'Nat/C'agt
9/1 0.26 0.18 0.61 0,17 0.034
1/1 0.28 0.22 0.66 0.31 0.018
1/9 0,22 0.30 4.76 Y 0.032
Table 11
Vit Yot
Membrane Dowex 50 Stamex K A 58 A 171 IRC 50
Concentra-
tion ratio
CiNa +/C'yt
9/1 i 5 | 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
Table 12
Yt Yot
Membrane Dowex 50 Stamex K A 58 ATl IRC 50
Concentra-
tion ratio
C'Na+‘/CIK+
9/1 57 0.42 0.64 0,78 1,12
1/1 0.55 0.89 0.82 1,25
1/9 0.7 0.70 0.74 0.74 1.36

Remark. The standard deviation in the estimation of the selectiv-
ityconstants amounts for Dowex 50 and Stamex K 1 to 5%;for A 58

71 5

and A

C'ag+/C'H+ =

resp. 1/9 where it amounts to 20 to 40%.

to 20%; for IRC 50 1 to 5%,
1/1; C'ga+/Clae+ = 1/1 resp. 1/9; and ChatC'y =1/1

with the exception of
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6. Measurements of the conductivity

The membrane was clamped in between two half-cells in which
the relevant salt solutions were circulated with the aid of air-
lifts, operated with nitrogen. The active membrane-area amount-
ed to 0.28 cm2, A part of each circulation circuit was surrounded
by a mantle. This mantle formed part of a circuit in which a ther-
mostat was taken up to a temperature of 25°C + 0,01°. The whole
apparatus was placed in a conditioned room with a temperature of
20°C + 19, The cell was provided with two circular platinized
platinum electrodes. The cell-resistance was measured with an
accurate Wheatstone bridge with amplifier and indicator tube. The
membrane resistance was estimated as the difference of the cell
resistance with membrane and without membrane. Three samples
were measured of each membrane. The membrane first was con-
verted into the relevant salt form and then brought to equilibrium
with the corresponding 0.1 N salt solution by shaking for 21 hours.
Measurements were carried out in respectively 0.1 N NaCl, 0.1 N
KCl, 0.1 N HNO; and 0.1 N AgNO;. To prevent hydrolysis of the
weak acid membranes, the pH of the solutions was brought up to
8. Each membrane sample was converted successively into the
different salt forms. To eliminate errors, caused by irregular-
ities of the membranes, the same area of each membrane sample
was measured on each occasion. The resistance of the cell with
membrane was measured every five minutes over a period of half
an hour. After that the resistance of the cell without membrane,
but with the circulating solutions was measured.

In table 13 the ratio of the mobilities of the ions in the mem-
brane is given, using the formula uj/uz = Rz/Ry, in which Ry and
| R; are the resistances of the membrane when fully in the 1 re-
spectively 2-form.

Table 13
uy /up
Ratio of
limiting
Membrane | Dowex 50 | Stamex K | A 58| A 71 | IRC 50 | equivalent
conduct=-
ivity
Mobility
ratio
uAg+/uH+ 0.14 0.07 0.26 | 0,24 0.39 0.18
uNa+/uAg+ 1.14 1.84 0.76 | 0,94 5.33 0.81
Unat /Uyt 0,16 0.13 0.20 | 0.23 2.06 0,14
uNa+/uK+ 0.72 0.49 0.76 | 0.70 0.46 0,68

Remark. The standard deviation in the estimation of the mobility
ratios amounts to 1 to 10%,
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IV. DISCUSSION

Plotting the B.I. P.'s against the logarithm of the varying activ-
ity in general results in a straight line with a slope, correspond-
ing with a change of 58 mV in B.I. P. for each tenfold change in
activity (see fig.2 to 11). However, for the cellophane membranes
in some instances the slopes of the straight lines were too small.

From the tables 3 to 6 can be read that there is agreement
within the experimental error between the "transport ratios' de-
rived from B.I.P. measurements and from transport measure-
ments in about one half of the cases investigated. Inthe remaining
part there is no agreement. As there was a possibility that water
transport through the membrane caused the discrepancies, water
transport numbers were measured for all the membranes (see
table 8). The influence of water transport on the B.I. P. can be
calculated approximately, according to

w
E'= R_;F . tw 1;111 (4-1)
: Ay

tw = mean value of the water transport number in the mem-
braney equilibrated with a solution of the ions 1 and 2 respectiv-
ely.
al = activity of the water in solution 1.

a‘\:/’ = activity of the water in solution 2.

The values for the water activities were calculated with the help
of the numerical tables of J. Kielland (1939) for the osmotic coef-
ficients starting from the definition of the molal osmotic coeffi-
cient

v m Ww

lnaw = -"550 2 (4-2)

® = molal osmotic coefficient,

Ww = molecular weight of water.

m = molality of the solution.

v = number of moles of ions formed from 1 mole of electrolyte.

On closer view it proved that the correction for water trans-
port on the B.I.P, was very small, as the activity coefficients of
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water in dilute salt solutions are only slightly below one. We shall
now give the calculation for the most unfavourable case, namely
an A 71 membrane, separating a 0.1 N NaCl and a 0.01 N KC1 so-
lution.

The activity coefficient for water in 0.1 N NaCl is 0.99664; in
0.01 N KCl: 0.99966. For the water transport number of an A 71
membrane, placed in 0.1 N NaCl we found 16.9; in 0.1 N KC1 7.8;
t, =12.4. Thus

E' = 58.16 x 12.4 x 0.4343 (- 0.00336 + 0.00034) mV = - 0.94 mV.

The maximum deviation caused by water transport is consequently
about 1 mV. So water transport cannot be the cause of the dis-
crepancies,
It is possible that the differences are due to the term
+
I m;u dlnufy,

=
Z] m; u,

Scatchard himself states that this term may be very small, with-
out giving further arguments. As has been said in the theoretical
part, experimental estimation of this term is exceedingly cum-
bersome, as transference numbers, mobilities and activity coef-
ficients have to be determined across the whole membrane. Al-
though serviceable data in the literature are very scarce, we
shall try to make a rough estimate of the magnitude of this cor-
rection term. Instead of

.

Liym;u dlnuyfy,

Zi m, u;

we may write: Z‘i t; d In u, /yi, as m_u, is almost zero,

As for u;, only a few data have been published. B.A.Soldano
and G.E.Boyd (1953) determined self-diffusion coefficients for
different cations in various sulphonated polystyrene exchangers.
In the instance of a nominal 8.6% DVB (divinylbenzene) exchanger
they found for the pure Nat salt a self-diffusion coefficient of
9.44 x 10-7cm ?/sec. for the Na* ions. At an exchanger composi-
tion of 31% Nat and 69% H* this figure was 9.36 x 10-7 cm2/sec.
At a composition of 7% Na' and 93% H+ it was 8.82 x 10-7 cm?2/sec.
The change in uy,. is in this instance only 7%. Moreover the
greater change occurs at lower Nat content where tnat 18 small.
In this instance

)

"a tyat d 1n Uy 4

is very small. However, it is possible that in other cases the
change of the mobility in the membrane is higher. To evaluate




w
/a t; d In vy,

we applied Harned's rule (1950) to the resin phase following
Glueckauf (1952) and Soldano, Larson and Meyers (1955).

This means that this phase is considered as a concentrated solu-
tion of salts. We get:

log y; = log Y] - @, m,
(4-3)
logy, = log Y; - @, m,
Y1 and Y; are the activity coefficients of the ions 1 and 2. yi{ and
Y2 are the corresponding values for the pure resin salt of 1 and
2. ayp and 0y are constants depending only on m, the total mol-
ality of the solution which is constant throughout the membrane.
Applying this, we arrive at

leng = ‘Cﬁlzd m2=+a12dm1

m; +my; =m

dlogy, = -t dm; =+ a, d m,
Thus
W w u m
ok T 1 Wy
/0. @yp ty d my ,l;[ le—u-lmd my
- R ¢ ¢ [N m .
= Oy (1 - upfu; U /up - 2 F u,/u Inu, /u, ) (4-4)
We suppose u, /u, to be constant.
= uz mp
§o ek Ay 3 Lt dimy
1n - it In Ll]/l.lz ) (4'5)

=
A (ul/uz -1 uj/u; - 2 + u,fu,

For a sulphonated polystyrene exchanger Soldano et al (1955) es-
timated a;; and ap; for different combinations of the ions 1 and 2
with the aid of a "tracer selectivity" technique. Some of their data
are compiled in table 14.
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Table 14

Interaction coefficients for a sulphonated polystyrene exchanger

2/1 L3P o
Ag/Na | 0.0066 0.07
Ag/H | 0.045 0.013
Na /H - -0.059
K /Na 0.02 -

To estimate the order of magnitude of the correction term, we
calculated this for the systems Ag/HandAg/Na. For the Dowex 50
membrane we found upg+/uy+ = 0.14. Thus up/u; = 0.14; ay,
= 0.045; a,, = 0.013. Substituting these values we get:

w w
Jouptidm +/ o pdm, =
(0.045 x 0.76 - 0.013 x 0.24) m = 0,031 m.

For our Dowex 50 membrane the capacity amounted to 2.0 mgeq /g
dry. The water content was 37% of dry weight. This corresponds
with m = 5.4 molal. Thus the correction term amounts to58x0.031
X 54 mV=97mV.

For the Ag/Na system Upg+/Upn,+ = 1/1.14 = 0.88; u, /u, = 0.88;
@yp = 0.0066; opy = 0.07.

W W
-/(-1 a21t,dm1+fu Oy tod mp =

(0.0066 x 1.5 + 0.07 x 0.5) m = 0.045 m

The correction term amounts to: 58 x 0.045 x 5.4 mV = 14.1 mV.

In both cases the term has a rather high value and cannot be
neglected. However, it is possible that the influence of the change
of the activity coefficient in some instances is partially compen-
sated by the change of the mobility. As will be shown below, a
decrease in activity coefficient (i.e. an increase in affinity) is
often attended by a decrease in mobility. Assuming for the mo-
ment a’ value for the correction term of 14.1 mV in the case of
Nat /Dowex 50 /Agt we find that the value uy,+ Yag /uqu’Nd« obtain-
ed from the plot has tobe multiplied by 1.75 (as 0.045x5.4 = log 1.75)
to §et the actual "transport ratio'. For the system H* /Dowex 50/
Ag" the value upg+yy+ /quAg+ obtained from the plot has tobe devid-
ed by 1.45 if we assume a value of 9.7 mV for the correction
term. It is evident that this correction term requires much more
investigation.

Aunother possible cause of the discrepancies, viz. film diffusion,
was suggested by Helfferich (1956) at the Nottingham symposium.
In deriving the B.I1. P. formula it is supposed that the layers near
the membrane have the same composition as the respective bulk




52

solutions. During the experiment, however, exchange occurs be -
tween the "'critical ions" of the two solutions. In general the layers
near the membrane will have a composition different from that of
the bulk solution. Helfferich distinguishes two extreme cases:
ideal membrane control and ideal film control. In the first case
the diffusion potential in the films vanishes and a real B.I. P. is
measured. In the second case the membrane potential vanishes
and the measured potential is equal to a diffusion potential in
which the mobility of the common anion is zero. The effect of film
forming can be suppressed by violently stirring the solutions and
by using not too low concentratious.

Considering our data it is striking that in the deviating cases
the "transport ratios" from B.1.P. measurements are in between
the "transport ratios" from transport number measurements and
the ratios of limiting equivalent conductivities. Therefore it
seemed worth-while to investigate the effect of film diffusion.

As the cellophane type membranes have a great permeability,
it could be expected that this type above all should show the ef-
fect. So some measurements were repeated, comparing the
B.1.P.'s at a flow rate of 2 1/h with those of 30 1/h (see fig. 13 to
18). In the case of AgNO; - NaNO; the values for A 71 and A 58
were about 1 to 3 mV higher at the 301/h flow rate (fig. 13and 14).
The slopes of the curves remained unchanged. In the case of KCI -
NaCl the influence of the flow rate was small for the A 58and A 71
membrane (fig. 17 and 18). In the case of HC1 - NaCl for the A 58
membrane the influence of increasing flow rate was high. The
straight line for ay,c; = 0.009, however, showed at higher flow
rate a greater deviation from the theoretical slope (fig. 16). The
Dowex 50 membrane showed for the HC1/M/NaCl system hardly
any difference in B.I. P.'s for the two flow rates.

The "transport ratios' from B.I1.P. measurements at 2 1/h and
30 1/h are given in table 15.

Table 15
Uy Y2
U Y1
solu 1/M /solu 2 Flow rate 2 1/h | Flow rate 30 1/h

NaNO3/A71/AgNO; 0.69 £ 0.02 0.60 + 0.04
NaNO3/A58 [AgNO3 0.80 + 0.02 0.72 £ 0.03
NaCl/Dowex 50 /HC1 0.21 +£ 0,01 0.21 £ 0.00
NaCl/A58 /HC1 0.09 + 0.01 0.06 + 0.02
NaCl/A58 /KC1 0.64 £ 0.08 0.61 +£ 0,09
NaCl/AT71 /KC1 0.62 + 0.07 0.67 £ 0.09

In general the "transport ratios' show a tendency to move in
the direction of higher selectivity of the membrane as the flow
rate increases. However, the increase in flow rate probably is
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not sufficient to eliminate film diffusion completely. Helfferich
(1956) states that stirring by usual methods only reduces the films
to a thickness of about 10 cm. A reduction to below 10-% cm is
difficult to achieve. Helfferich himself could reduce the thickness
of the film to 5.10° cm by using a glass turbine giving a flow
rate of about 90 cm /sec. along the membrane.

Gregor and Wetstone (1956) used a flat paddle stirring at high
speed, and achieved a flow rate of about 400 cm /sec. They as-
sume a film-thickness of 1u. However, it was found that even this
very high flow rate in some cases did not produce maximum po-
tentials. Dray and Sollner (1955), measuring B.I, P.'s and start-
ing from equal concentrations of the "critical" ions on either side
of the membrane, observed a lowering of the B.I. P. values below
a few hundredth normal. They attributed this effect to film diffu-
sion and remarked that the diffusion layers continue toexist, even
with very violent stirring. It is therefore likely that the chosen
constant concentration of 0.01 N was too low, but a higher concen-
tration would be imcompatible with the requirement of perfect
selectivity, - on account of the poor selectivity of the cellophane
membranes at higher salt concentrations.

As the Dowex 50, Stamex K and IRC 50 membranes permit a
higher constant concentration, for the first two of these mem-
branes some B.I.P. measurements were carried out at a con-
stant concentration of 0.1 N (see fig. 20, 21 and 23). For the sys-
tem NaCl/Dowex 50/HC1 uy,+ ymfum. Yna+t Was 0.31 + 0,04, This
value agrees within experimental error with the value obtained
from transport measurements: 0.36 + 0.04,

For the system NaNO;/Dowex 50/AgNO;, two series of B.I1.P.
measurements were carried out at constant concentrations of 0.1
N and 0.05 N. At 0.1 N we found UNa+Yag* /Uag*YNat = 0.45 + 0.02
at a flow rate of 30 1/h and 0.45 + 0.04 at a flow rate of 2 1/h.
These values are lower than the "transport ratio" 0.62 + 0.02 ob-
tained from transport number measurements. Accounting for the
first correction term gives as a rough approximation for the real
"transport ratio'" 0.45 x 1.75 = 0.79. At a constant concentration
of 0.05 N, the corresponding values were 0.47 + 0.01 at 30 1/h and
0.53 +0.01 at 2 1/h.

For the system NaNO;/Stamex K/AgNO; we found at a constant
concentration of 0.1 N uygY g+ /Uag#¥Nat = 0.25 + 0.03 at 30 1/h
and 0.27 + 0.03 at 2 1/h; at a constant concentration of 0.05 N the
corresponding values were 0.28 + 0.04 at 30 1/h and 0.35 + 0.03 at
2 1/h. These values are lower than the "transport ratios" from
transport number measurements, being 0.40 + 0.01. Accounting
for the first correction term gives as a rough approximation for
the real "transport ratio" 0.25 x 1.75 = 0.44. Though it is prema-
ture to draw a definite conclusion we may say that in both in-
stances the correction points into the right direction and even
leads to remarkably good agreement in the second example.

In principle it might be possible that surface layers have in-




54

fluenced the transport number measurements as well. If a mem-
brane is placed in a solution containing two "critical" ions, and if
this membrane shows an increased transport for one of these
ions, there is a possibility that the surface layer on the side of
the membrane from which the ions are withdrawn, changes its
composition in such a way as to contain relatively less of the ion
preferred. This would result in a decrease of the transport of the
preferred ion. This phenomenon will occur especially at low con-
centrations of the solution, at high current density and in unstir-
red solutions.

Gregor and Wetstone (1956) reported transport ratio measure-
ments for potassium and calcium ions at a total concentration of
0.02 N at current densities varying from 0.1 mA /cm? to 10
mA /cm? At the highest current density the membranes were
virtually non-specific, whereas at low current densities the trans-
port number of calcium was about 3-4 times that of potassium.

In our experiments we used a relatively low current density
(0.5 mA /cm?2). The total concentration was rather high (0.1 N)
and the flow rate amounted to 2 1/h. It is to be expected that un-
der these circumstances film diffusion plays only a minor part.
Nevertheless, we have repeated some transport measurements,
varying the current density from 0.125 mA /cm? to 0.5 mA /ecm?2.

In the case of a Dowex 50 membrane placed in a solution con-
taining NaNOs; and AgNOj3 in an equal concentration and at a total
concentration of 0.1 N we found for the transference number of
Agt at a current density of 0.5 mA /cm? 0.60 + 0.00; at 0.25
mA /em? 0.62 + 0.02; at 0.125 mA /cm? 0.60 + 0.04. So our trans-
port measurements have not been upset by surface-layers. Re-
suming we may draw the following conclusions:

1. In about half of the instances there is agreement within experi-
mental error between the ratios of the transference numbers
obtained by direct measurement and those derived from B.I. P.
measurements, but considerable discrepancies as well do oc-
cur.

2. It is likely that the term correcting for changes in mobility and
activity coefficient may reach rather high values. Further in-
vestigation is required.

3. Diffusion layers may upset severely the B.1. P. measurements.
From the literature it is known that even with violent stirring
these layers cannot always be removed.

4, In general it is not permitted to derive ratios of transference
numbers from B.I.P.'s without checking the results. It is to
be expected that even in the case of ions for which the mem-
brane has a specific selectivity erroneous results will be ob-
tained.

As a third possibility to check the B.I.P. values in the theo-
retical part we suggested comparing the 'transport 'ratios"
uyY 2/uzy; from B.I.P. measurements with the product u,/u, and
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Y2/Y1, ugfu, being obtained from conductivity measurements and
Y2/Y1 from selectivity measurements.

The uy/u, values are given in table 13; the selectivity constants
K2 = y2/y1 in table 9 to 12,

In the theoretical part we remarked that this procedure is only
permitted if uy, up, y; and Yy, are constant across the whole
membrane. Thus y;/y; also should be constant across the mem -
brane. This is not the case, as Y2/Y1 can be shown from table 9
to 12 generally to vary strongly with the ratio of the concentra-
tions of the ions 1 and 2 in th solution.

u; and up; were estimated from conductivity measurements, the
membrane being in equilibrium with a 0.1 N solution of the re-
spective salt. However, it is known from the literature that ui/up
too depends on the ratio of the concentrations of the two ions in
the membrane. Spiegler and Coryell (1952) found that when the
ratio of the mobilities in an ion exchange resin in the 1% respec-
tively 2+ form is higher than unity, the ratio of these mobilities
in the resin containing a mixture of the two ions, will decrease.

Thus the theoretical conditions are not satisfied. Wyllie and
Kanaan (1954), contrary to our procedure, calculated ratios of
mobilities from B.I.P. measurements and selectivity constants,
They rather arbitrarily used selectivity constants at equal con-
centrations of the "critical" ions in the solution,

In the tables 16 - 19 we give the values of ujiyz/u 2Y1, also
taking Ké at equal concentrations. For comparison the ujyz/uzy
values from B.I.P. measurements at a constant concentration of
0.01 N and at a flow rate of 2 1/h are given as well.

Comparison of "transport ratios' obtained from
conductivity - and selectivity measurements with
those obtained from B.I.P.'s

Table 16

~ u vy
Membrane uAg+/uH¢ X Yg+ /YA34 u—:‘_ﬁ—{'% from B.I.P.'s

Dowex 50 0.14x 7.5 =1,05 0.45
Stamex K 0.07x 4.2 = 0,29 0.47
A 58 0.26 x 1.6 = 0.42 0.24
A T1 0.24 x 0.43 = 0.10 0.22
IRC 50 0.39 x 0.0075 = 0.004 0.19
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Table 17
Membrane g+ [Upgh X Yag* Ya* %}hom B.1.BP.'s
Dowex 50 1.14x 028 =0.32 0.76
Stamex K 1.84x 0,22 =0.40 0.55
A 58 0.76 x 0.66 = 0.50 0.80
A 171 0.94 x 0.31 = 0.29 0.69
IRC 50 5.33 x 0.018 = 0.10 0.52
Table 18
Membrane uNa+/uH+ X YH+/YNQ* Mf!‘om B.1. B8
uH*’YNa4
Dowex 50 0.16 x 1.5 = 0.24 0.19
Stamex K 0.13x1.3 = 0,17 0.21
A 58 0.20x 1.2 = 0.24 0.12
U | 0.23x 0.19 =0.04 0.14
IRC 50 2.06 x 0.003 = 0.006 0.10
Table 19
. U; T +
Membrane Upa+ U+ X Yt/ Yvat %L—’::from B.I.P.'s
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=x1.,25 =0.57 0.48

In most cases the differences between the two values are of the
same order of magnitude as those reported by Wyllie and Kanaan.
These differences are too great to allow quantitative conclusions.
Better agreement may be expected if the ratio u;/u; is deter-
mined in the membrane in equilibrium with a solution containing
a mixture of the two ions, in composition identical with the one
for which Ké is estimated. The values of ujy and uz can be deter-
mined by means of radio-active tracers of the ions 1 and 2 re-
spectively.

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

1. Generally the preference for an ion increases as its con-
centration ratio decreases.

2. If an ion is preferred by a membrane, its mobility decreases.
However, the first effect prevails, so that the relative transport
number of the ion increases. This is clearly shown e.g. in the
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case of the Dowex 50 and Stamex K membranes in NaNO3 - AgNO;
solutions,

3. It is striking that, although the affinity of the IRC 50 mem-
brane for silver ions and hydrogen ions is very high, their part
in the transport is not increased exceptionally, Apparently the
nature of the binding is of great influence too. An increased
transport number can be expected only if notwithstanding the
great affinity the ionic character of the binding is maintained.
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SUMMARY

The potential which occurs if an ion exchange membrane sepa -
rates two salt solutions with different "critical" iouns is called bi-
ionic potential (B.I.P.). These potentials have received consid-
erable interest for the study of specific selective properties of
membranes, caused by an increased affinity for an ion or a group
of ions. In many instances this phenomenon is accompanied by an
increased transference number for the ion concerned. The ratio
of the transference numbers of the competing ions is oftenderived
from B.I.P.'s. There is, however, hardly any instance in the
literature of experimental checks on the correctness of the B.I. P.
formula.

In the theoretical part of this thesis an attempt is made to give
a critical survey of the existing formulae for the B.I.P. and to
find a connection between the B.I. P.'s and the ratio of the trans-
ference numbers which is theoretically justified.

A literature survey on ion exchange membranes is given, par-
ticularly specifically selective membranes, the measurements of
B.1.P.'s and the water transport through membranes were re-
viewed.

A great number of experiments with different cation selective
membranes and different combinations of univalent "critical" ions
were performed to check Scatchard's B.I.P. formula. For that
purpose the 'transport ratios'" derived from B.I.P. measure-
ments were compared with those obtained from transference
number measurements.

Measurements on water transport have been made to study its
influence on the B.I.P. It appeared that for the membranes in-
vestigated this effect can be neglected.

A rough estimate was made of the correction term accounting
for changes in the mobilities and in the activity coefficients of the
ions in the membrane. It was found that this term may reach
rather high values. Further investigation on the subject is re-
quired.

It proved that diffusion layers near the membrane surfaces
have a disturbing effect on the B.1.P. These layers occur espe-
cially in unstirred solutions and with low salt concentrations. In
our first series of measurements a constant concentration of
0.01 N of the relevant salt was maintained on one side of the
membrane. This low value was used because the cellophane-type
membrane shows a rather poor selectivity in more concentrated
solutions. For the other types of membranes some measurements
were repeated with a higher constant concentration. The influence
of the diffusion layers on the transference number measurements
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may result in a decreased transport of the preferred ion. A very
low current density is required to eliminate this difficulty. As
for the diffusion layers disturbing the B.I. P. measurements it is
Stated in the literature that they can never be fully removed.
Nevertheless, we found agreement within experimental error be -
tween the ratios of the transference numbers obtained by direct
measurements and those derived from B.1.P.'s in about one half
of the cases investigated, although among the other cases consid-
erable discrepancies did occur.

In general it is not permitted to derive ratios of transference
numbers from B.I1.P.'s without a check on the results by a direct
determining. It can be expected that even in the case of ions for
which the membrane has a specific selectivity erroneous results
will be obtained.

Finally the "transport ratio" was compared with the product of
conductivity ratio and selectivity constant. Although general
agreement is lacking, some qualitative conclusions concerning
the specific behaviour of the membrane could be drawn.
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Multicell apparatus used for measurements of
transference numbers (schematically).
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Bi-ionic potentials for HNO3-AgNO3 solutions.
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Bi-ionic potentials for AgNO3-NaNO3 solutions.
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Bi-ionic potentials for AgNO3-NaNO3 solutions.
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Bi-ionic potentials for HC1-NaCl solutions.

Dowex 50 membrane, measured with calomel

electrodes.

Y ————= Dowex 50 membrane, measured with AgCl

electrodes.
Stamex K, measured with calomel electrodes.
Stamex K, measured with AgCl electrodes.

B — - — — Amberlite IRC 50 membrane, measured with

calomel electrodes.

Amberlite IRC 50 membrane, measured with
AgCl electrodes.
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Figure 7
Bi-ionic potentials for HC1-NaCl solutions.
[ R S— A 58, measured with calomel electrodes.
0= ———— A 58, measured with AgCl electrodes.
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Figure 8
Bi-ionic potentials for KC1-NaCl solutions.
A —-—--— A71, measured with calomel electrodes.
A—--—-— A 71, measured with AgCl electrodes.
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Figure 9

Mean

Bi-ionic potentials for KC1-NaCl solutions.
V———— Dowex 50 membrane, measured with calomel
electrodes.
v s Dowex 50 membrane, measured with AgCl
electrodes.
& Stamex K, measured with calomel electrodes,
O Stamex K, measured with AgCl electrodes.
W — —-— Amberlite IRC 50 membrane, measured with
calomel electrodes.
[0 —-—-— Amberlite IRC 50 membrane, measured with
AgCl electrodes.
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Figure 10
Bi-ionic potentials for KCl1-NaCl solutions.
LR S A 58, measured with calomel electrodes.

-- A 58, measured with AgCl electrodes.
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Figure 11
Bi-ionic potentials for KC1-NaCl solutions .
) — A 71, measured with calomel electrodes.
A —-—-— A 71, measured with AgCl electrodes.
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Figure 12
Dependence of the selectivity from solution concentration.
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Figure 13

Bi-ionic potentials for AgNO3-NaNO3 solutions.
x —— A 71, flow rate 30 1/h.

/s Pl LS ) 588 A 71, flow rate 21/h.
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Figure 14
Bi-ionic potentials for AgNO3-NaNO3 solutions.
x ——— A 58, flow rate 30 1/h.

________ A 58, flow rate 2 1/h.
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Figure 15
Bi-ionic potentials for HC1-NaCl solutions.

X Dowex 50 membrane, measured with AgCl
electrodes, flow rate 30 1/h.
[ AN Dowex 50 membrane, measured with AgCl
electrodes, flow rate 2 1/h.
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Figure 16
Bi-ionic potentials for HC1-NaCl solutions.
X A 58, measured with AgCl electrodes,
flow rate 30 1/h.
O commmm=n A 58, measured with AgCl electrodes,

flow rate

2 1/h.
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Figure 17
Bi-ionic potentials for KC1-NaCl solutions,

flow rate 30 1/h.

flow rate 2 1/h.
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Figure 18
Bi-ionic potentials for KC1-NaCl solutions.

x ——— A 71, measured with AgCl electrodes,
flow rate 30 1/h.

O commmme A 58, measured with AgCl electrodes,
flow rate 2 1/h.
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Figure 19

Bi-ionic potentials for HCl1-NaCl solutions
in the presence of traces of Ag* in the membrane,

A 58, measured with AgCl electrodes,
flow rate 30 1/h.

A 58, measured with AgCl electrodes,
flow rate 2 1/h.

A 58, non-contaminated with Agt.
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Figure 20

Bi-ionic potentials for HC1-NaCl solutions
at a constant concentration of 0.1 N,
x ————— Dowex 50 membrane, measured with AgCl
electrodes, flow rate 30 1/h.
S e e Dowex 50 membrane, measured with AgCl
electrodes, flow rate 2 |/h.
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Figure 21
Bi-ionic potentials for AgNO3-NaNO3 solutions
at a constant concentration of 0.1 N.
x ——— Dowex 50 membrane, flow rate 30 1/h.
O cammeaas Dowex 50 membrane, flow rate 2 1/h.
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Figure 22
Bi-ionic potentials for AgNO3-NaNO3 solutions
at a constant concentration of 0.05 N.
x ————— Dowex 50 membrane, flow rate 30 1/h.
........ Dowex 50 membrane, flow rate 21/h.
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Figure 23
Bi-ionic potentials for AgNO3-NaNO3 solutions
at a constant concentration of 0.1 N.
X Stamex K, flow rate 30 1/h.
(> BN E Stamex K, flow rate 2 1/h.
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Figure 24

Bi-ionic potentials for AgNO3-NaNO3 solutions
at a constant concentration of 0.05 N.
X —— Stamex K, flow rate 30 1/h.

O et Stamex K, flow rate 2 1/h.
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Typical example of a watertransport measurement
with the capillary method.
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