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§ 1. PROPERTIES OF THE DOUBLE LAYER THAT ARE OF INTEREST
TO COLLOID SCIENCE

In chapter II it has been shown that the double layer is responsible for the stability
of lyophobic colloids and governs the electrokinetic properties. In order to understand
the electrokinetic properties, we shall have to know more or less explicitly the structure
of the double layer, that is the location (or mean location) of the charge carriers building
up the double layer and the distribution of charge and potential. The stability, on the
other hand, asks for a comprehension of the forces, which arise when two or more
double layers interact or, what comes to the same thing, of the free energy of a system
of double layers.

As the properties of colloidal systems are very sensitive to additions of electrolytes,
it will be necessary to investigate the influence of these additions on the double layer.

We shall see then, that many seemingly simple concepts like the charge and the
potential of the double layer are in reality much more intricate and can only be defined
with a certain approximation.

The double layer itself seems a well defined concept, but as it can only exist in
conjunction with two phases with a certain extension, the free energy of the double
layer has to be defined as a part of the free energy of that whole system of two phases,
and it is not selfevident which part.

On the electrical side the charges are rather easy to visualize, but the potential
again leads to difficulties because of the changing composition in the double layer. It
is even impossible to estimate the potential difference between two different phases in
a strict thermodynamic sense, although a calculation based on model considerations
may be useful.

We shall therefore start with the classical result of thermodynamics and gradually
build up our picture by paying attention to potentials and charges, relate their distribu-
tion in space to more or less elaborate models, and then check our picture on the experi-
mental data that are available.

In this chapter IV we restrict the treatment to single double layers in equilibrium,
postponing electrokinetics to chapter V and interaction of double layers to chapter VI,

1 The contents of this chapter have been extensively discussed between the author and G. H.
JonkER, S. A, TROELSTRA, and E. J. W. VERWEY of Philips’ Research Laboratories, Eindhoven.
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§ 2. THERMODYNAMICS OF ADSORPTION

Consider two phases with a plane contact interface of A cm? The whole system
consists of n; molecules of kind 1, n, molecules of kind 2 etc., but it is impossible to
state exactly how many molecules of each kind belong to phase (1), how many to
phase (2) and how many, if any, to the surface.

a. Surface tension and surface free energy

The interface is a seat of G1BBs free energy, G,, which we shall define as the work
necessary to enlarge the interface reversibly by 1 cm? at constant temperature and pres-
sure and at constant amount of matter in the system.

6.= (29 (1)
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When the two phases are liquid or one liquid and one gas, the surface free energy
can be measured directly and is numerically equal to the surface tension, v.

b. Adsorption

In general one or more of the components of the system will be accumulated at the
interface or, on the contrary, occur at the interface in smaller concentration than in the
rest of the system. In extreme cases the concept of adsorption is rather simple. In the
adsorption of a dye from a solution on a fabric the amount adsorbed is defined and may
be measured as the amount of solute withdrawn from the solution by the adsorbent. In
less extreme cases the definition of adsorption is a matter of careful consideration and
as we shall see also of a certain arbitrariness. Consider a two phase system consisting of
ether, water and a solute, soluble in both phases. Is there now adsorption of the solute
at the interface? And perhaps of ether and water too?

G1BBs !, the founder of the theories of adsorption, considering this difficulty, saw
that adsorption can only be defined relative to one of the components of the system
which is considered to be not adsorbed. In detail this idea can be developed in different
ways * which, however, differ more from a didactic than from an essential point of view.

Applying this idea to the case just mentioned of ether (E), water (W) and a solute
(S), we may analyse both phases and determine the concentrations of E, W and S in
the two phases. Assuming now that the whole system can be described as two homo-
geneous phases of masses M (1) and M (*) and a surface layer of mass M(*) the constancy
of E, W and S in the whole system leads to three equations

MO Cp® 4+ M® Cg® + MO Cx® = My
MO CpV) + M® Cp® + MO Cp® = My (2)
MO ) - MO C® + MO Cs® = My :

1 See The Scientific Papers of J. WiLLARD G1BBS, Vol I, Loadon 1905, p. 219 ff.

? See E. A. GucGeNHEIM and N, K. Apam, Proc. Roy. Soc. London, A 139 (1933) 218; J. E. VEr-
SCHAFFELT, Bull. classe sci Acad. roy. Belg., (4) 22 (1936) 373, 390, 402; E. A. GuGGENHEIM, Trans.
Faraday Soc., 36 (1940) 397.
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In these three equations there are six unknowns, viz., M(*), M(%), M(*) and the
three surface concentrations. Assuming now — and this is an arbitrary choice — that
neither ether nor water are adsorbed so that C(*) = Cw(*) = 0, the equations may
be solved for the product M(*)Cs (*), which means, that the total mass of the solute in
the interface may be calculated. Generally when n components are present, the surface
excesses of n-2 components can be calculated. Usually this surface excess is divided
by the macroscopic area of the surface leading to the specific surface excess I';.

Usually the choice of the components for which zero adsorption is assumed is not difficult. One
takes the major compounents of the two phases. But when at least one of the two phases is a concen-
trated solution, the arbitrariness of this assumption is clearly felt.

There is a close relationship between the surface excesses I'; and the free energy
of the surface G,. An obvious way to arrive at this relation is to start from the differential
of the GiBBs free energy of the whole system

dG =—SdT + Vdp + G, dA + = p; dn; 3)
j=1

In this relation the interface is assumed to be plane which implies equality of pres-
sure throughout both the homogeneous parts of the system. The chemical potentials
u; are provisionally understood as chemical potentials of uncharged components, (For a
consideration of ions as components of the system see § 3 a, p. 119).

A system of r independent components, consisting of two phases has r degrees of
freedom, and, in order to describe the system completely, three other variables are
necessary to define the extension of the two phases and of the interface. So the r+3
variables of eq. (3) are just sufficient to describe the system.

Several other sets of variables are possible and we will choose one which contains
as many intensive variables (7, p, G, u;) as possible, leaving only three extensive
variables to define the total amount of the two phases and the extent of the interface.
A suitable choice for the three extensive variables is 4, n, and n,, where 1 and 2 are
preferably (though not necessarily) major constituents of phase (1) and phase (2). By

subtracting d (= ; n;) from both sides of eq. (3) this equation is transformed into
¥=3

pe=

(G = i) ST sV S i, Hundnes Snd i i)
1=3 i=3

Using the fact that (4) is a total differential, we can derive immediately the very
important G1BBs adsorption equation !

d G) (bn;)
ZE(eS e =|— 5)
(b i VA . ©)
T)pl g vee Biy Bigd oov Yy T)p' Thyy Mg Py eeely

relating the change of interfacial free energy with the chemical potential of one of the

1 Formally, eq. (4) demands that in the partial differentiation of Gs with respect to i also 4, n, and
n, are kept constant. Gs, however, as an intensive variable, does not depend on these extensive para-
meters. In the differentiation of n; with respect to A it is necessary to keep T, p, and (r—2) chemical
potentials constant, As the state of the system is however completely determined by r variables, this
implies that @, and @, do not change either.
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components to the specific surface excess of this component. Indeed the right hand side
of eq. (5) represents the amount of component i to be added to the system when the
interface is increased by one cm? The comparative arbitrariness of this definition of
adsorption is reflected in the requirement of constancy of n, and n,, which implies that
these are the two components which are considered to be not adsorbed, in accordance
with our more analytical considerations of page 117.

The surface excess as defined by the right hand side of eq. (5) will be denoted *

as I
(2] oy, (6)

VA
TypynyyNgy g eovees by

For dilute solutions u; = 1;° + RTlnc;. In that case the adsorption isotherm (5, 6)
may be written
C; 0 Gs

NSRS ey

()

expressing (as eq. (5) already does) that a solute which lowers the surface tension is
positively adsorbed and one which increases the surface tension is repelled from the
surface.

We shall use eq. (5) and (6) frequently in the form (8)

(dG,) = =3 [ dy (8)
T,p #
or its integrated form
3 Lq
G, = Gy (4155 B2° evobde”) — (f I dug) — (f Iy dm) = e )
ts® Ha oot 1 Pgy Prp”oeolly®

The numerical identity of surface tension ¥y and surface free energy Gs has already been mentioned
in § 2 a. The surface pressure p, an important variable in spreading experiments, can be considered as
the difference between the surface tension of the solvent and the solution

RS ot

and can thus be treated in the same scheme. As excellent monographic presentations of monolayers
and spreading experiments exist, they will be treated here only incidentally (See § 7 b, p, 167).

§ 3. ONPOTENTIALS IN THE DOUBLE LAYER

Two of the most important ways of treating the electrochemical aspects of surface
phenomena are:

a. the application of an external potential difference to a system containing an
electrode with a completely polarizable interface. In this way the potential difference

1 This definition is not exactly the same as the most common convention, introduced by GIBBS
and used by many other authors. In this convention the total volume of the two phases and the amount
of one component are kept constant in the differentiation. This implies, however, that in eq. (5) a
o Gs / J wi is obtained in which the pressure is varied. (See E. A. GUGGENHEIM, [.c.).
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between this electrode and the solution in which it dips may be altered (within certain
limits) at will.

b. the incorporation of the interface in a completely reversible galvanic €ell of which
the E.M.F. may be changed by changing the composition of the phases (or one of them)
meeting at the interface.

In this section we shall correlate these potential differences with electrical pheno-
mena at the interface.

a. The completely polarizable electrode

The most extensively studied system of this type is the interface between mer-
cury and an aqueous solution. It may serve as an example for other systems of this kind.

Consider the cell represented schematically in Fig. 1 containing a solution, a mer-
cury electrode (area of interface = A) and a hydrogen electrode saturated with one
atmosphere of hydrogen. The hydrogen electrode is assumed to be ideally reversible and
of so small surface that its adsorption may be neglected.

The mercury electrode is assumed to be completely polarizable, that is no ions
from the solution can be discharged at it (the concentration of Hg,™* ions is negligi-
ble). Consequently any charge carried to it by the applied potential difference E
remains on the mercury.

Several authors, for instance FRUMKIN !, have treated the mercury electrede as a reversible one
and have explained its polarization as a concentration polarization in the solution. When a negative
potential is applied to the mercury, mercury ions are discharged at the surface until their concentration
near the interface is so low as to correspond to the applied potential. Anyhow as the concentration of
mercury ions is low, this discharge requires only a very small transport of electricity which may be
neglected. Given the fact, however, that the mercury electrode may be made 2 volts more negative than
the calomel electrode, the concentration of Hg,++ ions would have to vary from about 10-20 to 10-%
and it seems scarcely real to consider concentrations of less than one atom in the universe as being able
to determine a potential jump between two phases, although this kind of treatment may (and indeed
must) lead to the correct equation.

The polarizability of the mercury implies, that the potential difference E and the
charge on the mercury Q appear as a new set of variables in the thermodynamics of this

system. The differential of the G1BBs free energy may now be represented by (compare
eq. (3) p. 117).

dGie=i S AT T DdpaGid At Sl n dne E dQ (10)
=1

ol

where G, is the free energy per cm?® of the interface mercury/solution and 7,* the elec-
trochemical potential of the component i in the phase o.
The electrochemical potential is defined by the relation

7% = w* + zie @* (11)

in which z; is the valency of compogent i and ¢ the internal (or GALVANI) potential
(see § 3d, p. 124) of phase =.

As there is no complete equilibrium between the phases there might arise some doubt as to the

L A, FRUMKIN, Z. physik. Chem., 103 (1923) 55.
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values of % in the interface. The complete polarizability of the interface implies, however, that no ions
can cross it, so that the attribution of ions to one or the other of the phases is given by the initial
conditions.

From analogy with eq. (8) one might immediately write down the value of the
differential of G,

dGaz-—éﬂdMi—“dEW/ e

i=3

where o is the charge on the mercury per cm?® and E,,.s the (GALVANI) potential diffe-
rence between mercury and solution. As eq. (12), however, introduces separate ion
activities and a potential difference between
two phases which cannot be determined
without ambiguity, a complete derivation of
eq. (12) is necessary.

In this derivation we will find a precursor
of eq. (12), viz., eq. (21) p. 122 where dG, is
expressed in chemical potentials of salts and
in the fotal potential difference applied to the
cell from Fig. 1. This equation remains com-
pletely within the realm of thermodynamics,
and eq. (12) should then be considered as
another way of describing eq. (21) which,
Fig. 1. Cell, containing an interface mercury- although less positive than eq. (21) has the

solution, which is assumed to be completely ~advantage of being easily applicable to models
polarizable, and a very small completely of the interface.
reversible hydrogen electrode,

%
7
/ Solution

+J]=——
E

As the passage of an amount of electricity Q to
the mercury surface implies the discharge of—g— hydrogen ions on the Pt-electrode the meaning of

dnyt and nyt has to be considered, These quantities have the meaning of the amount of H+ — jons

introduced into or present in the system, neglecting the electrical process. The total amount of hy-
drogen ions in the solution and its differential are therefore given by

total

sty ey

Ell e & Pl arie
13
dntotal __dn dQ ( )

wt = Ht e

Moreover the electroneutrality of the whole system demands that
b total Q

Zz+n++H++-e—=Ez_n_ (14)

where n 1. represents all the cations except Ht and n__ the amount of anions.
With the help of eq. (13) and (14) dngyt+ can be eliminated from eq. (10):

PN
dG = —SdT + Vdp + Gs dA + neutral ;dn; + 5/ (N4 —z 4 nH.{_) dn+ +

compon.s

+ X (m_+z_ngt+)dn_ + EdQ (15)
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Subtracting from both sides the differential of X y;
3

; n; over neutral components, except 1 = water

and 2 = mercury, and of X' (7, —z+ nyyt)ny + Z(m_ + z_ngt+) n_ + EQ one finds

r
d(G——% W ny — X7 (77+ —zh Nt ) ny — Sin_+z_mygt)n_ —EQ)=—SdT +

+ Vdp + GsdA 4+ u, dny + dnz—Enidui—E’n+d(r]+ S S nH+)— Xn_d (n_ +
Iz % ?7H+)—'QdE (16)

Now it is possible to combine the electrochemical potentials of the separate ions to the thermo-
dynamic potentials of the salts (or acids or bases), which represent the independent variables of the
system by relations of the type

u® =z,  tRyg=z,0  +19 (17)
HZA A Vgt A A Tyt A
where A4 is a negative ion.
Eq. (16) becomes then
r
dU© == 2 (A 2l el b — EQ)R= — SdT + Vidpak

r

+ Gg dA + pydny 4 (denz—kg n,-du,-—-Z’n_}_ d'(p._,_A——z.;. pLHA) — X n_d i =
—QdE (18)

in which for convenience A is chosen to be monovalent (not hydroxyl).
As (18) is a complete differential it follows that:

for neutral (3 Gs) Gof <D nl) (192)
components \y u; /T, p, E, all 's except pq, oy Ug QA /) T,p, E,all u's, ny,n,
for all cations 0 Gy b
except H+ dut A T, p, E, all p’s except [y, Lo, U A
dn
S (e 19b
( VA > T, p, E, all y's, ny, n, (35)
for all anions ( 0 Gy ) G
except A \Qu_H/T,p E allp's except by Uy b _gy
= — (M:) (19¢)
VA /T, p, E, allyw's, ny,n,
for AH < d Gs )
diaH / T, p, E, all s except iy, pay 1 4pq £
P —2X'n, z
=R <__("A i +.)> (19d)
D A T: D, Er all lJ',S/ ny, n,
and finally
(b Gs) - ( 20Q > = (20)
DE )T, p,ally's = \0A /T, p Eallyws (n,n) °

where o is the surface charge per cm?® This relation (20) is known as the LIpPMANN relation.
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At constant temperature and pressure dGg can be represented by

C
dGg = — % I‘idui—L’F+du+A-fA r_dp_py—

—(I’A——-Z'z_{_ F—{-)dP-AH—GdE (21)
in which every I is defined by a relation of the kind
I; :(?."_l)
0A/ T, p,E, u's,ny, ny

This eq. (21) is sufficient to describe the capillary electric phenomena at constant T and p, but the
confrontation with a model makes it desirable to rewrite it using again the electrochemical potentials
of the ions. At the same time we define /(14 in such a way that the surface is electroneutral

TR s Tyrt +%=Zz_]’_ (22)
We find then
r d!}. H+
dGs:-—Z",I’,-dui——EI’_de._‘_-—EF_dy,_—c + dE (23)
3 including £
gt
dp.yt | 7 dupt
As just represents the change of the potential jump at the hydrogen electrode, + dE

equals dE g, rfaces the potential change over the surface in consideration. So finally we arrive at the very
simple expression

dGsy = — X I';d p; — 6 dEgy.f, (24)
. 3
all uncharged and ionic components

from which we must however remember that neither dE g rface, nor the chemical potentials (1; are
measurable separately although in many cases good estimates can be made.

b. The completely reversible electrode

Also in the case of the reversible electrode we will treat for concreteness a definite
example for which we choose the silver — silver iodide electrode. Extension to other
cases is then quite simple.

The reversible cell consider-
ed is represented in Fig. 2, It is
S formed by a silver — silver iodide
dg . agt ] electrode, a solution and a plat-

o Solution inum electrode, saturated with
p¢ hydrogen atone atmosphere. The

reversible E.M.F. is given by E.
In contradistinction to the

case of the completely polarizable
G electrode this E.M.F.isnota new
variable of the system. It is com-

Fig. 2. Reversible cell containing an interface silver iodide plet.ely determined by the com-
-solution. The reversible E.MLF. of the cell is givenby E.  position of the phases present.

Hy
(7 .:’j.- e
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At constant temperature and pressure the change in GIBBs free energy of the inter-
face Agl-solution is given by eq. (8) applied to the ionic and neutral components of
the system separately

(dGS)T,p:_ZFidHi o) Efidui (25)
3

neutral ionic
components components

It is convenient to choose H,O as the component 1. The choice of component 2
is left open for the moment. On the other hand the differential of the electromotive
force of the cell is given by

1
dB=—=(dny, +dn ) (26)

By suitable combination of eq. (25) and (26) and the conditions of electroneutrality the
relation between G;, E and the composition of the solution can be given in a regorous
thermodynamic form. We will, instead of doing this, immediately intrfoduce the diffe-
rential of the potential change over the interface Agl-solution which is equal to

d

dE, = — oSt @7)
e €

Introducing this relation into (25) we find

dGsz-— Eridui—e(FAg—FI)dEs— Eptdy' (28)
neutr, i # 1, Ag
comp.

When we assume, that the adsorbed silver- and iodide ions are incorporated in
the lattice of Agl, whereas all other adsorbed ions belong to the aqueous phase,
e (I'ag — I't) may be identified with the surface charge o and eq. (28) transforms into
(29) which is identical in form with eq. (24) for the completely polarizable surface

depeads siperivign s UE; (29)

3
all uncharged and ionic com-
ponents except Agt and I-

A discussion of the case where part of the adsorbed Agt and I ions are present in the aqueous
phase will be given in section 4 f. 2, p. 140.

c. The interface oil - water

In a two phase system of an organic liquid ("’oil”’) and an aqueous solution parti-
tion of the ionic components between the two phases generally occurs, and adsorption
at the interface may be present. If such a system is in thermodynamic equilibrium and
two identical reversible electrodes are brought into contact with the two phases no
potential difference can be measured between the two electrodes. This is a consequence
of the fact that a system in equilibrium can perform no work.

If the two reversible electrodes are not identical a potential difference is present but it is the same
as that which would have been measured if the two electrodes had been in contact with the same
solution. Consequently this potential difference cannot give any information on the oil-water interface.
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Nevertheless with this set up or an equivalent one potential differences have been
measured and they have been found to change for instance by the addition of a solute
to one of the two phases or by letting a monolayer spread over the interface.

These potential differences must be non-equilibrium phenomena. They are there-
fore not permanent but decrease in a shorter or longer time to zero .

Introduction of the potential concept with respect to the oil-water interface in
equilibrium is therefore dependent upon model considerations and we shall return to
this matter in § 4 e, p. 137.

d. On double layer potentials

For the description of the potentials, which occur in our problems, we shall mainly
follow the distinctions introduced by E. LANGE 2

For each phase one may distinguish (see Fig. 3) the outer or VoLTA potential, {,
the inner or GALVANI potential, ¢, and the surface potential jump, %, defined by

Fo— 0=l (30)

For one phase the potentials ¢ and ¢ are evidently determined by the accidental
state of charge of the phase under consideration and as such are not important for phy-
sicochemical problems.

The differences of the VoLTA or the GALVANI potentials between two phases in
contact, however, are determined by the situation at the interface and it is these diffe-
rences which enter in all considerations on the electrical state of the interface.

{ \
[ 7 ( W :
| } |
X2
x,/i' ol £ ‘1,/
|
t |
| |
o % % I
! L y t gl
\ )

Fig.3. Vovrra-potentials, {, GALVANI-potentials, ¢, and
surface potential jumps ¥ in a two phase system.

The VoLta potential, being the potential just outside the phase considered, is a
well-defined electrical magnitude and can be measured in different ways, for instance by
bringing a radioactive probe into the neighbourhood of the phase. By carrying out such
a measurement near the surfaces of two phases in contact, the VoLTA potential difference,
A ¢, can be determined, As this VoLTA potential difference is not directly related to

L R. B. DEAN, O. GArtY, and E. K. RiDEAL, Trans. Faraday Soc., 36 (1940) 161,
R. B. DEAN, ibidem, 166.

* See for instance E. LANGE and F. O. KoENiG, Handbuch der Experimentalphysik, Vol. 12, part 2,
Leipzig 1933, p. 263.
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colloidal and interface phenomena, we shall not enter upon details of its measurement
or behaviour here, The interested reader is referred to papers by BoRELIUS, LANGE %, c.s.
where other references are given.

In a less direct way VOLTA potentials may be important for colloid science. VERWEY ? applied
VoLTA potentials in a discussion of the orientation of water molecules at the surface. The Russian

school ® of electrochemistry recently published results, from which a far going parallelism between
VoLTA potential differences between metals and the points of zero charge of these metals was derived.

The difference between the GALVANI potentials of two phases, /\ ¢ = 7%y, on
the contrary which seems most interesting for interfacial phenomena, is not accessible
to unambiguous measurement, a fact which has been most clearly stated by GucGEN-
HEIM %, For such a measurement it would be necessary to determine the work in brin-
ging a small charge from the bulk of one phase to the other. But the amount of work
generally depends very much upon the material carrier of the charge. The work in
transporting an electron may be quite different from the work in the transport of an
ion, In order to find the work done against the potential difference, the total work in
the transport process has to be diminished by the difference in chemical potential A
of the transported component. But again these chemical potentials are only defined
except for an arbitrary additive constant, and the only thing which can be determined
is the difference in electrochemical potential /\ 1 between the two phases, where the
separation into

An=2ze/ o+ Aw (31)

an electrical and a constitutional part remains arbitrary ®,

Fortunately it often is not necessary to know the value of A o itself, but only the
manner in which A ¢ changes when the composition of the phases are (slightly) altered.
In that case reliable estimates of the change of /\ « may be made, /\ 7 can be deter-
mined and so the change in A ¢ can be determined. In the subsections 3a and 3b this -
change in /\ ¢ has been introduced as the change in interfacial potential dE,

dE, = d (A ) (32)

The value of A ¢ = 3., depends of course on the location of charges in the inter-
face. One may distinguish here polarizations of the interface, orientation of dipoles to
which we shall ascribe a part of /A ¢ and call it the y-potential in a restricted sense.
Further free charges (ions or electrons) may be displaced, and the part of /\ ¢ which
can be ascribed to these free charges will be distinguished as the double layer poten-
tial D.

Ae=x+D (33)

1 G. Borerws, Handbuch der Metallphysik, Vol. 1, part 1, Leipzig 1935, p."451 ; E. LANGE and F. O,
KoEniG, l.c.; M. ANDAUER and E. LANGE, Z. physik. Chem., A 166 (1933) 219.

O. KrEIN and E. LANGE, Z. Elektrochem., 44 (1938) 542.

2 E. J. W. VERWEY, Rec. trav. chim., 61 (1940) 564.

3 T, I. Borisova, B.V, ERsHLER and A, FRUMKIN, J. Phys. Chem. U.S.S.R., 22 (1948) 925; Chem.
Abstracts, 43 (1949) 470; T. 1. Borisova and B. V. ERSHLER, J. Phys. Chem., U.S.S.R., 24 (1950) 337;
Chem. Abstracts, 44 (1950) 6747,

4 E. A. GUGGENHEIM, J. Phys. Chem., 33 (1929) 842; 34 (1930) 1540.

5 It may be remarked here that the E.MLF. of a galvanic cell is equal to the sum of all ¢’ s at the
phase boundaries in the cell, which add to a difference in v or ¢ in the two poles. As these are of the
same material 4 ( is zero and the difference in ¢ between two pieces of the same phase is again well
determined.
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When changes are brought about in the system d (/A ¢) will often be known and the
adsorption /" or the charge density o at the surface can be determined. A suitable zero
point of A % is given by the zero point of charge, that is, by the circumstances where
o = 0. In that case the double layer potential D is evidently zero, but the value of %
remains unknown.

With the completely polarizable electrode, d (A ¢) = dE, is equal to dE (if neces-
sary after a correction for the change in the potential jump at the other electrode), the
change in the applied potential. With the reversible electrode, A ¢ is usually changed
by changing the composition of the solution.

In the solid phase (Agl) the electrochemical potentials of the major constituents
Ag® and I~ are constant whereas the 7's of the other constituents are undefined be-
cause they are only present in very minute amounts,

In this example /\ ¢ can be changed by changing the concentration of the Ag™"
and I~ ions in the solution (potential-determining ions cf. LANGE and KoENIG, Lc.).

According to eq. (31)

Ao BnT A
z;e
Now in equilibrium A +; = 0. If ideal behaviour of the solution is assumed A
is dependent upon the concentration of i-ions according to d A p; = kT dlnc;,
and thus
kT dlnc;
et allChad (34)
zZ;e

where d /\ ¢ is reckoned positively when the solid phase becomes more positive.

In the applications it is often (but not always, see e.g., § 5a, p. 149, 6¢, p. 165)
assumed that y does not change when the composition of the solution is not changed
too extremely and thus the whole change in potential is located in the double layer
potential D,

dD ~ dE (polarizable interface) (35)
kT o
dD ~ = dlnc; (reversible interface) (36)

2

In the following section model theories will be proposed for 3 and D.

§ 4. STRUCTURE OF THE DOUBLE LAYER

a. The y- potential

Although admittedly the potential difference between two phases is not accessible
to direct experimental determination, it is important to investigate whether the x-po-
tential can be approached by model considerations.

In doing this one should realize that in a homogeneous phase the potential fluctu-
ates enormously on an atomic scale. A mean potential may be defined for instance by
averaging the charges (nuclear and electronic) over planes parallel to the interface,
determining then from simple electrostatics the mean potential far from the interface and
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calling this quantity the potential of the phase. Generally this potential will not be equal
to the potential just outside the phase and the difference between the two, the y-poten-
tial, may now be ascribed to certain definite distributions of the charge in the outermost
layers of the phase.

Moreover, when a charged particle (ion or electron) is transferred from the vacuum
to the interior of the phase, work has to be done (or is gained) and this work is in prin-
ciple accessible to measurement for instance in the form of the thermionic work func-
tion of metals.

This amount of work can be split into two contributions.

a. The passage through the y-potential

b. The (short range) interaction with the neighbouring constituents in the bulk

of this phase.

This leads to a second method of estimating y-potentials, namely a calculation of
the short range interaction mentioned sub b and a determination of the electronic or
ionic work function.

The difference between the two will be equal to the x-potential.

Both methods for estimating y-potentials have been applied by VERwEY. Straight-
forward model considerations have been applied to the case of alkali halide crystals 1.
The results appear to be rather uncertain even with respect to the sign of the y-poten-
tial. Only in the case of LiF and perhaps LiCl are the crystals in all probability more
positive than the surrounding vacuum and the potential drop is of the order of magni-
tude of 1 volt.

The y-potential at the surface water-vacuum has been calculated by VERWEY >
from the work function for Nat, K+ and Ag'ions combined with the free energy of
hydration in as far as this quantity is determined by the interaction of the ions with
their immediate surroundings. The conclusion is that water is about 1/2 volt more
negative than vacuum and that consequently in the surface layer the protons of the
water molecules are preferentially oriented to the surface. VERWEY has shown that this
is in agreement with an ice-like structure of liquid water,

b. The ionic double layer

Apart from the above mentioned calculations on the x-potential, considerations
on the structure of the electrical double layer have been mainly centred around the
location of the ionic components. The treatment of the partition of the ions resembles
very much the treatment of the ionic atmospheres in the theory of strong electrolytes.
Remarkably enough the theoretical treatment of the double layer at a plane interface
is older than the theory of DEBYE and HUCKEL 3, and was first given independently by
Gouy * and CHAPMAN °,

In this section we shall mainly consider the double layer at a flat interface. For
curved interfaces the treatment is not different in principle, although the mathematical
difficulties may be much greater.

. J. W. VERWEY, with the collaboration of J. E. ASSCHER, Rec. trav. chim., 65 (1946) 521.
. J. W. VERWEY, Rec. trav. chim., 61 (1942) 564.
. DEBYE and E. HUCKEL, Physik. Z 24 (1923) 185.

. Gouy, J. phys., (4) 9 (1910) 457; Ann. phys., (9) 7 (1917) 129.

. L. CHAPMAN, Phil. Mag., (6) 25 (1913) 475.
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c. Diffuse double layer after GOUY and CHAPMAN

The electrical double layer consists of excess ions (or electrons) present on the
solid phase (or on the mercury) and an equivalent amount of ionic charge of opposite
sign distributed in the solution phase near the interface.

The charge on the solid (""wall’’) is treated as a surface charge smeared out uni-
formly over the surface *. The space charge in the solution is considered to be built up
by unequal distribution of point-like ions. The solvent is treated as a continuous me-
dium, influencing the double layer only through its dielectric constant.

The CouromB interaction between the charges present in the system is described
by PoissoN’s equation

Ay=—2CE (37)

between the potential ¢, which changes from a certain value ¢, at the interface to zero
in the bulk of the solution, and the charge density, p. ¢ is the dielectric constant ® A is
the LAPLACE operator ® which in CARTESIAN coordinates is equal to 02/dx® -~ 02/dy? -
0%[0z%,

The distribution of the ions in the solution is governed by a BoLTZMANN relation
expressing that at places of positive potential the negative ions are concentrated and the
positive ones are repelled, whereas for places of negative potential the reverse is the
case.

n; = ny, exp (—z;e ¢ [kT) (38)

n; is the concentration of ions of kind i at a point where the potential is ¢ * n;, is the
concentration in the bulk of the solution. z, is the valency (sign of the charge included).
The space charge density, g, is given by the algebraic sum of the ionic charges per

unit volume,
p = 2 zien; (39)

By combining equations (37), (38) and (39) a differential equation for the poten-
tial ¢ as a function of the coordinates is obtained.,

A¢z—%?2m%wp&mWMﬂ (40)

When only small values of the potential are considered (z;e $/kT << 1 or z; ¢ <
25 mV at room temperature) the exponentials may be expanded and only the first two
terms retained.

Remembering, that, on account of the electroneutrality of the solution

% zien;, = 0 (41)

1 In § 4 e, p. 137 the case is treated that both charges are space charges.

%D, C. GrauAME, J. Chem. Phys., 18 (1950) 903 showed that although in the double layer the
field strength may be so high as to cause dielectric saturation of the solvent (water), its effect upon
experimentally measurable properties is negligible. So we may safely reckon ¢ as a constant,

% The same symbol .1 has been used in the preceding sections for a difference. There seems to be
no danger of confusion, however, as from the context and the equations themselves it is always
evident which of the two possibilities is meant,
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the equation arrived at reads

Ab=x{ (42)
in which
4 et Tn,zt
9 3 0“1
3 s kT (#3)

This approximate differential equation (42) will in most cases not be suitable to
describe colloidal phenomena, because the valencies of positive and negative ions occur
in it in a symmetrical way through », whereas experimentally, for instance in the rule
of Scuurze and HArDy (Ch. II, p. 82) the influence of positive and negative ions is
essentially different.

It is, therefore, necessary to return to the complete equation (40) and try to solve it.

In the application to strong electrolytes serious doubt exists whether the application of the
complete eq. (40) is permissible because it implies certain internal inconsistencies which have been
analyzed most extensively by Kirkwoob !, But CASIMIR 2 extending KIRKwooD’s analysis has shown
that these inconsistencies do not arise (remain very small) when the complete eq. (40) is applied to the
double layer on a large plane interface or on a large particle if the electrolytic concentrations in the
whole system remain so small that in the bulk of the solution the limiting laws of DEBYE and HUCKEL
form a reasonable approximation.

The objection against the use of eq. (38) is that the exponent contains the mean potential while it
should contain the potential of the mean force. In other words eq. (38) forgets that when an ion is
brought from infinity to another ion the mean distribution of all the ions changes slightly, thus influen-
cing the work done.

In the case of the double layer of colloidal particles there are so many small ions in the double
layer that the addition or subtraction of one ion practically does not change the distribution of mean
charge or of mean potential.

When two colloidal particles come near to each other the above-mentioned inconsistencies would
become serious. The influence of interaction of colloidal particles is however treated separately in
Ch. VI and VIII.

We shall now restrict the discussion to an infinitely large plane interface, so that
2
the LAPLACE operator /\ simplifies to T
A first integration can then easily be carried out after multiplying both sides of
eq. (40) by 2d ¢ /dx.

2 cdif . C:;L; = — 8: X zien;, exp (—ze ¢ /kT)%
Integration gives
\ 2
(-] = 22 2 i fexp (—zie o) — 1 (44)
where the condition that
for x —» ¢—>0and—d—q)——>0
dx

has been made use of.

1 7. G. KirgwooD, J. Chem. Phys., 2 (1934) 767; See also H. A. KRAMERS, Proc. Koninkl. Nederland.
Akad. Wetenschap., 30 (1927) 145; R. H. FOwLER, Trans. Faraday Soc., 23 (1927) 434; L.. ONSAGER,
Physik. Z., 28 (1927} 277; Chem. Revs., 13 (1933) 73; R. H. FowLER and E. A, GUGGENHEIM, Statis-
tical thermodynamics, Cambridge 1949, p. 409.

2 H. B. G. CasIMIR, Tweede Symposium over sterke electrolyten en over de electrische dubbellaag
Ed. by Sectie voor Kolloidchemie der Ned. Chem. Ver., Utrecht 1944, p. 1.
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This equation can be simplified considerably by considering a single binary
electrolyte of valency z in the solution. This simplification causes little loss with respect
to the explanation of colloidal phenomena, because there the valency of the ion with
the same charge as the wall (or particle) is unimportant and so may for convenience be
chosen equal to the valency of the counter ions. In that case eq. (44) can be written

& ——-L/-g-le”—kz [exp (2 ¢ 4/2kT) — exp (—z e /2KT) | (45)

Before carrying out the second integration, we can from eq. (45) establish a relation
between the surface charge density, o, and the surface potential, §,. The condition
of electroneutrality of the total double layer requires that the surface charge is opposi-
tely equal to the total space charge in the solution.

c:—f“’pdx (46)

By using Poisson’s relation, eq. (46) can be integrated as follows

% 0 g d‘“ e d¢
o Ff A TEe I et &0
Inserting the value for (dgj— from eq. (45) we find:
el %’5} + [exp (ze v, 2 kT) —exp (—zeu, 24T (48)

When the potential is so small that the exponentials can be expanded, we find

(49)

€ < 252
ot il 1/ 2nkT ze Y, - = 1/8 T nzle = ex N
' € kT 4 '3
In this case charge and potential are proportional to each other and the double
layer behaves as a flat condenser with a distance | x between the two plates.
For the second integration of eq. (45), which leads to an explicit relation between
the potential and the coordinate of the double layer, this eq. is written

zey [ur 2d (ze § [2KT) 8 Zien X
14 f Sl Gl j d(x x)
ey —exp (. ze § g
LU XpGrr) — P 257

Integration with the condition ¢ == ¢, for x = 0 leads to

(exp (ze y |2 kT) + 1) (exp (ze P, [2kT)—1) (50)
(exp (zey [2kT) —1) (exp (ze Y, [2kT) + 1)
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This relation, which is illustrated in Fig. 4 """
for a number of values of ze ¢ /AT can be more
easily read in the case of small potentials where
the exponentials may be expanded. It then sim-
plifies to

8

xx=In{ /4 or k:J:L:,loe—xx (BLF=ES

showing that the potential drops exponentially
to zero over a distance of the order of magni-

tude 1/x. 8
This, and the fact that the equivalent con- 4
denser has a thickness, 1/x, justifies the custom \\
of saying that ""the thickness of the double layer \
is equal to 1/x". N
Another useful approximation is obtained for 2 5
- N
> land =" < 1, that is an approximation \
2
vahd far away from a surface which is at a high \\
. . ~ \
potential. For this case we find of \Qz\%— !
1
j Hx
ze: —%X
s Ven B ve (52) Fig. 4. Electric potential in the double
kT layer according to the theory of Gouy and
. : CHAPMAN. The curves marked 1, 2, 4, 8 are
in which drawn according to the exact eq. (50) for
1 zel
SXP‘(Z-EW{/Z_/{Z‘)_—:_I (53) 7‘9-7'1,)—“:1, 2, 4 and 8 resp. The dotted lines
exp (zey,[2 kT) + 1 follow the approximate equation (51).

One of the properties of the double layer that can be easily tested experimentally
is its differential or integral capacity
o c
E"D or g,
which can be very easily derived from eq. (48) or (49). For small potentials the differen-
tial and integral capacity are both equal to

For larger potentials it becomes larger.

At room temperature x is about 3 + 107 z \/ ¢, where c is the concentration in gram-
moles/ litre,

InalQNN aqueous solutxon of a monovalent electrolyte the calculated capacity

S0 i :
therefore becomes —— 4 - 200 u. F/cm® Experimentally the capacities found are

more nearly one tenth of this amount. Evidently the picture of the diffuse double layer
is too simple. This oversimplification makes itself felt also in another respect. When the
solution is not very dilute, say 0.1 IV, and the potential at the wall high, say 200 mV.,




132 ELECTROCHEMISTRY OF THE DOUBLE LAYER v

then the concentration of electrolytes near the wall should amount to 0.1 IV - 8 = 300 N;
clearly an impossible value.

This can be remedied by not neglecting the ionic dimensions. A method of intro-
ducing ionic dimensions into the double layer has been developed by O. STERN.

d. Stern’s picture of the double layer

As the influence of the dimensions of the ions is greatest near the wall, it is possible
to bring an important correction into the double layer theory by correcting only for the
finite dimensions of the ions in the first ionic layers reckoned from the wall. In many
cases it is even sufficient to bring into the picture only the djmensions of the ions of the
first layer or rather the fact that they cannot approach the wall to a distance smaller
than a few A units, By doing this, concentrations and potentials in the double layer drop
already to values low enough to warrant the approximation of the ions as point charges.
This comes down to the application of the Gouy-CHAPMAN theory with the first layer
of ions not immediately at the wall but at a distance 3 away from it. This is one of the
two corrections proposed by STERN 1. STERN further considered the possibility of spe-
cific adsorption of the ions and assumed that these ions were also located in the plane 3,
This layer of adsorbed ions will be called the STERN layer 2.

The total potential drop ¢, is divided into a potential {5 over the diffuse part
of the double layer and ¢,—yg over the molecular condenser. For the diffuse part of
the double layer the treatment of the foregoing subsection is taken unchanged except
for the fact that the diffuse layer does not reach to the wall but only to a distance 8 from
it, The molecular condenser has a certain capacity C,,, being the ratio of the charge on
the wall o and the potential difference ,—uig

The capacity of the total double layer C, is then simply found as the equivalent of
the capacity of the diffuse layer Cy and that of the molecular condenser C,, placed in
series

CriCa
Cl Cm k*— Cd (54)

As C,, is (nearly) constant but C, strongly dependent upon electrolyte concentra-
tion (Cy ~ x), the partition of the total potential drop in the double layer over its two
parts also depends on the amount of electrolyte present. So even when ,, the surface
potential, is a constant, {3, which governs the diffuse double layer, decreases with
increasing #x, a fact which plays a part both in electrokinetics (chapter V, § 9b, p. 228)
and in stability of colloids (chapter VIII, § 4a, p. 311).

In extreme cases, when one of the separate capacities is very much larger than the
other, the total capacity is practically equal to the smaller of the two component capaci-
ties, So in dilute solutions C, ~ Cy and in concentrated solutions C, ~ C,,.

The charge on the wall is oppositely equal to the sum of the charges of the diffuse
part of the double layer , o,, and the charge of the ions in the liquid part of the mole-

1 O. STERN, Z. Elektrochem., 30 (1924) 508.

2 This layer is often called the HELMHOLTZ-layer in honour of the very important theoretical work
of HELMHOLTZ on electrokinetics but it does not mean that HELMHOLTZ himself used the picture of a
molecular condenser; HELMHOLTZ derived the electrokinetic equations without any special assumption
on the structure of the double layer. It was PERRIN, who was the first to schematize the double layer
as a simple condenser. Cf. chapter V, § 3a. 1, p. 199.
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cular condenser, 6. o, is directly related to ;s according to the Gouy-CHAPMAN-theory.
For the calculation of o; STERN applies a model analogous to the LANGMUIR adsorption
isotherm, The adsorption energy of ions of kind 7 is considered to be composed of
two parts, a purely electrical one (— z; e ¢s) and a chemical potential (o;) indepen-
dent of the electrical circumstances.

A schematic picture of the distri-  Charges: 0"

. ; . a; -0,
bution of the potential according to *f A2 —_—
STERN’s theory is given in Fig. 5. |
The charge o,is given by ? i O |
|
N1 Z -+ e I
s TR |
e et il l
n., M kT ‘Pd r--'
N,z _e '
e e BSOS ST (55) |
1 N z_e "1'):5 P :
g S e e :
|
where IV, is the available number of :
adsorption spots per cm? [N is AVOGADRO'S 0d x

number, and M the molecular weight Fig. 5. Schematic representation of the double
of the solvent. layer according to the theory of STERN,

A weak point in STERN's theory is the

number of available positions in the liquid, which is taken equal to S 73 and also the connection be-

tween the diffuse double layer and the molecular condenser, as expressed by assuming equality of
potential in the innermost part of the diffuse layer and the liquid layer of the molecular condenser.

When the molecular condenser is empty (5, == 0) then indeed the maximum potential of the Gouy-
layer should be $s. But when the StERN-layer is partly or fully occupied, the distance of closest
approach, averaged over the whole surface, of a Gouy-ion to the surface, is larger than & and conse-
quently the maximum Gouy potential should be smaller than s .

In practice very often only oné of the terms in the sum of (55) needs to be consi-
dered because either the positive or the negative ions are completely expelled from the
molecular condenser. Moreover, if the concentration is not very high, the 1 in the
denominator may be neglected. This gives a great simplification in calculations using
this theory.

As regards the drawbacks of the pure Gouy-CHAPMAN-theory, STERN has indeed
indicated the way to overcome them. The non-specificity disappears by the adsorption
potentials and by the capacity of the molecular condenser. The impossibly high values
of the capacity in Gouy's theory cannot occur in STERN'S, as the highest capacity possi-
ble here is that of the molecular condenser.

In the original version of STERN'S theory the capacity of the molecular condenser
is taken as a constant, In principle of course this capacity will depend upon the specific
properties of the ions in the STERN-layer. And especially will be different on both sides
of the zero point of charge.

11, LANGMUIR, J. Am. Chem. Soc., 38 (1916) 2221; 39 (1917) 1885; 40 (1918) 1361.

2 STERN changes the 1 in the denominator into 2 but his arguments are not very convincing especial-
ly not for the simplified case in which either the contribution of the anions or that of the cations can be
neglected
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In experiments on the electrocapillary curve this effect is quite evident, PHILPOT !
and FrRUMKIN ) have given modifications of STERN’s theory which take this changing
capacity into account, by assuming two different anionic and cationic capacities, and a
certain graduel transition between them.

In 1942 BikermAN 3 published a different approach which also excluded the very
high capacities and introduced specific effects for different ions. In this treatment the
somewhat artificial separation between STERN-layer and Gouy-layer is left out, but the
Bortzmany distribution function is corrected for volume effects, which serves the same
purpose. The distribution function used by BIKERMAN is

—'Wi/kT I—Eni Vi

N = NaE D W —
i ) 1 sy n,'ovi

where v; is the volume of one ion.

The potential energy w; is also modified by including either a dipole energy depen-
dent on the derivative of the potential or an extra term related to the change in dielectric
constant when water is displaced by ions.

The most promising attempt to improve STERN's theory is due to GRAHAME .
GrauAME's work is directed especially on the interpretation of the double layer on
mercury. He supplies evidence that in the STERN-layer only the anions are really
chemisorbed with loss of a part of their hydration shells, whereas the cations remain
hydrated and are only attracted to the surface by electrostatic forces. A distinction
should therefore be made between what GRAHAME calls the outer HELMHOLTZ plane,
that is the locus of nearest approach of the centres of charge of cations to the wall and
the inner HELMHOLTZ plane that is the locus of the centres of charge of the chemisorbed
anions,

The double layer description of Gouy-CHAPMAN may be used from the outer
HeLmuoOLTZ plane on, and this is in principle completely known because the total
amount of adsorbed cations is an experimentally determinable quantity. Together with
the value of x this is enough to determine the distribution of charge and potential
completely.

The capacity C between the wall and the outer HELMHOLTZ plane (in the absence
of chemisorption) is determined by experiment from the eq.

ol ","G total (56)
HJa H.p.

This capacity is not a constant but still depends — as GRAHAME assumes — on the
surface charge density.

The inner HELMHOLTZ plane may be treated in the same way as in the STERN
theory. The number of anions present per cm? in that layer is

w i."-p-/kT

n i.H.p. = 27’710 (4

(57)

where 1 is the radius of an (unhydrated) anion and w jr,. the work to be done in brin-

1 J. St. L. PuILroT, Phil, Mag., (7) 13 (1932) 775.

2 A. Frumk1N, Trans. Faraday Soc., 36 (1940) 117.

% J. J. BIKERMAN, Phil. Mag., (7) 33 (1942) 384.

' D. C. GRAHAME, Chem. Revs., 41 (1947) 441. (See also this chapter § 5d, p. 156).
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ging an ion to the inner HELMHOLTZ plane. The splitting of this work into an electrical
and a non-electrical term

Winp, = ZieVY i mp —9 (58)
is usually not without ambiguity. At the zero point of charge, however, {; g, = Y
and in that case w ; yp. = o.
Moreover GRAHAME gives some arguments that the capacity of the chemisorbed
layer — contrary to the capacity of the ¥

outer HELMHOLTZ plane — is a constant.
With this simplification the whole theory

: : ~3
can be completed by the equations \\ LoIN
30 N

17y -0.01N —|

a

G (59) L 0.001N
Vs = Ui,

L0.0001N
and S total + Oy, + 0gr = 0 (60) > :
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Fig. 7. Differential capacity of the double
60 118 s 2 layer according to STERN's theory. Capacity
_loootn of the molecular condenser 38 u. F for posi-
tive surface and 20 uF for negative surface.
(Taken from A. FrRuMKIN, Trans. Faraday
50 e Soc., 36 (1940) 126).
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Fig. 6. Differential capacity of double layer NaF from Fig. 10 has served as a basis for
according to the Gouy-CHAPMAN theory for calculating the capacity of the molecular

monovalent ions. condenser.
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where o,.;. is the total charge of the diffuse layer. GramaME did not give an explicit
relation to calculate 4 ,.5r.,. from ;... in the case that chemisorption is present, but
takes the relation from experimental data.

At this stage it may be interesting to compare the capacities of the double layer
according to the different theories with the experimental values from the electrocapillary
cutve.

Fig. 6 gives the differential capacities calculated for the diffuse double layer.

Fig. 7 gives the differential capacity after STERN’s theory as modified by FRUMKIN,
The adsorption potentials of the ions have been taken zero.

Fig. 8 is an example of GRAHAME's work. Chemisorption is assumed to be absent,
the inner HELMHOLTZ plane is empty. The capacity of the molecular condenser (outer
HerLmuoLtz plane) is taken from the experiment with the highest concentration of
electrolyte (1 mol/l NaF) and is used to calculate the curves for lower concentrations.

Fig. 9 shows experimental values for the mercury electrode in chloride solutions.

Fig. 10 gives GRAHAME's experiments for NaF, to be compared with Fig. 8.

Except for the most dilute solutions and very low double layer potentials the Gouy-
CHAPMAN-theory leads to capacities that are far too high.

With STERN's theory the middle part of the experimental curves can be quite well
explained although the quantitative agreement is not yet quite satisfactory. The maxi-
mum in the capacity for 1 N KCl near the zero point of charge is not explained by

STERN’s theory but may be explained by the theory
PFem? of BIkERMAN, It is due to the fact that for very
small potentials the theory is equivalent to Gouy’s
leading to high capacities, whereas for somewhat

60 larger potentials BIKERMAN's theory is more equi-
Fem2
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Fig. 9. Double layer capacity at a mer- 0 08 04 0 -04 -08 -12 -16 V
cury-water interface after experiments
of PROSKURNIN and Vorsina, (Taken Fig. 10. Differential capacity of double layer
from A. FRUMKIN, Trans. Faraday Soc., between mercury and aqueous solutions of
36 (1940) 124). NaEs Te=25%Cs
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valent to STERN'S. GRAHAME'S approach seems to give a somewhat better accord with
experiments than does FRUMKIN's method, but the differences are not very large.

The high experimental capacities for large positive or negative potentials are not
explained by any of the theories.

Further comparison between theory and experiment is given in § 5.

e. Double diffuse double layer

At the interface of two immiscible liquids a diffuse double layer may be present on
both sides of the phase boundary. The GALVANI potential difference depends on the
unequal distribution of the ions in the two phases. For a monovalent electrolyte this
distribution is governed by equality of the partial electrochemical potentials of the ions
in the two phases.

7+() = 13 (Jand (1) = 2-()
or
bio) KT In ¢, () -+ e o) = o) + AT In ¢, () + es(?)
b_o(t) + AT Tn c_() = e 5() = b_y(t) + KT In c_() = e o) e

Taking account of the electroneutrality in the bulk of the phases we find for the

distribution of the electrolyte

0 €0 = e ® )= 0 ) (62)

and for the GALVANI potential difference

o) =50) = 5 {1 ) (a0 ~ (1 O 63)

The potential difference only depends upon the specific character of the electrolyte,
and is (in this approx1mat1on) independent of the concentration. For mixtures of elec-
trolytes similar equations can easily be derived. The potential difference depends then
upon the relative amounts of the different electrolytes present, but again not on the
total concentration. It has already been mentioned in § 3, especially in § 3c, that we
have no means to determine ¢(!) — ¢(*) experimentally.

This GALVANT potential difference may be divided into a surface potental jump 3
caused by orientation of dipoles etc. and a double layer potential D, related to ionic
displacement. The distribution of this double layer potential D over the two phases has
been investigated by VERwWEY and NIESSEN 1.

v d ; s :
At the phase boundary the potential gradient ( 5}%) shows a discontinuity owing

to the difference in dielectric constants (s(*) and <(?)).

e(") (Cl Yy (1) = (2)( )(2) (64)

1E. J. W. VErwEeY and K. F. NiesseN, Phil. Mag., (7) 28 (1939) 435.
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POTENTIAL If both double layers are assumed to
’ be of the Gouv-CHAPMAN-type, eq. (45)
(ter) (oit) may be applied, leading to
(1) b 2GR 3
by i bera()
Vn()a()SIH DETTE
e
3 (2 n(®) «(®) sinh kT (65)
where ¢(*) and ¢(?) are the potentials on
phase (1) and phase (2) and the sum of ¢/(*)
and ¢(?) is equal to D as determined above.
. See Fig. 11.
;;— ?(L The partition of the potential is gover-
i e 4 x ned by the quantity
Fig. 11. Distribution of the potential at the 3 & n(*) (") (66)
interface of two liquid phases for small values T n) e(®)
of the total double layer potential D
€, =9¢e, n, =8ln, and as usually the medium with the lower

Consequently »; = 3 », and 9(*) = 27¢(")  dielectric constant will also have the smaller
electrolyte content, the greater part of the
potential D will be found in the phase with the smaller dielectric constant. Fig. 12 gives
the partition of D as a function of log « for two different total potentials.
The application of these considerations on the interface between water and an
crganic liquid (oil) leads to the
conclusion that only a weak 2'2’0",
double layer is present in the L
water phase, which explains the 290}
lack of stability against floccula- i
tion of non-stabilized emulsions 45|
(cf. chapter VIII § 12a, p. 338). i
It may be argued that in
principle every double layer is of
this double diffuse type. In ionic
solids the charge on the solid
may stretchoutover considerable 5
distances in the interior of the -8

solid i : .

h p}_la}?_e, if erarture frgm Fig. 12, Distribution of a total potential drop D and D’
the “stoe l1ometric 'C(‘)mposmon of 102.5 and 205 mV resp. over two phases as a function of
by means of interstitial ions or log n(®) e(® /n(}) e(}) = log .«

other lattice defects are pos-

siblz  GRIMLEY and MorT! applied this idea to the double layer AgBr-water.
In the silver bromide the double layer is built up from an unequal distribution of

ScHoTTKY defects (vacant anion and cation positions) from which there are about 10~

50

LT, B. GrRiMLEY and N. F, MorrT, Discussions Faraday Soc., 1947 no. 1, 3.
T. B. GRIMLEY, Proc. Roy. Soc. London, A 201 (1950) 40.
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per cm?® in a neutral crystal. The extension of the double layer is then of the order of
10 ¢ cm and already in solutions of !/, IV a considerable part of the total potential
drop is located in the crystal. The introduction of the diffuse layer in the solid phase
achieves the same result as the introduction of the STERN correction, viz., a lowering of
the potential in the diffuse layer in the solution phase. (See § 4d). A difficulty in this
sort of case is the estimation of the number of accessible lattice defects.

Returning to the oil-water double layer we wish to indicate how in the presence of
special electrolytes the double layer may acquire again its more one-sided character. If
the electrolyte to be distributed contains an amphipolar ion that tends to accumulate
at the interface (e.g., a fatty acid ion) and a second ion showing great preference for the
water phase, the double layer will be formed of a layer of amphipolar ions at the inter-
face, a diffuse layer in the water phase and, in order to arrive at the necessary value of
the total potential, a diffuse layer in the oil phase which however in the case mentioned
contains only a very small charge. In the aqueous part of the double layer the potential
drop is now much larger than without the presence of the amphipolar ion, which leads
to a much greater stability of the corresponding emulsion. (See chapter VIII, § 12,
p.338). A quantitative treatment of this kind of double layer has been given by VERWEY,

f. Relation between models and thermodynamic considerations

f. 1. Potential

On a purely thermodynamic basis the electromotive force of a galvanic cell cannot
be objectively divided into the three potential jumps at the different phase boundaries.
If it is assumed, that separate ion activities (or, what comes to the same thing, diffusion
potentials) are known, the dependence of one separate potential jump (E.) on the ionic
composition of the solution becomes accessible, except for an additive constant.

In the models we distinguish the GALVANI-potential difference /\ ¢ between two
phases.

The comparison between theory and experiment is usually carried out by taking
E, and A\ ¢ equal in the zero point of charge (they are then both equal to the unknown
7-potential), and investigating whether they are also equal in other circumstances. In
the comparison it is often (for exceptions see § 5a, p.149; § 6¢ p. 165) assumed that y
is independent of the composition of the (dilute) solution, so that practically

Ei-E¢ = ‘1')0 or D (67)

2 Chanpe

In the case of the completely polarized (mercury) electrode the charges occurring
in the thermodynamical calculations and in the model are identical.

For the completely reversible electrode the surface charge in the model is identified
with the charge of the adsorbed potential-determining ions. So in the case of silver

iodide
St b b al (68)
e

LE, J. W. VErRwWEY, Proc. Koninkl. Nederland. Akad. Wetenschap., 53 (1950) 376.
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If the solution contains much foreign electrolyte, this definition of ¢ is practically
correct but if the electrolyte content is low, so that a substantial part of the counter ions
is formed by the potential-determining ions themselves, the problem is more complica-
ted because /" contains the whole surface excess, including the excess in the liquid part
of the double layer. For small values of the potential, half of the diffuse charge is for-
med by a deficiency of ions of the same charge as the surface and the other half by an
excess of ions of opposite charge. Considering a silver iodide surface, positively charged
in a solution containing only silver nitrate, the solid phase contains an excess of silver
ions equal to o /e but in the liquid there is a deficit of /2e silver ions. The concentration
of I-ions is so small compared to the nitrate concentration that the excess of I-ions in
the liquid is negligible. In this case

= c G c
e ]I‘_e 2e 2e S
A still more extreme case is met with when a solution of Agl in water with no
other ions present is considered. As in this case the zero point of charge (cf. § 6a, p. 160)
and the equivalence point do not coincide, there certainly is a finite surface charge o.
A surface excess however cannot be defined in this case as only two components are
present in the system.

In practice these complications do not give rise to many difficulties, as usually the
solutions to be measured contain enough foreign electrolyte to make eq. (68) (or an
analogous one for other substances) valid.

g. Free energy of the double layer

In § 2, eq. (9) a general relation for the free energy G, of the interface per cm? has
been given in the form

[ (s Ha
Grd GRS e rsss 10 _( I, dus) el asapridly et (9)
? R

v M3 T Uigy g e vs

In § 3 the case has been treated, where the interface bears an electrical double
layer and independent of the way of formation of the double layer (polarizable interface
or reversible case) the free energy can be written (see eq. (24) p. 122 and (29) p. 123).

s
Gr—=IG (e R Uric :0)—<J i dy.a) s
Ui L s s, ,o=0

hr G
5 ]Tr d r - d-Es 70
<J‘P~ro 5 ) Way Peteee Pr—1y 0= 0 <J‘ c — Oc )“30 i3t “ro ( )

When there is no specific adsorption in the zero point of charge, G, (1%, W.°,
u.°, o = 0) is independent of the special choice of concentrations and eq. (70) may be
simplified to

g
Gy =G, (6 =0) - J o dE, (71)
=0
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Further assuming — and herewith the model considerations are again introduced
— that the - potential is independent of the charge density, dE; is identical with d¢,
and the surface free energy becomes

LS
Ga— 6 (G——-O,%ZO)—J’ o dd, (72)

0

The integral in this expressicn may be called the free energy of the double layer.
In two cases the integration leads to a particularly simple result. If the total concentra-
tion of electrolytes is high, the capacity of the double layer is practically equal to that
of the STERN layer (cf. eq. (54)) and may be treated as a constant. (See, however, § 5d,
p. 156). For small concentrations of electrolyte and small potentials again the capacity
is a constant, now proportional to x. In these two cases

o
Gdouble layer s=—y— J‘ o di,lJ i 1/2 o8 '[o (73)
0

For the diffuse double layer the result is somewhat less simple. The relation be-
tween o and ¢ has been given in eq. (48), p. 130 and the free energy of the double layer
becomes -

= R et ized sl = BI T zey,
Gaouble layer = — 1/ *-n——J 251nhm d,J = = ’“—%-— (COSh m = 1) (74)
0

A very characteristic feature of the free enthalpy of the double layer is its negative
sign, corresponding with the fact that it is spontaneously formed when the surface
potential or the concentration of potential-determining ions is changed. This negative
sign is of great importance in electrocapillarity (§ 5) and in the stability of hydrophobic
colloids (Chapters VI, VII, VIII).

h. Another approach to the free energy of the double layer

There is another way of approach to the free energy of the double layer, which is
more convenient for explicit calculations in some cases. (Interaction of two flat double
layers, see chapter VI § 3b, p. 252) and which shows clearly the close connection between
the activity of strong electrolytes according to DEBYE and HUCKEL and the free energy
of the double layer.

An imaginary charging process, in which the charge of all ions present in the
system is gradually increased from zero to the normal value, is used. As, however, the
properties of the double layer are not solely determined by the charge of the ions, but
also by their preference for one of the two phases present, it will be necessary to con-
sider apart from the change of the charges also a change in thermodynamic potential
of the ions. We will give a detailed treatment for the completely reversible case (cf.
§ 3b), the treatment for the polarized electrode (§ 3a) being analogous.

The stage of the charging process is indicated by a parameter A, varying from 0
to 1. The ionic charges at stage A are z;eA. The chemical potential of the ions (u;) are
assumed to be independent of A in the solution but to be a function of * later to be
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defined in the solid phase. The free energy of the double layer can then be described by
considering only the excess charges in the double layer as the charging and discharging
of the other ions is independent of the presence of the interface.

When at stage 2 all ionic charges are increased by an amount z;ed %, the space

: : A ocdx
charge ¢ and the surface charge o in the double layer increase by ¢ : and 5
respectively. Moreover, the chemical potential of the excess ions on the surface is

4 0 Whis 4 G D Wis
increased by an amount —— d 2 per ion or — ——
b A e v sy

\

da for all ions per cm?, The total

amount of work done at this stage ! is

e dx da 6 Ol
4G, _prdvT +Jc bo dS S +f7m dr dS (75)
volume surface surface

and the free energy of the double layer is found by integrating (75)

it 1 1
=GO +J iiij WV J dlf o4, dS + JQEDA“J as  (16)
A A A e DA
0 4 0 S 0 S

in which G (0) represents the free energy of the double layer at A = 0 and A p =
{is — Ui solution, Where (; solution is independent of A, As the double layer is always
in equilibrium A\ . + re ¢, = 0.

Now the effective integration of (76) completely depends upon the choice made
for the dependence of A w on A, When A p is assumed to be zero during the whole
charging process, changing only from O to the final value when A = 1, then the first two
integrals are zero and so is G (0). The free energy of one cm? of the double layer will

then be reduced to the last integral which can be written as

1 |
drc D Yo
GS=J—-~—(AM)=J%61AH=—J ody,

Ae DA
0 0

which is the same expression as that found in § 4 g eq. (72) p. 141.

Another convenient way of integration is given by the condition that ¢, remains
constant. In that case

DILY fearssd (SRedn)is st
— T —'_e(‘Ho
0 A 0 A

and the last two integrals of (76) are cancelled.

Lcf. R. H. FowLER, Statistical Mechanics, 2nd ed. Cambridge University Press 1936, p.269;
L. ONSAGER, Chem. Revs., 13 (1933) 73; R. M. Fuoss, J. Chem. Phys., 2 (1934) 818, where this method
is directly derived from statistical mechanics; For the double layer this relation has been derived by
E. J.W.VErwey and J. TH. G. OVERBEEK, Theory of the stability of lyophobic colloids, Amsterdam
1948, p. 56.
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Then G, is found from

G, = G, (0) + J dxjp vav 7
0

where the integration has to be carried out under the condition that ¢, has always the
same value.

For the infinitely large flat diffuse double layer G, (0) is zero, and the integral may
be evaluated in the following way.

1k 1 [ee]
olednali o e AR dyy e = % )
GS“JTJ” dV_'Z;JTJ Y d"*‘ﬂj > ﬁ (3
0 0 0 0 s

d
With the value for g;—' taken from eq. (45) p. 130, remembering that at stage 2,
e has to be replaced by 2 e, we find

e i %% hpe %
Gs:"] g__;nkTJ' f icoshz A edkd
0 0

T A e A

T

e Y|
2 en kT te zhed  zred
—_ — AR e | e o el oeddian LB
J J d“’J S oRT: ST,
i 20

<A 2enkT Yo zel
— __T.C___JO sinh 'Z*ﬁd

_ 8nkT ze Y,
S0 vt <R Sl ') )

which is the same result as (74) which was calculated by the other method.

An application of this second method of evaluating the free energy of the double
layer will be given in chapter VI in the treatment of the interaction of two flat double
layers.

For one plane double layer or two parallel plane double layers the mathematical
equivalence of the two methods was demonstrated by CASIMIR *. LEVINE ® drew atten-
tion to the fact that for the double layer on a curved surface G, (0) from eq. (77) is
different from zero and has to be evaluated separately.

i. The double layer at curved interfaces

So far our considerations have been restricted to flat interfaces. Practically this
means that the radius of curvature of the interface is large as compared to the distance

1 H.B. G. Casimir in E. J.W.VERWEY and J. TH. G. OVERBEEK, Theory of the stability of lyophobic
colloids, Amsterdam 1948, pp. 60, 63—65.
2 S. LEVINE, Phil. Mag., (7) 41 (1950) 53.
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over which changes of concentration make themselves felt. In colloidal systems this
will not always be the case and therefore it is useful to treat some cases of curved double
layers. The double layer around spherical particles has been extensively treated * and
also some data are known on cylindrical particles 2.

i. 1. Charge and potential in a spherical double layer

In the approximation for small potentials the distribution of charge and potential
around a spherical particle has been given by DEBYE and HUCKEL *
8 79 (79)

b= ¢oa
1;

where a is the radius of the particle and r the distance from its centre,
The charge of the particle Q is related to the surface potential ¢ as follows

Q=ac(l+ xa)i (80)
Solutions of the complete PorssoN-BoLTzMANN equation (40), p. 128, have been
derived by MULLER * who used a graphical procedure, and by GRONWALL ® who solved
these equations analytically, Unfortunately just in the case when the greatest differen-
ces between the treatment for flat double layers and curved ones are to be expected,
the objections raised by Kirkwoobp and others (see § 4c p. 129) against the use of the
complete eq. (40) gain more and more weight; and therefore it remains doubtful
whether extension of the theory to the case of large potentials on spherical double
layers, which mathematically is very difficult to handle, is worth this trouble.

Moreover in the spherical double layer with 1/x large compared with the radius of the particle,
the distribution of the potential is governed more by the factor 1/r in eq. (79) which comes from the
spherical extension of the lines of force, than from double layer effects and therefore a slight incorrect-
ness in the treatment of the double layer does not influence the distribution of the potential very much.
Table 1 in which the approximate theory of DEBYE and HtyckeL and the exact solution of eq. (40) by
MULLER are compared for a case where 1/x = 5 a, illustrates this clearly.

TaBLE 1
Illustrating the difference between the approximation of DEBYE and HYcKEL and the theory of
MULLER for spherical particles. xa = 0.2 PARS A
®nr % (r—a) zeY/kT
MULLER DegyjE and HckeL
0,2 0.0 2.83 2.78
0.5 0.3 0.828 0.82°
1.0 0.8 0.25 0.25

1 P. DesYE and E, HtckeL, Physik. Z., 24 (1923) 185; 25 (1924) 97; H. MULLER, Kolloidchem.
Beihefte, 26 (1928) 257; T. H. GRONWALL, Proc. Nat. Acad. Sci. U.S., 13 (1927) 198; T. H. GroN-
wALL, V. K. LA MER, and K. SANDVED, Physik. Z., 29 (1928) 358; V. K. LA MEer, T. H. GRONWALL,
and L. J. GRrEIFF, J. Phys. Chem., 35 (1931) 2245,

2 G. P. DugE, Indian J. Phys., 17 (1943) 189; See also S. LEvinNg, Trans. Faraday Soc., 47 B
(1946) 102.

3 See footnote 1

4 See footnote 1

5 See footnote 1
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i. 2. Free energy of the spherical double layer

Estimation of the free energy of spherical double layers by the method outlined
in § 4g, that is by evaluation of the integral

%,
G=—J Q dy (81)
0

is very simple, because for the reasons outlined in § 4i 1 our discussion will be restricted
to small potentials where Q and ¢ are proportional to each other. Using eq. (80) we find

G=-,Q¢=-"sac (14 % a),? (82)

Application of the charging method of DEBYE and HUCKEL (cf. § 4 h) is instructive
in this case because the free energy of the double layer does not tend to zero when the
ionic charges do so, at least not when the condition of constant surface potential is
maintained.

Eq. (77) may be written for a sphere of radius a

1 0
A
G, =G, (»=0) + [%—J pb 4 wridr (83)
Jo a
The free energy for » = 0 is determined as
= 2
G, (A=0)=- J Qdd. |k = 2@ bo (84)
| Jo |2 =0 s A=0"
When A = 0 all ionic interaction has disappeared and so Q (0) is simply given by
Q) =ca iy, (85)
from which follows that
G, (3=0) =1y {, (86)

The integration of the second term of eq. (83) is carried out as follows

R (e i
JTJ p¢4nr2dr:JTJ—%¢A¢4wr2dr=
0 a 0 a 5

i 1 © -2 A% (r-a)
o e eNw2ridr = —ex?a® 2 | dx e dr =
0 a 0 JA

1
__exagtj)of e exa® ¢
= J dx = gy (87)

0

Taking (86) and (87) together we find for the free energy of the double layer around a
spherical particle

ead® exa®’

LS e 2

-+ na)y, (88)

which has also been derived by direct integration of - Q d ¢ (eq. 81, 82).
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i. 3. Cylindrical double layer

The diffuse double layer around cylindrical particles has been treated by DUBE !
for the case of small potentials. The relation between charge and potential can be expres-
sed by means of BESSEL functions. The same relation has been derived by Gorin 2,

§ 5. THE ELECTROCAPILLARY CURVE AND RELATED EXPERIMENTS
AS AN EXAMPLE OF THE COMPLETELY POLARIZABLE INTERFACE

The interface between mercury and an aqueous solution is a very favourable case
for studying the properties of the electrical double layer. By measuring the surface
tension the free energy of the double layer is directly accessible. The potential difference
between the two phases can be altered within wide limits by applying an external poten-
tial difference. From the relation between
surface tension and potential the charge
and the capacity of the double layer can
be derived by differentiation (see § 3, eq.
(20), § 4, p. 131). Moreover, these two
magnitudes can also be directly determi-
ned by experiment. So it is not to be won-
dered at that our best and most extensive
data on the double layer are coming from
the mercury water interface.

a. The electrocapillary curve

The first determinations of the
relations between surface tension and
polarizing potential are due to Lipp-
MANN %, whose experimental set-up is
shown in Fig. 13 and is still in use with-
out many alterations.

e Some authors * used more compli-

—e £ cated forms of apparatus, others made
Fig. 13.  Capillary electrometer after LipPMANN.  yse of completely different methods for
The polarizing tension E is applied between a cal- the determination of the surface tension

omel electrode A and a mercury electrode B. The ol ot Boe, £ Horel g
interface between mercury and solution is situated (drop weight °, form of a sessile drop °)

ina narrow, slightly conical capillary C. The surface  but they seem to be less accurate and
tension is measured by determining the height = not so easy to handle as the classical
for which the meniscus is at a certain point in C, capillary electrometer.

1 G. P. Dusg, Indian J. Phys., 17 (1943) 189.

%M. H. GoriN in H. A. ABRAMSON, L. S. MovER, and M. H. GoriN, Electrophoresis of proteins,
New York 1942, p. 126.

3 G. L1PPMANN, Ann. Phystk, 149 (1873) 546; Ann. chim. et phys., (5) 5 (1875) 494, 12 (1877) 265;
Wied. Ann., 11 (1880) 316.

1 F. O. KOENIG, Z. physik. Chem., A 154 (1931) 454; L. A. HANSEN and J.W. WiLL1amS, J. Phys.
Chem., 39 (1935) 439.

5 G. KuceRra, Ann. Physik., 11 (1903) 529, 698; S. R. Craxrorp and H. A. C. Mc Kay, J. Phys.
Chem., 39 (1935) 545.

8 G. Gouy, Ann. phys., 6 (1916) 5.
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In a very narrow, slightly conical, capillary C an interface between mercury and an
aqueous solution is kept at a chosen place by applying a suitable pressure, i, when a
given polarizing tension E has been set up between the mercury (B) and the calomel
electrode (A). The interfacial tension can be determined from the height % and the
diameter of the capillary at the chosen place. The general type of relation between the
interfacial tension and the polarizing potential E is shown in Fig. 14. A roughly para-

interfacial
tension, Gs

descending or
cathodic branch

rising or
anodic branch

0 -2.0
potential in volts of mercury
against 1N calomelectrode

Fig. 14. General form of electrocapillary curve.

bolic curve is found. At the electrocapillary maximum the charge on the mercury is zero,
ford G,/3 E = 0 at that point and d G,/d E = - ¢ (see eq. (20) p. 121). On the rising
branch the mercury bears a positive charge and on the descending branch a negative one.
The measurements are limited at the cathodic side by the discharge of hydrogen (when
the overvoltage of hydrogen on mercury is surpassed) and at the anodic side by oxida-
tion of the mercury surfave g1v1ng rise to unreproducible layers which hamper the
motion of the meniscus.

In order to obtain reliable results the apparatus and the chemicals must be very
thoroughly cleaned. E.g., PROSKURNIN and FRUMKIN ! have shown, how, by touching
the mercury surface with a piece of picein (usually considered to be a very inactive wax)
the shape of the electrocapillary curve is profoundly altered. This is one of the principal
reasons why many earlier measurements on electrocapillary phenomena can now no
longer be regarded as being trustworthy. The second reason is, that for the interpreta-
tion of electrocapillary curves in the form of models two differentiations have to be
carried out, which is only possible when the original data are extremely accurate.

The first differentation d G,/d E gives the charge of the mercury, the second
differential 3* G,/d E* the capacity (differential capacity) of the double layer and it is
this last property which is most easily accessible to model considerations. If the capa-
city of the double layer were a constant, the electrocapillary curve would be exactly
parabolic and thus it is the width of the parabola which informs us on the mean value
of the capacity, and the deviations from the parabolic form reflect the non-constancy
of the capacity. The absolute height of the curve is relatively unimportant for double

1 M. ProskUrNIN and A. FRUMKIN, T'rans. Faraday Soc., 31 (1935) 110.
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layer considerations. The relative situation of curves for different solutions again is
important as the derivative (3 G,[d u;) g gives information on the amount of the com-

ponent i adsorbed. (Eq. (19) p. 121).

Fig 15 * shows electrocapillary curves of different sclutions of KNO,. The down-
ward displacement of the curves for more concentrated solutions (0 G,/d u; negative)

G j ﬂ Vs *OH 3
3
0.001 N 5
o
/x 0.01N &
N K,S
Y o.1n
Sw
N
X
. 1 L "
0 -0.5 ~1.0 -1.5 EHg “E4N catomel -05 -10 i EHg-E1 N calomel

Fig. 15, Electrocapillary curves for solutiotis of
KNO;, in water.

Fig. 16. Electrocapillary curves for different
anions,

indicates a positive adsorption of this salt even at the electrocapillary maximum that
is in the absence of charge on the mercury. The maximum is displaced slightly to more
cathodic polarization indicating a relative negativation of the mercury surface which
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Fig. 17. Adsorption of cations.

might tentatively be interpreted as a prim-
ary adsorption of the anions followed by
electrostatic attraction of the potassitim ion.
(see also the remarks on GRAHAME's modifi-
cation of the theory of STERN, § 4d p. 134).

The preponderance of the anions in
the adsorption comes out much more clearly
when one compares electrocapillary curves
for different salts as given in Fig, 161,

Various potassium salts all show the
same cathodic branch of the electrocapillary
curve, Here the anions are repelled electro-
statically from the surface and only the
adsorption of the cation plays a role. In the
anodic branches however, large differences
are found and especially the more highly
polarizable anions are strongly adsorbed,
depressing thereby the surface tension and
displacing the maximum to lower values at
more negative potentials,

1 Taken from A. FRUMKIN, Ergeb. exakt. Naturw, 7 (1928) 235.
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Curves for different inorganic cations are nearly coincident, indicating almost com-
plete absence of specific adsorption of the cations. More strongly adsorbable organic
cations, however, depress the cathodic branch of the curve as is demonstrated by Fig, 171,

The addition of non-ionic organic substances often results in a more or less symme-
tric truncation of the electrocapillary curve. See Fig, 18 1,

In the central part of the curves the surface tension is strongly depressed indicating
a pronounced adsorption, From the displacement of the maximum it may be inferred

Gs T T T T
c
we22% ]
F Tpat Sucrose, various S
alcohol
|_ various strengths strengths
L . ; it i ; ; : -

! |
0 QLSS0 5= 2.0.0, 0-55551.0 1:5 =2 0RO SR IO == 5 =010

Negative polarizing potential in volts

Fig. 18. Adsorption of molecules. Orientation at the interface.
Expulsion of adsorbed molecules by high charge of the surface.

that amyl alcohol turns its positive pole to the mercury, isobutylphenol its negative pole,
whereas the adsorption of sucrose does not introduce a dipole moment on the interface,

At large positive or negative polarizations the electric field strength close to the
interface gets higher and under these circumstances the counter ions and the highly
polar water molecules are drawn more strongly to the interface thereby expelling the
adsorbed less-polar molecules,

For a quantitative theory of this phenomenon see BUTLER * and FRUMKIN ?,

A final remark * might be made on the potential E, which plays a role in the differ-
entiations mentioned in this section, It follows from the theory given in § 3 that the
potential with respect to which the interfacial tension has to be differentiated in order
to get the surface charge, and which has to be held constant in the differentiation with
respect to p; (eqs. (19)) is the externally applied potential difference (E in Fig. 1 p. 120)
and not the less well defined “potential difference between the two phases'’.

b. Direct determinations of the surface charge

The surface charge o, which can be calculated by differentiation of the electro-
capillary curve, can also be determined directly. For this purpose FRUMKIN ° used the

1 From N. K. Apam, The physics and chemistry of surfaces, 3rd ed. Oxford 1941, p. 341.

27, A. V. BUTLER, Proc. Roy. Soc., London, A 122 (1929) 399. See also J. A. V. BUTLER,
Electrocapillarity, London 1940, p. 82.

3 A, FRUMKIN, Z. Physik, 35 (1926) 792.

4 See D. C. GRAHAME, Chem. Revs., 41 (1947) 458; also W. ScHoT1KY, Thermodynamik, Berlin
1929, p. 121—122,

5 A, FRUMKIN, Z. physik. Chem., 103 (1923) 55.
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simple set-up sketched in Fig. 19. The mercury flows drop by drop
from the capillary tip and the drops unite with the pool of mercury
on the bottom of the vessel. Each. drop represents a certain new
surface, and thus needs a certain amount of charge, when the potential
difference between the mercury in the capillary and that in the pool is
kept constant. This charge can be measured as a current flowing e.g.,
from the capillary to the pool when the capillary is negatively polarized.
When it may be assumed that the formation of the double layer is rapid
compared to the formation of the drops and that during the time of
formation of a drop the mercury water interface is completely polarized,
the charge measured in this way should be equal to that calculated
from the LIPPMANN relation d G,/d0 E = — . Table 2! shows that the
two methods are in satisfactory accordance even for solutions with
capillary active additions.

€p oo~
Fig. 19. Deter-
mination of the

surface charge. TABLE 2

Surface charge in y Coul/cm?®
EetmpositionioL fol g from electrocapillary determined

curve directly

1 N NaCl saturated with Hg,Cl, 50 47

1 N KOH & , HgO 21 17

1 N Hgsol »” 1 HgZSOJ. 39 39

1 N KNO, + 0.0l NKI ,» Hgl, 86 .90

1 N KOH + ether % ,» HgO — 1.5 — 1.3

SCHOFIELD 2, using a very elegant method to determine the charge set free (in the
form of Hg,** ions) when mercury drops unite with a pool of mercury, could con-
firm and extend FRUMKIN's results.

More recently PHILPOT ® carried out measurements of the charge of the interface
mercury-sodium chloride or hydrochloric acid solution, which are in very good accord
with CRAXFORD's * determinations of the electrocapillary curve for the same solutions,

Similar experiments have been carried out by GRAHAME °.

By suitable polarization of the mercury flowing from the capillary the zero point
of charge may be determined ¢ In that case no current flows in the outer circuit.

Another way of determining the potential of zero charge, that is the potential of
the electrocapillary maximum has been suggested by HELMHOLTZ 7 and is based upon
the fact that an isolated mass of mercury automatically comes to the potential of zero
charge when the interface with the solution is sufficiently enlarged. Indeed if the

! From A. FRUMKIN, Erg. exakt. Naturw., 7 (1928) 235.

2 R. K. ScHOFIELD, Phil. Mag., (7) 1 (1926) 641.

3. St. L. PHILPOT, Phil. Mag., (7) 13 (1932) 775.

4 S. R. CrAXForD, Dissert., Oxford 1936, cited from T'rans. Faraday Soc., 36 (1940) 85.
5D. C. GRAHAME, J. Am. Chem. Soc., 63 (1941) 1207 esp. p. 1212.

% H. PELLAT, Compt. Rend., 104 (1887) 1099.

? H. voN HELMHOLTZ, Wiss. Abhandl. physik. tech. Reichsanstalt, 1 (1879) 925.
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interface is completely polarizable, its charge is constant and
by enlarging the interface the charge density can be made
arbitrarily small. The method is usually carried out by letting
afinejet of mercury flow into the solution. Where the mercury
jet hits the solution, it is divided into many small droplets,
thereby enormously enlarging the surface. (See Fig. 20).

The method has been applied by PAscHEN 1, SMITH and
Moss?, ERDEY-GRUZ and SzARVAS® and GRAHAME, LLARSEN, and
Pornu*, The last mentioned authors point out that for dilute solu-
tions this method is probably the most accurate method for
determining the potential of the electrocapillary maximum.

PALMAER ° used a similar method but in order to reach
the zero point of charge he depressed the activity of mer-
curous ions by complex formation with cyanide ions instead
of by applying a polarizing potential. In this case, however,
the mercury should act like a reversible and not like a polar-
izable electrode.

The accord between the different methods for the value
of the zero point of charge is very good. In comparison with  Fig. 20. Determination
the tenth-normal calomel electrode the zero point of charge in  of the zero point of charge
one tenth normal potassium chloride is 0.559 V. GRAHAME, (after PASCHEN).
LArseN, and Potu (Lc.) give a list of the values found by
different authors with different methods which we repeat here without details: 0.5590,
0.559, 0.560, 0.5595, 0.556, 0.553, 0.57, 0.573.

c. Direct determination of the capacity

As the capacity of the double layer is the quantity most easily compared with
model considerations on the structure of the double layer, a direct determination of this
capacity seems a very attractive method of investigation. In principle the measurement
is very simple. The cell containing the mercury-solution interface forms one arm of a
capacitance bridge, constructed in such a way that a variable d.c. potential can be
applied to the cell. The measurement of the capacity which is in series with the resis-
tance of the cell, is carried out by a small a.c. potential in the bridge. The frequency
used is rather low (1000 cycles per second or lower). Its actual value does not — within
limits — influence the results obtained ®. The a.c. potential on the double layer is of the
order of a few millivolts. As in all electrocapillary work mercury, solution and the glass-
work should be scrupulously clean, exempt from capillary active impurities and well
deaerated. In earlier work 7 these conditions have not always been observed with the
result that the measured capacities were much too low.

1 F. PAascHEN, Ann. Physik, 43 (1891) 568; 41 (1890) 42, 177.

2 S, W. J. Smite and H. Moss, Phil. Mag., (6) 15 (1908) 478.

3 T, ErpEY-GRUZ and P. SzARVAS, Z. physik. Chem., A 177 (1936) 277.

4 D. C. GRAHAME, R, P. LARSEN, and M. A. Pots, J. Am. Chem. Soc., 71 (1949) 2978.

5'W. PALMAER, Z. physik. Chem., 25 (1898) 265; 28 (1899) 257; 36 (1901) 664; 59 (1907) 129.

8 D, C. GRAHAME, J. Am. Chem. Soc., 68 (1946) 301.

7 F. KRUGER, Z. physik. Chem., 45 (1903) 1; Ann. Physik, (4) 21 (1906) 701; T. ErbeEy-GRuz and
G. G. KroMmREY, Z. physik. Chem., A 157 (1931) 213. The measurements by F. P. Bowpen and E. K.
RipEAL, Proc. Roy. Soc. London, A 120 (1928) 59 on the charge necessary to polarize the surface
to d certain potential (¢f § 5b) also led to values of the capacity which were 3 or 4 times too low.
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The first reliable determinations of the capacity have been reported by PROSKURNIN
and FrRUMKIN ! and more recently by using very low frequencies, data have also been
obtained for more dilute (10-* and 10-* IV) solutions % GRAHAME developed the same
method further ® and was able to obtain results with an accuracy ¢ of 0.1 to 1 percent

I |
° ¢
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3
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= 30 5
>
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¢ 20—— ‘rom differential capacity |
g 20 ® from differential it .O
f:é D from electrocapillary curves T
—— (O direct measurement of the
surface charge :
7| Cassmpes o 1 bl | v 0
0.8 0.6 0.4 02 0 =02 —04 -06 -08 ~—10 ~—12 14
potential relative to e.c. max. (volts)
Fig. 21.

in the capacity. By integrating these results twice the electrocapillary curve is found
again, but with an accuracy which has probably never been reached in the direct deter-
mination of surface tension vs. potential.

The concordance between the three different methods is very satisfactory as is
illustrated in Fig. 21, where the integral capacity of the double layer mercury

_%{ Na,SO, is determined

a. from the electrocapillary curve (Gouy)

b. from measurement of the surface charge (GRAHAME)

c. from determination of the differential capacity (GRAHAME) and application
of eq. (89)

Yo

(]

S
K:f,:_l_j ¢ dy (®9)

in which c is the differential and K the integral capacity.

1 M. ProskURNIN and A. FRUMKIN, Trans. Faraday Soc., 31 (1935) 110; Acta Physicochim.
U.R.S.S., 4 (1936) 825; T. Borissova and M. PROSKURNIN, Acta Physicochim. U.R.S.S., 4 (1936) 819.

2 M. ProskurNIN and M. A. Vorsina, Compt. rend. acad. sci. U.R.S.S., 24 (1939) 915; M. A.
Vorsina and A. FrRuMKIN, ibidem, p. 918; M. A. VorsiNa and A. FRuMKIN, Acta Physicochim.
U.R.S.S., 18 (1943) 242,

3 D. C. GRAHAME, J. Am. Chem. Soc., 63 (1941) 1207; 68 (1946) 301; See also Chem. Revs., 41
(1947) 441,

4D, C. GRAHAME, J. Am. Chem. Soc., 71 (1949) 2975.
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Fig. 22, Differential capacity of the electrical double fayer between mercury and
aqueous solutions of the salts named, T = 25°C.

In Figs. 9, 22, 23, 24 we give a few examples of the differential capacity measured
directly.

Fig. 9 gives measurements by PROSKURNIN and VorsiNaA ! on KCl of different con-
centrations and a very dilute solution of HCIL. The curves suggest strongly that both in
cathodic and in anodic polarization a constant value of the capacity is reached which

1 M. ProskurNIN and M. A. Vorsina, Compt. rend. acad. sci. U.R.S.S., 24 (1939) 915; M. A.
Vorsinva and A. FRUMKIN, thidem, p. 918.
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Fig. 23. Differential capacity of the electrical double layer between mercury and
aqueous solutions of the salts named. T = 25°C.

might be interpreted as the capacity of the cationic and anionic STERN layer resp. At very
high anodic or cathodic polarization the capacity becomes very large probably owing to
non-ideal polarizability of the interface, In the middle part of the curves, near the elec-
trocapillary maximum, the capacity falls to a low value especially for dilute solutions,
This is easily explained by the development of a diffuse Gouy layer (cf. Fig. 7). For
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concentrated solutions a maximum near the electrocapillary maximum exists for which
a satisfactory explanation has still to be found.

Later and probably more accurate measurements by GRAHAME ! show that the
curves are somewhat less simple than
those given by PROSKURNIN and  #%,2
VORSINA, although the general treat-
ment is correct. It is especially the 80
region of constant capacity which is
missing from GRAHAME's curves (see
Figs. 22, 23). Fig. 24 shows how for
Na,SO, saturated with octyl alcohol
the differential capacity has two very 50
pronounced maxima connected with

70

60

the pronounced change in direction 49
of the truncated electrocapillary curve 5
for this case (see § 5a, p. 149).
20
d. Comparison of experiments 2 ala

[ AN
with theory 9 crmgisiss bal
e o by vy b w1, Potential against

From the data described in the 0.5 10 15 1N calomel electrode
preceding subsections, not only the
capacity of the double layer is known,

Fig. 24. Differential capacity of the double layer.
—— Na,SO, — - — Na,SO, sat. with octyl alcohol.

i & I but also the separate contributions of negative and
3 7”# // 17| positive ions to the solution part of the double
/| layer can be calculated with the aid of eq. (19)
4 (bG’ :-Jemdngi) it Tl 4(19)
dPea'E, dphcs /B,
. The change of the surface tension with com-
position at constant potential (E, and E; mean
that the other electrode is reversible to the anion
] i or the cation) leads to the separate adsorptions
of cations or anions.
038 Nacl In Fig. 25 the contributions of the ions to the
R compensating charge are shown. In the region of
| high negative charge on the mercury, this charge
11 s for the greater part compensated by cations and
| for a small, almost constant part by desorption of
: anions. With positive polarization again a large
part of the positive charge is compensated by
Fig. 25. Charge () and adsorptionof  anions but there remains a positive cation adsorp-
cations (I'f) and anions (I") at the  {ion which even increases with increasing positive
s B LR I potential. The most simple inference seems that

tials are measured relative to 0.3 M . : :
NaCl/Hg,Cl,/Hg. there is a rather strong non-electrostatic anion
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1D, C. GRAHAME, Chem. Revs., 41 (1947) 441 esp. p. 462, 463.
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adsorption but that specific cation adsorption is probably absent. The increased
specific anionic adsorption is attributed by GRAHAME ! to the strengthening of the
supposed covalent bond between the Cl ions and the mercury in the presence of
positive charge.

In order to arrive at a further and more quantitative interpretation of charge and
adsorption of ions, it is necessary to consider a rather detailed model of the double layer.
It has already been mentioned that the simple Gouy picture leads to inconsistencies
and that it is necessary to take account of the finite dimensions of the ions by the STERN
theory or a modification of it.

FrRUMKIN %, taking 38 wF /cm? for the capacity at extreme positive polarization and
20 pF/cm? for extreme anionic polarization, finds for solutions from 0.1 to 0.0001 IV
the curves presented in Fig. 7 which are in not too bad accord with the experimental
curves of Fig. 9. The large capacities found experimentally for extreme positive and
negative polarizations have already been attributed to the non-ideality of the system
(discharge through the interface). There remains, however, a certain discrepancy
between theory and experiment, especially at low concentrations in the neighbourhood
of the isoelectric point, where the experimental capacity is higher (3.9 pF/cm® for
0.0001 N solution) than the theoretical one (2.15 pF/cm?).

The more detailed analysis by GrRAHAME * distinguishes two kinds of molecular
condenser (see § 4d, p. 134). The distance of closest approach of the cations to the
interface is called by GRAHAME the “outer HELMHOLTZ plane’’. We wish to introduce
the name “limiting Gouy plane’’ thereby expressing the fact that up to this plane the
double layer may be treated completely according to the diffuse double layer theory.

The anions, however, according to indications, are more strongly adsorbed and
closer to the mercury. This implies that contrary to STERN’s assumption the potential
in the plane of anions which we shall call the “STERN plane’” (GRAHAME's “inner HELM-
HOLTZ plane’’) is not the same as that in the limiting Gouy plane.

GRAHAME therefore suggests that a test of double layer theories should in the first
place be directed to a case, where specific anion-adsorption may be expected to be
absent, that is practically to the case of fluorides. Owing to the strong electronegativity
of the Fion this ion will not be dehydrated and thus not enter into the “STERN plane’’.

In order to carry out this test he takes the experimental capacity C for 1 M NaF,
calculates the capacity C; = do/d ¢ § of the Gouy layer according to eq. (48) p. 130,
and evaluates the capacity C, between the mercury and the limiting Gouy plane by
eq. (54) p. 132.

1 1 1

e T

Assuming further that the capacity C,, is completely determined by the total

charge of the mercury (or by the charge of the Gouy layer which is the same with the

sign reversed) he can then calculate the total capacities for more dilute solutions, which
really are in good accord with the experimental values * (see Figs. 26-29).

(54)

D, C. GRAHAME, Chem. Revs., 41 (1947) 441,

* A. FrRuMKIN, Trans. Faraday Soc., 36 (1940) 117, See also § 4 d, p. 135.

3 D. C. GRAHAME, Chem. Revs., 41 (1947) 441.

*E. L. MACKOR, Rec. trav. chim. 70 (1951) 763, showed that instead of assuming a variable
capacity Cm of the molecular condenser, an equivalent interpretation can be obtained by assuming
a constant capacity and a variable y-potential which depends upon the surface charge.
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where w, is the energy difference between an ion in the STERN layer and in the bulk of
the solution.

The capacity of the STERN layer is equal to the differential capacity of the double
layer at a potential where ' is minimal (see Fig. 25) because there a change of poten-
tial does not change I+ and therefore does not change the potential in the limiting
Gouy plane nor that in the STERN plane by which the potential in the limiting Gouy
plane is presumably controlled. Therefore the whole change of potential is over the
STERN condenser and thus the experimental capatciy at this potential is equal to the
STERN capacity.

If the capacity of the STERN layer is assumed to be a constant, then the potential
of the STERN layer U, can be calculated (eq. (59) p. 135) and w, can be split into an

electrostatic part (z;e{;) and an
adsorption potentialp; (eq. (58).)

¢L(voLrs) Fig. 30 shows the adsorption

potential of Cl™ions calculated

0.32 in this way by GRAHAME.

The most important con-
clusion is that the adsorption

Lt 7 potential is strongly dependent

el upon the charge on the surface,

5187 becoming very much larger if

: the surface charge on the mer-
Pl cury becomes more positive

0.20l- N (see also p. 164).

\\ Thestructure of the double
~ layer derived from the above

0.16 \\ considerations may be schema-

A tized as follows

0.12 a. No specific adsorption

either of cations or of
\ anions.

008 The double layer is of
the Gouy type but there
remains a gap between

0.04 B e the charge on the mer-

L. cury and the first ions
> A present in the double
20 16 12 4 0 =% layer.,

é
q(p coul/cm?) 3 ;
: : ' b. Specific adsorption of
Fig. 30. Specific adsorption potential, ¢’—, for chloride ion anions. Cathodic branch.
on mercury as a function of g, the electronic charge on the The double layer is

metallic surface.
of the same type as
under a.

c. Specific adsorption of anions. Electrocapillary maximum.
No charge on the mercury. Negative charge in the STERN layer and a Gouy
layer with positive charge.
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d. Specific adsorption of anions. Anodic branch.
Positive charge on the mercury. Larger negative charge in the STERN layer and
again a positive charge in the Gouy layer. The ""double layer" in this case should
more rightly be called triple layer.

§ 6. THE COMPLETELY NON-POLARIZABLE INTERFACE. THE
SILVER IODIDE SOL

A good and well investigated example of a non-polarizable interface is that between
silver iodide and aqueous solutions. At this interface one may distinguish changes of
ionic concentrations in the aqueous layer and a certain excess or defect of one of the
kinds of lattice ions. Experimentally one determines the total adsorption of certain ions
(cf §2, p. 116) and thus at a certain adsorption of Ag+-ions it remains uncertain whether
thisisan adsorption in the lattice or in the liquid layer (§ 4 f. 2, p. 139). Usually, howe-
ver, the concentration of Ag+ or I- ions in the aqueous solution is very low and the
adsorption in the liquid layer may be neglected (or a small correction applied for it).

With this restriction the adsorption of Ag+ or I- ions is assumed to be a lattice
adsorption and the excess charge of the lattice, that is the magnitude equivalent to the
charge of the mercury in the electrocapillary case, is expressed as

o' e (I, =T (68)

Now we may apply the same considerations oh the structure of the double layer
as those of the preceding sections, viz.,a smeared out surface charge * on the solid and a
space charge (- surface charge) in the solution.

Just as in the electrocapillary curve the state of zero charge on the surface is im-
portant as a point of reference. This point is not equal to the equivalence point in the
solution as a completely stoichiometric crystal of silver iodide may show quite diffe-
rent escaping tendencies for the two constituent ions. It is possible, however, to find a
certain concentration of silver and iodide ions for which this difference in escaping
tendency is just compensated. In very dilute aqueous solutions the point of zero charge
is then found at a Ag" ion concentration of Cag, 2 10-°/N and an I~ion concentration
Cr,210-* N.Assuming provisionally that our considerations are restricted to dilute
solutions where the 7, potential (cf§ 3 d, p. 124) is a constant we may relate the double
layer potential D to the concentration (activity) of the potential-determining ions.

RET o Guy R Gy
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The zero point of charge is determined analytically (or with the aid of electrokine-
tics, ¢f. chapter V). The potential difference in the double layer follows from eq. (90).
A change of the 7, potential by a change in the liquid medium manifests itself in a
displacement of the zero point of charge. This is comparable to the shift of the electro-
capillary maximum in the mercury case. A change of the 7,, potential as a function of
the surface potential, that is as a function of the concentration of the potential-deter-
mining ions, cannot be derived directly from the experiment, although there may be
other indications making such a shift probable 2.

1 Although this excess may be a space charge in the sense of T. B. GRIMLEY, Proc. Roy. Soc. London,
A 201 (1950) 40 (see §4e, p. 138), we shall usually consider it as a surface charge. In many
considerations the difference is not essential.

2 E. L. MACKOR, Rec. trav. chim., 70 (1951) 763.
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a. Determinations of the zero point of charge

The first — not very accurate — determination of the zero point of charge of silver
iodide in water has been given by FRUMKIN and OBRuTSCHOWA !, They concluded from
the maximum of adsorption of caprylic and hexylic acid to Agl that the zero point of
charge was near the point of equivalence (Cagr=C1 =1078).

LANGE and BERGER? drew the same conclusion (cag +<210 #) from titration curves.

A more accurate determination has been carried out by VERwWEY and KruvyT 2,
Using a concentrated, well dialyzed silver iodide sol, they determined the change in
adsorption of I-ions with the activity of the I-ions in the solution and found the follo-
wing simple relation.

P 299168 ar- "4 conist, (1)

As the double layer potential D depends linearly on log ar, eq. (91) seems to indi-
cate that the double layer has a constant capacity.

As the total charge of the sol was known by a potentiometric determination of the
counter ions (H+ions) relation (91) can be extrapolated to /'1- = 0, that is to the zero
point of charge. This was found at a pr==10 or a pag = 6 %, thus clearly shifted to the
silver side.

From the greater stability of the negative AgI sol as compared to the positive one,
KruyT and VAn DErR WILLIGEN ® had also concluded that the zero point of charge was
situated asymmetrically, By measurements of electrophoresis ¢ and electro-osmosis ’
nearly the same zero point has been found.

NAGEL 8, using an abrasion electrode in which periodically the surface of a silver
iodide electrode is scratched away, also found a zero point of charge near psg == 6. This
method, which for solid substances should be equivalent to the direct determination of
the charge with the dropping mercury electrode (see § 5b, p.149), seems to be difficult
to handle and has often led to false or uncontrollable conclusions, For literature, see
NAGEL, L.c.

Special attention to the zero point of charge has been given by KoLTHOFF and
LinGanE® and by VAN LAAR'™. They applied different methods which lead to concor-
dant values for the zero point of charge. The methods used were:

a. Mixing of very accurately measured quantities of AgINO, and KI and measuring
of the resulting pa,. Only in the zero point of charge did the measured pag coincide
with the calculated one.

b. Ageing of the sol or suspension resulting in a decrease of the adsorbing surface.
Only in the zero point of charge is no I” or Ag™ liberated.

c. Determination of I and Ag" adsorption isotherms at several concentrations

1 A. FrumgiN and A. OBRUTSCHOWA, Biochem. Z., 182 (1927) 220.
2 E. LANGE and R, BERGER, Z. Elektrochem., 36 (1930) 171, 980.
3 E. J. W. VeErweY and H, R. KruvT, Z. physik. Chem., A 167 (1934) 149.

L P, == loghiagy (I e log O e

5 H. R. Kruyr and P. C. VAN DER WILLIGEN, Z. physik. Chem., A 139 (1928) 53,
6 H. R, KruyT and P, C. Van DER WILLIGEN, /.c.

7 E. LANGE and P. W. CRANE, Z. physik. Chem., A 141 (1929) 225.

8 K. NAGEL, Sitz. ber. physik. med. Sozietit Erlangen, 72 (1940/41) 127.

9 1. M. KoLTHOFF and J. J. LINGANE, J. Am. Chem. Soc., 58 (1936) 1528.

107, A, W. VAN LAAR, unpublished.
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of indifferent electrolytes. The capacity of the double layer is changed, the adsorption
will be different except in the zero point of charge.

d. A charged suspension does influence the diffusion potential between two electro-
lyte solutions, an uncharged suspension does not do so (suspension effect, see § 10

p. 187).

Table 3 gives a survey of the results obtained by the different methods from which

Var LaAR deduces a most probable value of the zero point of charge.

DETERMINATIONS OF THE ZERO POINT OF CHARGE OF AGI IN WATER

TABLE 3

Method Author P4, Of zerocharge
Stability of sol KruyT and VAN DER WILLIGEN <8
Electrophoresis KruyTt and VAN DER WILLIGEN 5—54
Electro- osmosis LANGE and CRANE 5.4
Adsorption of capillary active
molecules FRUMKIN and OBRUTSCHOWA 8
Abrasion electrode NAGEL 6
I adsorption and counter ion
concentration VERWEY and KruyT 6
a KI + b AgNO, — a Agl + LANGE and BERGER R
+ a KNO; -+ (b — a) AgNO,
titration KovtHOFF and LINGANE 585
Ageing of interface KoLTHOFF and LINGANE 6.05
. VAN LAAR 5.50
I and Ag" adsorption DE BruyN 5.6
with more or less indifferent
electrolytes VAN LAAR 5152
Suspension effect VAN LAAR 5.6
Best value VAN LAAR 552

The zero point of charge is remarkably indifferent to electrolytes. By KNO; it

is not shifted in concentrations up to 0.01 M and only a few millivolts by 1 M KNO,.

Polyvalent ions and typically capillary active ions do shift the zero point of charge
(VAN LAAR, lc.).

b. Adsorption isotherms

LANGE and BERGER ! established empirically that in many cases, including that of
silver iodide, the adsorption of potential-determining ions obeys the equation

A=l Ailn ¢ 92)
As
RT
SRR ~277~A Inc (93)

eq. (92) would imply that the capacity of the double layer is a constant.

1 E. LLANGE and R, BERGER, Z. Elektrochem., 36 (1930) 171.
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Earlier experiments?! are in rather good accord with eq. (92), but later, more accu-
rate experiments with silver iodide showed that the adsorption isotherm is less simple,
consequently the capacity of the double layer is not a constant.

The difficulties in getting reliable results in this field are at least twofold. In the
first place, the adsorbing interface is prepared by chemical reaction between relatively
large amounts of material, and the sol or precipitate must then be very thoroughly
dialyzed or washed with great quantities of water before it is suitable for the experi-
ments. Even very small amounts of impurities ? may accumulate at the interface and in
this way impair the reliability of the results.

A second difficulty is found in the sol-concentration effect discovered by DE
Bruyw 8, which may radically disfigure potential measurements made in colloidal
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Fig. 31. Adsorption of potential-determining ions to Agl for different concentrations of electrolytes.
Drawn curves KNO;-NaNO; 7 : 1 (VAN LAAR) ® NaClO; (Mackor) ®-NaNO, (MACKOR).

1 E. LANGE and R. BERGER, Lc.; E. J. W. VERwWEY and H. R. KruYT, Z. physik. Chem., A 167 (1933)
149; A. KELLERMANN and E. LANGE, Kolloid-Z., 81 (1937) 88, a review in which more literature is cited.
See also ibidem, 88 (1939) 341.

? See H. DE Bruyn and J, TH. G. OVERBEEK, Kolloid-Z., 84 (1938) 186.

3 H. DE BruyN, Thesis, Utrecht 1938; Rec. trav. chim., 61 (1942) 12.
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systems and which in the case of Agl-sols may lead to a completely false estimate of the
electrometrically determined Cy or Ca,. For further details of this effect, see § 10 of
this chapter, p. 184.

Adsorption of I or Ag"™ ions to Agl sol or suspension particles have been deter-
mined for several different conditions. For an easy interpretation those experiments are
preferred, in which the ionic strength is kept constant for each adsorption isotherm,
as has been realized in the investigations by VAN LaAR ! and by MACKOR 2.

VAN LAAR used a mixture of KNO, and NaNO, as electrolyte. MACKoRr did a few
experiments with NalNO; and a complete series with NaClO,. The results for the diffe-
rent electrolytes coincide as well as the experimental accuracy allows. In Fig. 31 the
results of MACKOR are given together with those of VAN LAAR. The two ordinate scales
have been adjusted (the adsorbing surfaces are not known and are probably not equal)
to the best possible fit.

Itwill be shown on page 164 how an estimate of the absolute value of the ordinate scale could be made.

DE Bruyn?®, who has done similar experiments, established that the specific
influence of cations is very small. Adsorption isotherms for monovalent ions (K, Na)
are indistinguishable. So are
those of bivalent ones (Mg,'Ba, 5 Sy 149CHs0, 549 010H7503‘}
Zn, Pb). A mutual comparison / o2 240G Hy0;  649CsH5S03
of monovalent and bivalent o 349NO; TA9NO3
ions is difficult owing to their X \/XJ 4498r03 849C/0;
different influence on the ionic i 2d0Cails g

strength and on the diffuse part / \1“96/0“
o
'

of the double layer.
004 —¢
s ey
’D//q Aé/
S
V#z

.006 v

X
\\

BEEKLEY and TAYLOR %, on
the contrary, find a very pron-
ounced specific influence of the
anions, Their curves (Fig. 32) %ﬁ
cannot be compared to those of }o%
Fig. 31 because no indifferent 000 =y o ) o6
electrolyte was present and the concentration in millimols per gram sol
ionic strength thus was not con- Fig. 32.
stant. These results have been
confirmed by KELLERMANN and LANGE 5,

.00 10

LX)

\

adsorption in millimols per GM. Agl

Specific influence of anions on the adsorption by Agl

DEeBRUYN 3 also determined adsorption isotherms for different salt contents. His results differ from
those of VAN LAAR and MACKOR in that for high electrolyte concentrations (> 0.1 IV for monovalent
ions, > 0.001 N for bi- and poly-valent ions) he always found the same practically linear adsorption
isotherm which would point to a constant capacity of the molecular condenser. It is not certain, how-
ever, that the complications of the sol concentration effect (§ 10, p. 184) have been sufficiently avoided
in his experiments.

W. VAN LAAR, unpublished

J. A
L. MAckoRr, Rec. trav. chim., 70 (1951) 763.

H. DE BruyN, Rec. trav. chim., 61 (1942) 21; Thesis, Utrecht 1938.
J. S. BEekLEY and H. S. TAYLOR, J. Phys. Chem., 29 (1925) 942.
A. KeELLERMANN and E. LANGE, Kolloid-Z., 88 (1939) 341.
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For a further interpretation of the adsorption curves of Fig. 31 and for a compari-
son with the results on the mercury surface it is necessary to derive the differential
capacity of the double layer by differentiation of the adsorption (charge) with respect
to the double layer potential. The capacities obtained are given in Fig. 33a and the
capacities of the double layer on mercury against NaF solutions in Fig. 33b. The two
sets of curves resemble each other very much especially for dilute solutions. As in these
solutions the diffuse parts of the double layer are preponderant and there is every reason
to expect that the diffuse double layers will be identical for the two cases, the adsorp-
tion scale in Fig, 31 and therewith the capacity scale in Fig. 33 have so been adjusted
that the capacities for 0.001 IV solutions at the zero point of charge are identical.

differential
capacity
UF/cm?

40}

AgI/NaC!DA.solufion e e
okt mertury/ aF solution
N
-1
20l 107N
1072)
L 109N
1074
1 — el 1 =, (P2 1 /) oy L 1 L ]
+100 0 =-100 -200 =300 mV +300+200+100 0 -100 -200 -300-400-500-600 mY
a b

Fig. 33 a and b, Differential capacities of the double layer on Agl (a) and on
mercury (b) in different salt-concentrations.

The measurements on Agl in dilute solutions can then evidently be explained in
exactly the same way as those on the mercury water interface. For the more concentra-
ted solutions there are two evident deviations,

In the first place there is the striking increase in the capacity on the silver side of
the zero point of charge. Here the explanation is probably a pronounced specific adsorp-
tion of the anions which is in agreement with the strong spreading between the curves
for different anions (Fig. 32). One would expect that this adsorption makes itself still
felt in the zero point of charge. In that case there would be a diffuse double layer present
at the zero point of charge which could be detected by electrokinetic measurements,
Such measurements have not yet been reported.

In the second place we notice a decrease of the capacity especially for the 1 N
solution at high negative charges, reflecting the curvature of the 1 NV curve (and to a
lesser extent the 0.1 IV curve) of Fig. 31 to the potential axis. A satisfactory explanation
of this fact has not yet been given.
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c. Influence of non-electrolytes on the charging curves

According to § 3d, p. 126, the potential difference between two phases in equili-
brium is related to the chemical potentials of the potential-determining ions by the eq.

1
NG E= S AT, (94)

z;e
In the zero point of charge there is no double layer due to inhomogeneous partition

of ions and A ¢ = yx.. Introducing the concentration dependence of the chemical
potential in the solution, we may transform (94) into

1R EERT
e AT
10 = Zy€ Zi-e

In¢? (95)

where A u; is the difference in standard chemical potentials of the i-ions between the
two phases and ¢;” the concentration (activity, if necessary) at the zero point of charge.
It is clear that a zero point of charge may be shifted along the concentration scale both
by a change in % or by a change in

the standard chemical potentials, z;rtﬁrlg: S%ﬁfégcfiv
This is clearly demonstrated O——— = : F 3 ~f%<10‘22

in an investigation by MACKOR * /

on the influence of acetoneonthe  , 1} R T —107!

Agl-water interface. He deter- Ag .

mined the zero point of charge by 2 , pIEL Y Beeiioh vad e 55220

electro-kinetic measurement and
found a considerable shift as re- Pf\O\ \ : 74/ ¥ 019
presented in Fig. 34. Especially

small quantities of acetone shift the -16

zero point of charge to the silver ¢ [ 5 \Q\ i
side, larger quantities shift it more X \E 7
gradually, The first shift is proba- Y MIATYERE SiF 0usE
bly connected with an oriented I b
adsorption of acetone which chan- i : ke

ges the %, potential by about 250 1
mV, the later gradual shift with the 1
change in chemical potential of ’
the ions which manifests itself

5 water 50 acev“cne
also in the change of the solubility nar
product. ; S TRl Fig. 34. The change in the zero point of charge (full
The differential capacities in curve) and the solubility product (dotted curve) of
acetone and in acetone-water mix- Agl by addition of acetone.

tures are smaller than in water
(e 5 uF/cm? for pure acetone) which may be brought into relation with the greater
dimensions of the acetone molecule and its smaller dielectric constant,

LE. L. MACKOR, Rec. trav. chim., 70 (1951) 747.
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§ 7. THE INTERFACES OIL-WATER AND AIR-WATER

a. The interface between oil and water

In principle the interface between two immiscible liquids seems to be an attractive
object for investigation, especially if one remembers the successes obtained on the
mercury-water interface. Practically the situation at the oil-water interface is much less
simple and the experimental material available is rather restricted. The interface is not
completely polarizable, like the mercury-water one. If we go to the other extreme of a
completely reversible interface, then the situation is less favourable than in the case
Agl-water. In the latter case the chemical potentials of the Ag™ and I” ions in the
solid phase are constant, but they can be varied at will in the aqueous phase. In the
oil-water case the chemical potential of any added substance is a variable in both phases,
and the two variations are coupled in such a way that a potential measurement with two
reversible electrodes in the two phases does not tell us anything about the properties
of the surface, as has been argued in § 3c, p. 123 and §4e, p. 137. When instead of rever-
sible electrodes salt bridges are used, the same argument can be given. Although in this
case it is quite possible that a potential difference exists between the electrodes connec-
ted to the salt bridges, this potential difference gives no information on the interfacial
potential.

Nevertheless such measurements have been done by BEUTNER ! c.a. and by BAUR *
c.a. with the following cell

KCl .. | aqueous | KCI |
=2 } Hg,Cl, \ in water ! oil | solution | |

1
in water | Hg,Cl, | Hg

and they have found variations in the E.IML.LF. of several hundred millivolt by changing
the ionic composition of the aqueous solution.

These potential changes must be due to non-establishment of equilibrium between
the oil and the aqueous solution, as has been shown clearly by DEAN, GATTY and RIDEAL®.

If e.g., an electrolyte with an oil-soluble cation like methylene blue is added to the
aqueous solution then temporarily the oil phase gets a more positive potential, because
the cation passes easily into the oil phase and drags the anion behind it. This potential
difference dies slowly away upon completion of the diffusion process.

Absorbed monolayers, e.g. of a protein on the interface give only a very transient
change in E.ML.F, irrespective of the fact whether they are applied to an equilibrium
situation or to a system in which the diffusion has not yet come to an end. The potential
difference caused by the monolayer is compensated by a slight rearrangement of ions
near the interface and this process has only a time of relaxation of the order of a few
minutes, the smaller the higher the specific conductance of the oil phase.

Although in themselves these phenomena are interesting and may be important
in the explanation of potential differences in living organisms (BEUTNER, BAUR) and in
the stability of emulsions, the available data are still so scarce and badly defined that
anything more than this qualitative discussion would seem premature,

! R. BEUTNER, Z. Elektrochem., 19 (1913) 319, 467; Z. physik. Chem., 87 (1914) 385; Protoplasma,
19 (1933) 370.

* E. BAUR, Z. Elektrochem., 19 (1913) 590; Rec. trav. chim., 42 (1923) 656; E. BAur and E. ALLE-
MAN, Z. Elektrochem., 32 (1926) 547.

3 R. B. DEaN, O. Garry, and E. K. RipEAL, Trans. Faraday Soc., 36 (1940) 161; R. B. DEAN,
tbidem, p. 166.
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b. The air-water interface

An equilibrium based on a distribution of potential determining ions is not possible
between air and water through lack of ions in the air phase. A double layer, however,
may be present at this interphase. As usual, an absolute value of the potential difference
over this double layer cannot be determined (for a calculation see § 4a, p. 127) but it is
possible to measure how this potential difference changes when the structure of the
surface layer is changed by adsorption.

The experimental methods used can all be considered as a comparison of the
VoLTA-potentials, just outside a clean and a modified surface, under the assumption
that the difference in composition of the bulk-liquids, is so small that the GALVANI-
potentials are equal (see Fig. 3, p. 124). Consequently the surface potentials are x-poten-
tials or rather differences in y-potentials, where y of the clean surface is taken arbi-
trarily zero.

In the most extensively used method ! the potential is determined between a
calomel electrode connected through a salt bridge to the solution and a second electrode
in the air just above the solution. This second electrode contains a radioactive prepara-
tion, which, by its ionizing radiation, makes the air gap conducting enough to allow a
measurement.

The potential difference so measured is compared for a clean and a modified surface
and the difference between the two is considered to be the surface potential.

Instead of the sadioactive electrode a vibrating electrode > may be used. By the
change of distance the capacity between this electrode and the surface changes and if
the electrode is not at the same potential as the surface, an alternating current flows in
the circuit.

A direct comparison ® of the VoLTa-potentials of the two liquid surfaces is also
possible by letting a thin sheet of one liquid move along the wall of a narrow tube and
a thin jet of the other liquid along the axis of the tube. Between electrodes placed in
the reservoirs from which the two streams of liquid originate a potential difference can
then be measured equal to the surface potential.,

Often these surface potentials /\ V are interpreted as caused by a number of

dipoles in the surface layer
AV =4rxnpu (96)

If, for instance, from experiments on adsorption or spreading n, the number of
molecules per cm? is known, the dipole moment p. per surface molecule can be calcula-
ted. Evidently this dipole moment includes any changes in orientation of the superficial
water layer and thus is not easily interpreted.

Nevertheless some conclusions are possible *. With solutions of inorganic salts
the outer surface is made (slightly) more negative. This would mean, that the anions
are somewhat closer to the surface than the cations, the negative potential being in the
order F << Cl << Br << I <« CNS. This reminds one of the situation in electrocapillary
work (§5d, p.156), where indications have been found that the anions come closer to

1]J. Guvort, Ann. phys., 2 (1924) 506; A. FRUMKIN, Z. physik. Chem., 116 (1925) 485,
% A. VoLTA, Ann. chim, et phys., 40 (1801) 225; J. Guyor, Lc.; H. G. YAmINs and W. A. ZISMAN,
J. Chem. Phys., 1 (1933) 656; E. F. PorTER, J. Am. Chem. Soc., 59 (1937) 1883,
3 F. B, KENRICK, Z. physik. Chem., 19 (1896) 625; A. FRUMKIN, Z. physik. Chem., 109 (1924) 34;
111 (1924) 190; 123 (1926) 321.
* 4 A, FRUMKIN, l.c.
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the interface because they are more easily dehydrated. The strongly hydrated F-ion
does not get easily to the surface, not more easily than a normal cation, with the conse-
quence that fluorides show very small surface potentials.

On the other hand many (undissociated) organic substances make the surface more
positive, probably because usually the apolar part, which will be driven out of the water,
is positive with respect to the more hydrophilic polar part.

A curious case is that of the fatty acids. In the undissociated form they make the
surface more positive. The dissociated soaps, however, make the surface more negative.
Going from air to water we first pass the positive hydrocarbon chain, then the negative
COO group and finally the positive part of a diffuse double layer.

That this double layer is at least partly of the diffuse type, is made very probable
by the experiments of J. J. HERMANS * who found electro-osmotic displacements along
the air water interface, which are in good accord with the above cited measurements
on the total potential. HERMANS finds, e.g., that the water surface in clean water moves
to the cathode and thus is positively charged. Addition of salts (NaCl, Na,SO,, CaCl,,
NayzPO,) leads to a reversal of charge at a concentration of the order of 10-* IV. On the
other hand fatty acids, which make the total potential more positive, increase the electro-
osmotic movement to the cathode.

For more details on these air-water potentials especially in the case of spread mono-
layers, see the excellent book by ApAm 2.

§ 8. DOUBLE LAYERS ON OTHER SYSTEMS ® (NOT TREATED IN § 5, 6, 7)
a. Platinum, activated carbon, platinized carbon

The complicated behaviour of the interfaces Pt/H,O and C/H,O has been unra-
velled by a long series of investigations. The most important contributions have been
given by BARTELL and MILLER ¢, FRUMKIN ® and his school, KruyT and DE KaApT ¢,
KovrtHO¥F 7, VERWEY and DE BOER 8.

L J. J. HERMANS, Rec. trav. chim., 60 (1941) 747,

2 N. K. Apawm, The physics and chemistry of surfaces, Oxford 1944,

3 A. KeLLERMANN and E. LANGE, Kolloid-Z., 81 (1937) 88; 90 (1940) 89.

4 F. E. BARTELL and E. J. MILLER, J. Am. Chem. Soc., 44 (1922) 1866; 45 (1923) 1106; J. Phys.
Chem., 28 (1924) 992; E. J. MILLER, J. Am. Chem. Soc., 46 (1924) 1150; 47 (1925) 1270.

5 Carbon

B. Bruns and A. FRUMKIN, Z. physik. Chem., A 141 (1929) 141; 147 (1930) 125; R. BURSTEIN and
A. FRUMKIN, ibidem, A 141 (1929) 158; R. BURSTEIN, A, FRUMKIN, D. LAWROWSKAJA, ibidem, 150 (1930)
421; A. FrumkiN, Kolloid-Z., 51 (1930) 123; N. Bacu and A. ZimiN, Acta Physicochim. U.R.S.S., 7
(1937) 451; B. Bruns, R. BursteiN, N, FEporow, M. LiwscHirz, ibidem, 8 (1938) 47; S. PeTROV,
R. BUrsTEIN, P. KISELEVA, Acta Physicochim. U.R.S.S., 9 (1939) 59.

Platinum

N. BacH and N. BaLAsHOVA, Acta Physicochim. U.R.S.S., 3 (1935) 79; 7 (1937) 899; Nature, 137
(1936) 716; A. FrumkIN, Trans. Faraday Soc., 31 (1935) 69; B. V. ErRsHLER and M. PROSKURNIN, Acta
Physicochim, U.R.S.S., 6 (1937) 195; B. V. ERSHLER, ibidem, 7 (1937) 327; B. V. ERSHLER, G. DEBORIN
and A, FruMKIN, ibidem, 8 (1938) 565; N. BarascHova and A. FrumkiN, Compt. rend. acad. sci.
U.R.S.S., 20 (1938) 449; B. V. ErusLER and A, FrumkiN, Trans. Faraday Soc., 35 (1939) 464; A.
FruMKIN, ibidem, 36 (1940) 117.

8 H. R, Kruyr, and G. S. DE Kapr, Kolloid-Z., 47 (1929) 44; Kolloidchem. Beihefte, 32 (1931)
249; H. R. Kruyr and T. Kruvr, Proc. Koninkl. Nederland. Akad. Wetenschap., 38 (1935) 570.

7 1. M. KOLTHOFF, Z. Elektrochem., 33 (1927) 497; Rec. trav. chim., 46 (1927) 552; J. Am. Chem.
Soc., 54 (1932) 4476; I. M. KoLTHOFF and T. Kamepa, J. Am. Chem. Soc., 51 (1929) 2888.

8 E. J. W. VErwey and J. H. DE BoERr, Rec. trav. chim., 55 (1936) 681.
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The conclusions from the work by these authors is that carbon, platinum and
probably also gold behave as gas (hydrogen or oxygen) electrodes. Hydrogen and
hydroxyl ions may consequently be considered as the potential-determining ions.

One of the big difficulties in this investigation has been that under oxidizing con-
ditions surface oxides are formed, which strongly influence the y-potential. Moreover
the reversible oxygen potential is seldom reached, which makes quantitative predictions
still more difficult.

When the carbon or platinum surface is prepared under exclusion of oxygen and
the interface with water investigated in a hydrogen atmosphere, the zero point of
charge is found in both cases near pu = 0. For (slightly platinized) carbon * PETROV,

+
Potential \ CARBON
1 I 1 L L
i -10 0 10 14 20 3o
0z P
with surface oxyde Ha 0z

5 H. ()
Potential g : & :

L L 1 !
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with surface oxyde DN

Fig. 35. Sketch of double layer potential as a function of py and
atmosphere. The curve for the reversible potential of carbon in
oxygen is given. In fact the reversible potential is not reached and
the zero point of charge lies at py « 14 instead of at py « 21.
(See B. Bruns, R. BurstElN, N. FEnotow, and M. LiwscHITz, Acta
physicochimica U.R.S.S., 8 (1938) 56).

PLATINUM

BurstEIN, and Kisereva (Lc.) find —0.027 V with respect to the normal hydrogen
electrode as the zero point of charge. For platinum ? it is + 0.12 V. This means thatina
hydrogen atmosphere carbon is positively charged below px = 0.5 and negatively at
higher pH. Platinum in hydrogen is negatively charged at any accessible pu. When the
hydrogen atmosphere is replaced by oxygen, the reversible potential increases by 1.23
volt or in other words it is necessary to make the pu 1.23 : 0.058 = 21 higher in order
to arrive again at the zero point of charge .

It is assumed here, that the y-potential remains unaltered. This implies, of course, that the amounts
of adsorbed hydrogen or oxygen remain low and that the potential-determining process is a transition
of electrons between the metal and the redox system (H*/H, or OH~ O,) in the solution.

! See also B. Bruxs, R. BursTEIN, N. FEpoTow, and M. LiwscHITz, Acta Physicochim. U.R.S.S.,
8 (1938) 47.

2 A, FRuMKIN, Trans. Faraday Soc., 36 (1940) 117; A. SLyGIN, A.FRuMKIN, and W.MEDWEDOWSKY,
Acta Physicochim. U.R.S.S., 4 (1936) 911; A. FrumkiN and A. SLYGIN, ibidem, 5 (1936) 819: B.
BRruns, R. BURSTEIN, N. FEpotow, and M. Liwscrritz (l.c.), indicate a value of + 0.24 for platinum.

3 In fact the reversible potential is not reached. The zero point of charge is found near pu - 14
instead of near pH =21, See B. Bruns, R. BursTEIN, N.FEpOoTOW, and M. L1wscu1Tz, Acta Physicochim.
U.R.S.S., 8(1938) 56.
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Consequently in oxygen at any accessible pu, C and Pt are positively charged.
However, in an oxidizing atmosphere platinum is soon covered by a chemically bound
oxide layer. With carbon this oxide layer is only very slowly formed at room tempera-
ture, but it can be formed by heating the carbon in oxygen at about 400° C. Now this
oxide layer causes an extra y-potential at the interface which may easily reach a value !

of more than one volt and which turns its negative
+1 side to the liquid. This shifts the zero point of
- ! charge again to very low values of the pH and con-
sequently the surface charge again becomes nega-
tive. This behaviour is represented schematically in
\it feasiEageB5,
06\ v A very typical experiment in which the forma-
\ tion of this surface oxide is evident, has been des-
cribed by BarascHowa and FrRumkin 2. They placed
~ a platinum wire in a solution, applied an electric
field perpendicular to the wire, and measured its
electrophoretic deflection at different polarizing
potentials. In Fig. 36 curves 1 and 2, valid for HCI
and H,SO, (2 - 10-5 V), show the normal zero point
-2l of charge at a positive polarization between 0.1 and
- : ; 0.2 volts. At increasing positive potential the elec-
Fig. 36. Deflection of a polarized pla- /.5 nhoretic velocity first increases then goes through
tinum wire in an electric field. V is the ; S :
polarizing tension in volts with respect & Maximum and even reverses in sign. This means
to the normal hydrogen electrode. that at an anodic polarization of somewhat more
1HC12 - 10-° N; 2 H;S0,2 - 10° N than 0.4 volt the formation of the platinum oxide
layer will start.

Experiments ? with platinum sols in hydrogen and oxygen atmospheres fully

confirmed this point of view.

-1}

The phenomena with charcoal have often been investigated with the help of
adsorption measurements. It was found then that carbon heated to about 1000° C in
hydrogen or vacuum adsorbed bases even from neutral salts (hydrolytic adsorption).
Acids were only adsorbed at very high concentrations.

When at room temperature oxygen was admitted instead of hydrogen, adsorption
of acids was found. Carbon which had been heated in oxygen at 300° or 400°C, adsor-
bed both bases and acids *. The explanation is simple in the light of Fig, 35 and Fig. 37.
Pure carbon in hydrogen must be negatively charged (see Fig. 35). It takes the electrons
necessary for this charge from OH ions. The discharged ions form water with hydrogen.
Sodium ions are the counter ions. For the other situations the explanation is similar.

Theoretically the oxidized carbon should only adsorb bases. In practice both acids and bases are
adsorbed. This is because oxidized carbon never has a uniform surface. In the oxidation process at
300°—400°, there are always moments in which a new carbon surface is set free and so in the surface
oxidized places are intermingled with the pure carbon surface.

J. W. VErwey and J. H. DE BOER, Lc.,
BavascHowa and A, Frumxkin, Compt. rend. Acad. Sci. U.R.S.S., 20 (1938) 449.
BacH and N, BALASCHOWA, L.c.

Yo
S5NG
2 N¢
1 H. R. Kruyt and T. KruyT, Proc. Koninkl. Nederland. Akad. Wetenschap., 38 (1935) 570,
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From the reaction equations in Fig. 37 it follows that together with the adsorption
of acids or bases a certain amount of hydrogen or oxygen is bound or liberated. This
was confirmed in the experiments of BRuns, FRUMKIN and others 1.

Adsorption isotherms as a function of pu have been determined by BRUNS,

s -|Na*
CARBON in HYOROGEN ~ Ziat ——»m ~|Na¥ [Hp#20H" 210+ 20 |
¢ 5 3
el -|Na?t
Z +02 + CI: =
CARBON in OXYGEN rcim — HCIZ | 03F4H"+46—+2H,0
H¥ oy fl_
4 cl
0" -'-o_-'-Oi
OXYDIZED CARBON g:v*Na*—*-f; BEes BOH'—-2H20+ 40+0; |
in OXYGEN C 7 o-+oH™ x 8—~a+

Fig. 37. Adsorption at carbon in different states and in different
atmospheres. In the first two cases hydrogen or oxygen is bound
in the adsorption, in the last case oxygen is liberated.

BursteIN, FEDOTOW and LiwscHITZ 2, In the presence of 0.5 molar solutions of NaCl,
Na,SO, or Nal the adsorbed quantity of base on platinized carbon in H, is linearly
dependent on the pH of the solution, except at very low pH where also a difference
between the different curves can be seen (Fig. 38). These curves imply that the double
layer capacity on negative carbon is constant, independent of the anion, except at very
low potentials where the capacity increases due to specific adsorption of the anions in
the order I > ClI° > SO, . The adsorption curves on carbon in an oxygen
atmosphere are still rather difficult to explain ®. This carbon, which is pasitively char-
ged ¢ shows a very pronounced spreading in the adsorption of anions ® which reminds
us of the behaviour of the Hg and the AglI surfaces in this respect.
The order of adsorption found by KoLTHOFF is

CNS >TI > NO, > 10, >Br ~ Cl ~ClO, > SO,
For the platinum surface measurements of adsorption or capacity are available on

platinized surfaces ®. The general trend of the capacity is a very high capacity near the
hydrogen discharge potential and near the reversible oxygen potential. Between these

1 B. Bruns and A, FRumKIN, Z. physik. Chem., A 147 (1930) 125; R. BursTEIN, A. FRUMKIN, and
D. LAWROWSKAYA, ibidem, A 150 (1930) 421; B. Bruns and A. P1LoJAN, tbidem, A 155 (1931) 77.

2 B. Bruns, R. BurstEIN, N. Fepotow, and M. LiwscHirz, Acta Physicochim. U.R.S.S., 8
(1938) 47; B. Rruns, see A, FRuMKIN, Kolloid-Z., 51 (1930) 126; B. BRuNs and A. FRUMKIN, Z. physik.
Chem., A 141 (1929) 141.

3 B. BrRuns, R. BurstEIN, N. FEpoTOW, and M. LIiwscHITZ, LC.

4 H. R, KruyT and G. S. Dk Kapr, Lc.

.> I. M. KoLTHOFF, Z. Elektrochem., 33 (1927) 497; Rec. trav. chim., 46 (1927) 549.

6 A, FrRumMKIN and A. SLYGIN, Acta Physicochim. U.R.S.S., 4 (1936) 911.
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two extremes a region of low capacity due to pure double layer phenomena is present.
ERSHLER ' succeeded in measuring the capacity of bright platinum electrodes and
found in principle the same behaviour as with platinized electrodes. The capacities in
the double layer were still difficult to evaluate exactly, due to a certain lack of reversibi-
lity in the experiments with the
smooth electrode. They seemed,
however, to be of the same order of
magnitude (co 20 p F/cm?) as in the
double layers on mercury or Agl.

%

0.6

0.5

b. Gold

The structure of the double
layer on gold would be expected to
be of the same type as that on pla-
tinum, that is the potential-deter-
mining process is the equilibrium
between the metal and the redox
system H", OH , H, and O,.

Our data on the double layer
01 on gold are exclusively derived from
experiments on gold sols and their

i stability, and there this strict elec-
e 7 5 > = 5 . - 7 trochemical point of view has scar-
Py cely been taken into consideration,

. : o : Investigations on the structure
FiRiss Aﬁfg;g;f:r: ;Sp Latfl:rlﬁi,;aég (;?Pm Hydrogen’ "ot the doublf-. layer of gold have bee‘n
® M a - NaSO, + — NaCl, ¢ — Nal. made especially by PauLi? and his
school, PAuLIreachesthe conclusion,

that the ionic part of the double layer is built up from (AuCl,)” or (AuCIOH) ions
adsorbed to the particles and positive counter ions. The argumentation is completely
different from that used in the foregoing subsection and the two methods of approach
are difficult to compare. PAULI's experiments usually start with very pure concentrated
sols prepared by electrodialysis and electrodecantation 3 (see chapter II, § 3, p. 72).

The chemical structure of the double layer is determined by chemical analysis
often after coagulation of the sol. Usually PAuLI finds a very large number of charges
per cm? of surface of the sol, which in the language of the previous sections would mean
an extremely high capacity.

However, WiNTGEN and HACKER * could show that in electrodecantation probably

04

0.3

02—t

1 B. V. ERSHLER, Acta Physicochim. U.R.S.S., 7 (1937) 327; B. V. ERHSLER and M. PROSKURNIN,
ibidem, 6 (1937) 195.

2 W. Pauwrl, Trans. Faraday Soc., 31 (1935) 11; W. PauLl, E. Russer, and E. BRUNNER, Kolloid-Z,.,
72 (1934) 26.

* This powerful method of purification and concentration of sols was introduced by W. PAuLl,
Naturwissenschaften, 30 (1932) 555. See also H. DE Bruy~ and S. A. TROELSTRA, Kolloid-Z., 84 (1938)
192.

' R. WinTGEN and W. HACKER, Kolloid-Z., 61 (1932) 335; confirmed by S. A. TROELSTRA for 1™
ions in the Agl-sol, Thesis, Utrecht 1941, p. 25.
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also non-colloidal electrolytes are concentrated in the bottom-layer (sol-layer) so that
perhaps the major part of the intermicellar electrolytes is erroneously considered as
constituting the double layer.

From the author’s point of view the situation at this moment is that the chloro-
complexes may be involved in the double Jayer (strong chemisorption) and stability
of gold sols, but that the structure of the double layers has not yet been elucidated.

c. Silver

The zero point of charge of pure silver with respect to silver ions has been deter-
mined by PROSKURNIN and FRUMKIN 1. The silver had been etched by HNO; and after
that, it had been heated to 400° C first in a hydrogen atmosphere, then in a vacuum.
The zero point of charge in 1 N KNO; was found at a silver ion concentration of
1.5 - 10-° N. This is in reasonable agreement with the value found by BENNEWITZ?
who, however, used a method which has been repeatedly criticized3. Later VESELOVSKY*,
also from the school of FRUMKIN repeated the adsorption measurements.and found a
zero point of charge in the neighbourhood of Cayz+ = 10-13N. He ascribes the higher
Ag" concentration found by FRUMKIN to oxidation of the silver.

The capacity of the silver has been estimated both by PROSKURNIN and FRUMKIN
and by VESELOVSKY. For an etched electrode 7000 © F/cm? was found and even for a
smooth electrode the minimum capacity (in 0.1 N KNO;) was 100 1 F/cm?, suggesting
either a pronounced roughness of the “smooth’ electrode or contribution to the capa-
city of other phenomena than the formation of the double layer.

With a metal, which, like silver, is not very precious, extra care should be exercized
in the interpretations because it is not a priori known which of the two possible poten-
tial-determining mechanisms (Ag/Ag" or O,/OH") is the actual one. The elec-
trode potential of Ag/l IV Ag" is - 0.80 V and that of the oxygen electrode (1 atm)
at pH = 7 has practically the same value. Consequently at lower silver ion concentra-
tions, higher oxygen pressures or lower pH silver may be oxidized, thus changing the
composition of the system.

In an investigation on the stability of silver sols KruyT and Vax Nounuys ® con-
clude that independently of the atmosphere (oxygen, however, not rigorously excluded)
the silver is covered by a layer of argentate ions (AgO ). This would be indistinguish-
able from the presence of a surface oxide combined with free electrons or a desorption
of Agh. One gets the impression that both the silver ion and the pr (OH ion) are
potential-determining but the situation is not made clear. A zero point of charge has
not been found.

d. Silver halides

After the extensive treatment of silver iodide in § 6, p. 159 we may be very brief
about the other silver halides. They have been much less extensively investigated and
the results obtained only differ from those for Agl in a quantitative sense.

+ M. ProskURNIN and A, FRUMKIN, Z. physik. Chem., A 155 (1931) 29.

2 K. BENNEWITZ, Z, physik. Chem., 124 (1926) 115.

3 E. LANGE and R. BERGER, Z. Elektrochem., 36 (1930) 980; M. PROSKURNIN and A. FRUMKIN, l.c.
4 V. I. VESELOVSKY, Acta Physicochim. U.R.S.S., 11 (1939) 815.

% H. R. KruyT and H. L. Va~n Nouvnuys, Kolloid-Z., 92 (1940) 325.
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LoTTERMOSER and PETERSEN ! determined the adsorption of potential-determining
ions for AgCl, AgBr, AgCINS. Their measurements have been recalculated by KELLER-
MANN and LANGE 2.

Basinski® carried out a more complete investigation on concentrated silver bro-
mide sols. The zero point of charge was situated slightly asymmetrically at a Br ion
concentration of 2-4 - 10-7 N and a Ag'ion concentration of 1-2-:10-¢ . The
adsorption isotherms resemble those of the Agl sols. The capacity of the double layer
is of the order of 10 wF. This value is rather uncertain owing to the difficulty of the esti-
mation of the total interface of the sol particles.

JonkER * determined the zero point of charge for AgCl from the stability of AgCl
sols at payg oo 4.

For further information on the silver halides see also chapter V, Electrokinetic
phenomena, § 9 b. 3, p. 231.

e. Lead salts

Lead salts have formed a favourite object of investigation because the adsorption
of the potential-determining lead ions can easily be followed by the method of radioactive
indicators (ThB). The first investigations in this direction were from PANETH and
VORWERK °. Later the method was applied by IMRE ¢ and by KoLTHOFF ", The latter also
applied several other methods of adsorption measurement on PbSO,.

PaNETH and IMRE report adsorption of Pb++ to the insoluble salts of Pb. Kort-
HOFF and RosENBLUM 7 only find an exchange between the solution and the Pb++ ions
in the surface but no measurable adsorption.

In very fresh precipitates of PbSO,, KoLTHOFF 7 and collaborators find not only a rapid exchange
with the surface ions but also the Pbt+ in the interior of the crystals is freely exchanged against the
ions in the solution.

Zero points of charge do not seem to have been determined. The adsorption measu-
rements by PANETH and IMRE have been recalculated by KELLERMANN and LANGE 8
who found in all cases investigated a constant capacity of the double layer, usually for a
change in the Pb++ concentration over a factor 10 or 102, that is equivalent to a change
in potential of only 30 or 60 mV. The salts investigated are PbSO, (rather extensively),
PbCrO,, Pbl,, PbBr,, PbCl,,.

f. Barium sulphate

Adsorption phenomena at BaSO, have been repeatedly investigated particularly
by KoLTHOFF and his collaborators and by Miss De BROUCKERE. A rather sharp contro-
versy ® between these two investigators has occurred on the existence of true ''equi-

L A. LoTTERMOSER and W. PETERSEN, Z. physik. Chem., 133 (1928) 69.

? A. KELLERMANN and E. LANGE, Kolloid-Z., 81 (1937) 88.

* A. Basinski, Rec. trav. chim., 59 (1940) 331; 60 (1941) 267.

* G. H. JoNkER, Thesis, Utrecht 1943, p. 40.

> F. PANETH and H. VORWERK, Z. physik. Chem., 101 (1922) 445,

% 1.. IMRE, Z. physik. Chem., A 171 (1934) 239; A 177 (1936) 409; Trans. Faraday Soc.,33 (1937) 571.

* I. M. KoLtHOFF and CH. RosenBLUM, J. Am. Chem. Soc., 55 (1933) 2656.

8 A, KELLERMANN and E. LancE, Kolloid-Z., 81 (1937) 88.

9 I, M. KoLTHOFF, Chem. Weekblad, 31 (1934) 244; 33 (1936) 321; I. M. KoLTHOFF and A. H.
BusHEY, thidem, 36 (1939) 51; Bull. soc. chim. Belg., 47 (1938) 689; L.. DE BROUCKERE, Chem. Week-
blad, 33 (1936) 104; Bull. soc. chim. Belg., 47 (1938) 702.




§9 ION EXCHANGE 175

valent’’ adsorption of non-potential-determining salts and on the magnitude of the
surface of the barium sulphate which according to KoLTHOFF is of the order of 1 m?/
gram and according to Miss DE BROUCKERE about 60 m?/gram.

KorTtHOFF and Mc NEVIN ! determined among other things the adsorption of
Bat+ and Pb*t+ on BaSO,, which they found negligible except when the solvent
was 509, ethanol instead of water. In all media the exchange between ions in the solu-
tion and those in the surface was evident.

Adsorptions were determined of Ba(BrO,)., Ba(INO,),, Ba(ClO,),, BaCl,, BaBr,,
Bal,, Ba(CNS),, (HCOO),Ba. In none of these cases was the capacity of the double
layer a constant. The adsorption could be described by the adsorption isotherm of
FreunpLIcH. Translated, this means that the capacity at higher concentrations of Ba++
becomes relatively larger, which is qualitatively in accord with a Gouy-type of double
layer firstly because for higher potentials the capacity should be larger, and secondly
because by addition of the salts the ionic concentration increases, which also increases
the capacity of a diffuse double layer.

Apart from the adsorption of potential-determining ions and the exchange adsorp-
tion of counter ions (see § 9) examples of equivalent adsorption of non-potential-deter-
mining electrolyte have been reported.

Miss DE BROUCKERE ? finds adsorptions for many chlorides, the adsorption being
roughly proportional to the concentration. KoLTHOFF and McNEevIN (l.c.) mention a
similar adsorption of KXBrO; and CaOHBrO, from 509, ethanol.

Electrokinetic measurements on BaSO, also lead to the conclusion that Ba++
and SO,— are the potential-determining ions. The zero point of charge seems to be
dependent upon the age and origin of the specimen used 3.

g. Iron oxide

TROELSTRA * investigated the adsorption on a hydrophobic sol of iron oxide. This
had been prepared by heating a normal hydrated iron oxide sol to 150°—160°C in an
autoclave. The particles are then transformed into pure hematite 5 (« Fe,O3). The sol
has an acid reaction and the particles are positively charged with Cl- as gegenions. If
the pH is increased, a zero point of charge is reached at about pu = 8. The adsorption
phenomena are, however, rather complicated probably owing to the presence of
complexes like FeOCl etc.

§ 9. ION EXCHANGE

Only in the simplest cases is the double layer built up from the ions of a single salt.
In this section we shall consider the distribution of ions when two or more salts are
present. If the double layer structure is accurately known, this distribution is not diffi-
cult to work out. But in many cases when details of double layer structure are lacking,

11, M. KorTHOFF and W. M. Mc NeviN, J. Am. Chem. Soc., 58 (1936) 1543.

2 L.. DE BROUCKERE, . chim, phys., 25 (1928) 605; 26 (1929) 250; 27 (1930) 543;
Thése, Paris 1932; Ann. chim., 19 (1933) 79; Bull. soc. chim. Belgique, 45 (1936) 353.

3 H. R. KruyT and R. RUYsSEN, Proc. Koninkl. Nederland. Akad. Wetenschap., 37 (1934) 624; A. S.
BucHANAN and E. HEYMANN, Nature, 161 (1948) 648, 691; J. Colloid Sci., 4 (1949) 137, 151, 157; R.
Ruyssen and R. Loos, Nature, 162 (1948) 741; See also chapter V § 9b. 3, p. 231.

4 S, A. TROELSTRA, Thesis, Utrecht 1941.

5 A. Von BuzacH, Kolloid-Z., 66 (1934) 129; 78 (1937) 284.
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one remains nevertheless interested in the ion exchange and asks for a simple descrip-
tion of this phenomenon. This is especially true in technical applications of ion exchan-
ges, when often the exchanged ions are not only situated in a double layer but are more
or less uniformly distributed throughout the whole mass of the exchanger. We shall
not, however, treat the exchange of true lattice partners, that has been extensively
studied by KOLTHOFF %

This exchange of lattice ions is usually only present to any considerable extent in very young pre-
cipitates. Therefore equilibrium phenomena are not easily observed here and in the kinetics, there is
only a remote connection with the problems of exchange in double layers.

Historically ion exchange is important because for a long time the stability of
hydrophobic colloids was considered to be determined by the amount of adsorption
of the flocculating ion®. It was only after the accurate adsorption experiments of
FREUNDLICH, JoACHIMSOHN, and ETTIScH® and the exchange experiments of VERWEY
and KruyT ¢, that FREUNDLICH'S original
theory of the stability could definitely
be considered to be disproved.

a. Ion exchange in the diffuse
double layer

From a theoretical point of view the
simplest case of ion exchange is that for
apure diffuse (Gouy) double layer, where
all specificity of the ions, except their
valency can be neglected. If for instance
negatively charged particles are present
in a solution containing two different
kinds of monovalent cations, the concen-
tration ratio of these ions at any point of
the double layer should be the same as
a their concentration ratio in the bulk of
the liquid and the ion exchange is given
by the simple law

5 o
o i e o et 97)
1 - Xo Cy

A, K== A8y when x; and x, are the amount of the

ions 1 and 2 in the double layer, ¢, and
¢, their concentrations in the bulk of
the liquid.

When one of the counter ions is monovalent and the other divalent, the ion
exchange will be greatly shifted in the direction of the divalent ion which will be very
preponderently accumulated in places of negative potential.

1 I. M. KoLTHOFF and CH. ROSENBLUM, Phys. Rev., 45 (1934) 341; 47 (1935) 631; J. Am. Chem.
Soc., 56 (1934) 1264, 1658; 57 (1935) 597, 607, 2573, 2577; 58 (1936) 116, 121.

2 H. FREUNDLICH, Z. physik. Chem., 74 (1910) 385.

3 H. FreunbpLIcH, K. JoAcHIMSOHN, and G. ETTISCH, Z. physik. Chem., A 141 (1929) 249,

4 E. J. W. VErRwey and H. R, KruvyT, Z. physik. Chem., A 167 (1934) 312.

Fig. 39, Concentration of positive (a) and negative
(b) ions in the double layer at a negative plane wall.
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VAN Os ! has worked this problem out. In the first place it must be decided, which
part of the ions belongs to the double layer and which part to the intermicellar liquid.
Fig. 39 gives the distribution of positive and negative ions near a plane wall of negative
charge. Two choices for the "ions belonging to the double layer’ present themselves.

One possibility is to take the ions corresponding to the surface A,C,D,, that are
the excess counter ions, just compensating the surface charge.

The other choice would be the surface E,C,D;, being the surplus of counter ions
above the bulk concentration.

Translating these choices into adsorption language (I, see § 2, p. 118) the first
possibility means that the adsorption is related to the ions bearing the same charge as
the wall, which are thus considered to have zero adsorption. In the second choice the
solvent is taken as the reference substance.

Although customarily adsorptions are referred to the solvent, in ion exchange the
other choice is the usual one, because in this way an amount of charge equivalent to
the surface charge is considered as exchangeable and this choice is in line with the
normal analytical procedures.

In discussing ion exchange between monovalent and divalent ions VAN Os considers
a diffuse double layer at a negatively charged plane wall in equilibrium with a solution
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Circles describe exchange of HNOj against Ba(NO3)z in a silver iodide sol.

L G. A. J. VAN Os, Thesis, Utrecht 1943.
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containing two different salts 1 and 2 of molar concentrations n, and n_. The first salt is
dissociated in 1 positive and 1 negative ion (both monovalent), the second salt in 1
divalent positive and 2 monovalent negative ions.

The excess of charge of the first cation over the first anion at a place where the
potential is equal to ¢ is given by

mF {exp (- e dfur) - expledir) | (98)
and the excess of charge for the second salt by
n.F { 2 exp (-2 ey /ir) — 2 exp (+eb/ir) } (99)

The ratio of the two excesses is found by integrating expression (98) and (99) over the
whole double layer. Skipping the calculations we immediately give the result in Fig. 40.
The exchange proves to depend only upon the surface potential and upon the concen-
tration ratio in the solution, not upon the absolute values of the concentrations. Espe-
cially for high potentials the distribution is very onesided with the divalent ions in the
double layer. Between the curves for ¢, = 205.3 mV. and ¢, = 154.0 mV. experi-
mental points are inserted, found by Van Os! for the exchange of HNO, against
Ba(NO,), in the double layer of a silver iodide sol.
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Fig. 41. Exchange Na' —» H in the double layer of AgI-sol.

From the same investigation Fig. 41 gives an example of the exchange of Na+t
against H+ ions in the double layer of Agl. The linearity is very convincing.

1 For the technique used, see also Ch. V., § 13, p. 240.
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A somewhat more indirect example is found in the conductometric titration of
counter ions in sols. It will be shown in Ch. V, § 13, p. 238 that the counter ions give a
contribution to the conductivity of the sol. This contribution is small for the ions near
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Fig. 42, Conductometric titration of an acid AgI-sol with NaOH.
the wall and larger to the periphery of the double layer. If NaOH is added to a sol con-

taining H* ions as counter ions, the H+ ions are replaced by Na+ ions and the con-
ductivity decreases. When this decrease is strictly linear in the amount of base added
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this proves that the Na+ and H+ ions are completely equivalent in the double layer.
With the Agl-sol the titration line is indeed straight 1. See Fig. 42.
If the titration is performed with Ba(OH),, however, the titration line is curved,

i
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Fig. 44. Conductometric titration of aluminium oxide sols containing Cl~ as counter ions with
monovalent and divalent silver salts.

because in the beginning the innermost H+ ions which contribute little to the conduc-
tivity are replaced by Ba't ions and only in the later stages of the neutralization are
the quicker moving outermost H+ ions replaced (see Fig. 43).

The mirror image of the above treated titration is found in the reaction of positive
sols containing Cl  counter ions with silver salts ? (Fig. 44).

LE. J. W. Verwey and H. R. Kruvt, Z. physik. Chem., A 167 (1933) 149; H. Dt BruyN and
J. TH. G. OVERBEEK, Kolloid-Z., 84 (1938) 186; G. A. J. VAN Os, Thesis, Utrecht 1943.
2W. Pauvrl, Trans. Faraday Soc., 31 (1935) 11.
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b. Specific influences in ion exchange

In most cases of ion exchange, specific influences play a much more prominent
part than in the cases treated in the foregoing subsection. Even in the exchange of
monovalent cations at a silver iodide surface (VAN Os, Lc.) a slight specificity can be
detected, the preference for the double layer being in the order Rb+, K+, Na+, Lit,
H+, Usually the specific influences are much larger as is illustrated for instance in
Fig. 45 taken from JENNY's ! work on the cation exchange in zeolites.

It is clear, that, when specific differences between ions of the same valency play a
role, the simple theoretical treatment based on a pure Gouy layer loses its applicability.
It would seem obvious to extend the theory so as to cover also the presence of a STERN
layer. However, as far as the author is aware this has never been done. This may be
connected with the fact that in practice bulk exchangers are used more often than those
where only the surface is active. Therefore other kinds of treatment than a refinement
of the double layer considerations seem to impose themselves.

A great number of exchange equations have been proposed. For the exchange
between two monovalent ions they all (at least the more serious of them) come to a
modified equation (97), p. 176.

X4 1

o Ji = (100)

which expresses the fact that the exchange remains a function of the concentration ratio
with a preference for the ion 1, expressed by the coefficient f. This coefficient may be
seen as expressing the differences in normalized free energy between the two sorts of
ions on the adsorber

Atkai=te
f=e" kT

(101)

For the extreme case where the whole double layer is concentrated in the STERN
layer, the factor f may also be seen as an expression for the differences in the STERN
adsorption potentials 2

S

One might argue, that introduction of activities into eq. (100) instead of concentrations might be
necessary. For monovalent ions, however, the ratio of the activity coefficients of the ions (as far as they
are known) is unity and a correction becomes meaningless.

'

A greater variety of exchange equations is found for the exchange between ions of
different valency.

In the first place eq. (100) is used unmodified.

An empirical equation based on FREUNDLICH's adsorption isotherm (which by the

' 1 H. JeNNY, J. Phys. Chem., 36 (1932) 2217.
2 E. J. W. VERWEY, Thesis, Utrecht 1934, p. 27.
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way has nothing to do with ion exchange) of the following form (eq. 102) has been given
by RoTamMUND and KORNFELD .

X ¢y \1
Ko (S\tp (102)
100 / ? CE‘: HCl
RbCL KC P
o575
+ ———"‘F’_‘F’_——-
Y NaCl e
/
g /
S 50 P
g L~ Lic ol
e -'—'———-—'—
0 10 20 30 40 50 60 70 80 90 100 710

m.eq.added salt

Fig. 45. Exchange of counter ions of a NHT permutite against other monovalent ions.

If the exchange equilibrium is written in the form (X is the exchanger)
Me*+o1 + 2 MetX ;t 2 Me*so + Met+X,
application of the law of mass action leads to the equation ?
(oepe™)? - (cme™)?
XMe* T (eme* )

(103)

Garon ® considered the exchange kinetically and based on this treatment derived
eq. (104)

+ +

XMe CMe

MR (cyet +)1/z

(104)

In the treatments for the exchange of ions of different valency the applications of
activity coefficients is more important than when only ions of one valency are consi-
dered. Several treatments both for the activity in the solution phase and for that in the
exchanger have been proposed. For this subject we may refer to monographic treat-
ments of ion exchange 4,

1'V. RotamunD and G. KORNFELD, Z. anorg. u. allgem. Chem., 103 (1918) 129; 108 (1919) 215.

2H. W. KERR, J. Am. Soc. Agron., 20 (1928) 309; Soil Sci., 26 (1928) 384.

3 E. N. Gapon, J. Gen. Chem. U.S.S.R., 3 (1933) 144.

1 F. C. NacHop, Jon exchange, Theory and application. New York 1949. R. J. M1jERs, Advances
in Colloid Science I, New York 1942. A series of papers by various authors connected with the
Plutonium project, J. Am. Chem. Soc., 69 (1947) 2796, 2881.
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There is neither a clear cut experimental decision, nor are the theoretical deriva-
tions sound enough to choose one out of the above equations.

Especially for the more homogeneous exchangers perhaps eq. (103) or one of its
modifications which takes activities into account is the most promising.

Bovyp, ScHUBERT and ApAmMsoN ! found relation (103) valid for a sulphonic acid
resin and could express the affinities of different ions for the exchanger in the form of
standard free energies of the reaction equation

Me+ 4+ HX ¢ H* + MeX. See Table 4.

STANDARD FREE ENERGIES FOR THE REACTION Me*+ + HX <_Z MeX -+ H*

TABLE 4
Ion — A F° cal/mol.
HF 0
Lit —60
Nat 320
NH,* 410
K+ 530
Rbt 615
Cst 860
Bat+ 1380
Y+t 1830
Lat++ 2110
c. Role of pH

In many exchanging processes the pH plays an exceptional role. This may be
correlated with the fact that the Ht ions can be considered as potential-determining
ions for the exchanger or in another terminology that the exchanging groups are weak
acids or bases (COOH, aluminosilicates, NH, groups). Only when the exchanging
groups are strongly acidic it is reasonable to compare exchanges of H* ions with other
metal ions on the same basis. With weak acids or bases it is better to correlate first the
total exchange capacity with pH and then on this basis the distribution of the ions over
the available places.

In Fig. 45 (p. 182) the strong exchanging power of the H+ ion may be understood
in this way.

d. Application

The applications of ion exchanges are very numerous. Before 1935 the usual
exchangers were aluminosilicates and zeolites (clays, synthetic aluminosilicates) which
by their extended surface, but especially by their possibility of exchanging throughout
the whole mass had a large exchanging capacity.

{ G. E. Bovp, J. ScuuserT, and A. W, Apamson, J. Am. Chem. Soc., 69 (1947) 2828,
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Apawms and Hormes ! discovered that resins of the phenol or polyphenol formal-
dehyde type were suitable as exchangers. They also prepared the first anion exchangers
on the basis of polyamine formaldehyde resins.

Another suitable exchanger was found in sulphonated coal * which had the advan-
tage of containing a strongly acidic group as bearer of the exchange properties, so that
the influence of the pH on the exchange capacity was relatively unimportant.

Nowadays all sorts of exchanging groups are incorporated into synthetic resins,
resulting in exchangers of nearly all desired properties. Only a really good strongly
basic anion exchanger is still lacking.

One of the oldest applications of ionic exchange is softening of drinking-water and
boiler water by exchanging Ca*+ against Na+ ions. When the exchanger is saturated
with Ca** it is regenerated by letting a concentrated NaCl solution percolate through it.

A more advanced form of water treatment is the complete deionizing of water by
applying first an acid-treated cation exchanger, which takes up all the cations and leaves
only the acids. When this water is then percolated through an anion exchanger the acid
is removed by the reaction

NH, + H+X-—» NH, X~

In this way it is possible to prepare water which may replace distilled water at a much
cheaper price than by distillation. Additional processes have been elaborated to remove
the SiO, which normally passes both cation and anion exchanger.

Another important place of ion exchange is in the separation of difficultly separable
cations, like the rare earths and the transuranium elements. An important feature of the
ion exchange process in this respect is that it can be easily controlled from a distance
and is therefore very suitable for the treatment of ““hot’’ materials from the uraniumpile.

Several applications of ion exchange are also found in analytical chemistry but as
they have no place in a treatise on colloid science the reader is referred to the mono-
graphic treatments mentioned in footnote 4 on p. 182.

§ 10. POTENTIAL MEASUREMENTS IN COLLOIDAL SYSTEMS
PALLMANN EFFECT, SOL CONCENTRATION EFFECT

In many investigations on colloidal systems potential measurements are used as
a tool to determine ionic concentrations. Most extensive use has been made of the pH,
but there also many cases when pag, pci, Psos have been determined. The interpre-
tation of the measurements for colloidal systems proves to be much more difficult than
for simple ionic systems. Especially the use of salt bridges, necessary to determine
(approximately) single ion activities, gives rise to complications and has even led to
completely false conclusions.

Fundamentally the difficulty is this: what is the pa (or px) of a sol? Is it the pu
of the intermicellar liquid or should it be understood as a property of the suspension
as a whole? A simple experiment shows that two different results of the pu determina-
tion are possible, If a sol or suspension is in equilibrium with a particle-free solution

1C. A. Apams and E. L. HoLMES, J. Soc. Chem. Ind., 54 (1935) 1—6 T.
2P, SwiT, U.S. Patent 2,191063 (Feb. 20 1940), 2.205235 (June 25 1940); O. LiesknecHT, U.S.
Patent 2.191060 (Feb. 20 1940), 2.206007 (June 25 1940).
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(by dialysis or sedimentation) then a pu determination may be done in four different
ways. The hydrogen electrode may be situated in the suspension or in the equilibrium
liquid. The salt bridge also may be brought into contact with either of two systems.

The place of the hydrogen (or other reversible) electrode is without influence on
the potential measured. This is necessarily so. For if two hydrogen electrodes in contact
with the sol and the equilibrium solution would show a potential difference, work might
be gained from a system in thermodynamic equilibrium,- which is contrary to the
Second Law.

The place of the salt bridge does make a difference, however. Usually the electrode
connected to the salt bridge shows a lower potential when the salt bridge is in contact
with the suspension than when it is in contact with the equilibrium solution, at least if
the suspension is negatively charged. For a positive suspension tlie effect is in the
reverse direction.

This effect has been described and extensively investigated by PALLMANN and
WIEGNER !, who determined the pH in suspensions of clays and similar materials. DE

a

Fig. 46. Four different methods of determining the pH of a sol
or suspension, H is a hydrogen electrode, S is a salt bridge, connec-
ting the system to a calomel electrode.

The systems a and b are equivalent and measure the pu of the equili-
brium liquid. The systems ¢ and d give an E.M.F. which can be
alternatively interpreted as "the pH of the suspension' or as the pu
of the equilibrium liquid disfigured by sol concentration effect or
PALLMANN effect.

Bruyn 2 found the same effect (which he called sol-concentration effect) in the deter-
mination of the pr of concentrated negatively charged Agl-sols.

Loosjes ® could produce a change in E.M.F. analogous to the sol concentration and
the PALLMANN effect by placing a liquid junction alternatively in a capillary and in a
wide tube,

Qualitatively these effects are easy to understand. A rigorous quantitative treat-
ment is still lacking, although especially Loosjes made an attempt in this direction.

Let us first consider a liquid junction between a concentrated KCl solution and a
dilute solution in a wide tube. The equality of the mobilities of Cl- and K+ implies a
negligible diffusion potential between the two solutions. The concentrated KCl solution

1 H. PALLMANN, Kolloidchem. Beihefte, 30 (1930) 334; G. WiEGNER and H. PALLMANN, Z. Pflan-
zenerndahr. Diingung Bodenk., A 16 (1930) 1; G. WIEGNER, Kolloid-Z., 51 (1930) 49.

2 H. DE Bruyn, Thesis, Utrecht 1938; Rec. trav. chim., 61 (1942) 12.

3 R. LoosjEs, Thesis, Utrecht 1942,
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has nearly the same potential as the other dilute one. Now consider a same junction but
in a narrow capillary where a considerable part of the cross section is the carrier of the
double layer and consequently in the dilute solution has a more negative potential than
the bulk of this solution (the capillary wall is considered to be negatively charged). Now
the concentrated KCl solution will try to assume the same potential as the dilute solu-
tion everywhere in the cross section of contact. This implies that in the concentrated
solution the potential is more negative near the wall than in the middle of the capillary.
Clearly this is not a stable situation and a current will flow perpendicular to the cross
section of the capillary until the concentrated solution has everywhere the same poten-
tial. This potential will be somewhere between the potential of the wall and that in

Pu
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Fig. 47, Relation between ""pH’’ measured with salt bridge
in the suspension and concentration of suspension,

Pt measurements by PALLMANN

calculated with eq. (106).

the middle of the capillary, in any case more negative than in the case where the double
layer had no influence,

Generally speaking, the salt bridge will not indicate the potential of the equilibrium
solution but a potential nearer to that of the wall (capillary effect) or of the particles
(PaLLman effect, sol concentration effect).

LoosJes (I.c.) has worked this picture out in a very schematized way and deduced
the following equation for the PALLMANN and sol concentration effect

(Eey =B c0) (6 + K) = Bey =0~ Boy 0)K (105)

where the E’s are the E.M.F.’s measured between a calomel electrode connected to the
sol through a salt bridge and a reversible electrode in the sol. ¢ is the sol concentration
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in arbitrary units. The constants K and E._y » have to be determined from a series

of measurements of the potentials at different dilutions of the sol, the dilution being
made with the equilibrium liquid. As the E.M.F.’s are linearly dependent upon the pu
or px an equivalent expression is

(PHe, — PHey ) (6 + K) = (PHe,— o— PHep-0) K (106)

LoosjJes recalculated data from PALLMANN ! on hydrogen'clay where the pH of the
equilibrium liquid was 5.87. The values of the calculated pu for different concentra-
tions compare very favourably with the measured values (Table 5, Fig. 47)

TABLE 5

PH OF HYDROGEN CLAY IN DIFFERENT DILUTIONS

pH calculated with eq. (106)
cs in arbitrary units pH determined K = 45,
PHes—» 00 = 3.74

0 5.87 5.87

50 4.72 4.75
100 4.47 4.40
200 4.16 4.13
400 3.96 3.96
800 3.84 3.85
2730 3.82 3.77
() s 3.74

Other data of PALLMANN, a series of experiments of Loosjes himself and the sol concen-
tration effect by DE BrRuvN are equally well described.

From the data of Table 5 and other similar data it is clear that the sol concentration
effect is by no means a small correction. The difference in pu for the infinitely dilute
and a concentrated solution amounts to 2 units of pH, equivalent to more than 100 mV.
in the potential.

VAN LAAR ® used the sol concentration effect in order to determine the zero point
of charge of Agl. He determined the ps; for which there was no difference in E.M.F.
between a salt bridge in a silver iodide suspension and a salt bridge in the equilibrium
solution. At this pa, there is no diffuse double layer and when specific adsorption is
absent the zero point of charge is reached. See also § 6a, p. 161.

In concluding this section we want to emphasize that when ion activities are to be
determined by E.M.F. measurement in a sol or suspension extrapolation to infinite
dilution of the sol or suspension is necessary in order to obtain the activity of the equili-
brium liquid. A direct interpretation of an E.M.F. measurement in a concentrated sol
is not possible at the moment.

1 H. PALLMANN, Kolloidchem. Bethefte, 30 (1930) 334.
2 7. A, W. VAN LAAR, unpublished.
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§ 11. THE DONNAN EQUILIBRIUM

When two solutions are separated by a membrane which is impermeable to at least
one of the ionic species (usually a colloidal component) present in one of the solutions
an unequal distribution for the other ionic species, to which the membrane is permeable
results. At the equilibrium reached the two solutions show a difference in pressure and
if two calomel electrodes are connected to the solutions by means of salt bridges an
E.MLF. is found to be present. These equilibria were described for the first time and
explained by DoNNAN ! and are usually indicated as DoNNAN equilibria.

a. Relation between DONNAN equilibrium and sol-concentration effect

There is a very close relation between the DoNNAN potential and the sol-concen-
tration effect treated in the foregoing section.

In Fig. 48 we sketched a suspension and its
equilibrium liquid separated by a membrane. In
both the solutions a reversible electrode, H (for in-
Ecs \/EW\/ECEO stance a hydrogen electrode) and a salt bridge, S,

with a calomel electrode are inserted. The DONNAN

potential is measured between the two salt bridges.
The sol-concentration effect is usually given as the
difference in E.MLF. of the galvanic cells with the
sol and the equilibrium liquid. As the two rever-
! sible electrodes have necessarily the same potential,
e the sol-concentration effect and the DoNNAN
| membrane potential are identical, and what is true for one of
' them is as true for the other. We have treated the
Fig. 48. Sol concentration effect (Ees—  two effects separately, because the sol-concentra-
Ec s = 0) is equal to DONNAN potential.  tion effect is often met in cases where one would
not be inclined to think of a DoNNAN equilibrium,.

On the other hand the DoNNAN equilibria include more than the DONNAN potential alone.

EDDNNAN

b. DONNAN equilibrium for ideal solutions

The original theory of DoNNAN assumes ideal behaviour for both the solutions.
Later the theory has been refined by DoNnaN himself
T M I and by others to include non-ideal behaviour. We will
| for simplicity first treat the DONNAN equilibrium for
e na- | ideal solutions.
ikl Consider a system given schematically in Fig. 49
! and consisting of two phases separated by a membrane
S permeable to the solvent S and the ions A~ and M+ but
| impermeable to the (colloidal) n-valent ion C. In each of
| the solutions the mol fractions are denoted by x, the
Fig. 49. DONNAN equilibrium.  pressures by p, and the potentials ®> by ¢. The two
solutions are denoted by indices I and IL

Mt A~

1 F., G. DonNAN and A. B. HaARrris, J. Chem. Soc., 99 (1911) 1554; F. G. DonnaN, Z. Elektro-
chem., 17 (1911) 572; Chem. Revs., 1 (1924) 73.
2 Provisionally we assume the potential of a phase to be directly measurable by means of a salt bridge.
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The conditions for equilibrium are

wp =gl =plipl =t (107)

By using the approximations for ideal behaviour we convert these eq. into

RT In x_{_ + p'Vi + FY! = RT In JC_I(_I + pV, - F U (108)
RTInx'+ p'V_ — F¢* = RT Inx'! ++ p"V_ — F ¢! (109)
RTInx! + p'V, = RT Inx! 4 p"'V, (110)

By adding the first two equations we derive after neglecting the pV term, which is small,

xixl = xjxt (111)

which eq. with the expressions for electroneutrality
nxl X = xfand X = X = xU (112)

describes the distribution of the ions over the two phases.
From the eq. (108) and (109) separately we find two expressions for the potential
difference between the two phases (again neglecting the pV terms):
RT | X RT . %
et Ingsonas S s
7 xj. 7 lan_I (113)

I

Pt — Ul =

and finally the osmotic pressure is derived from eq. (110)

11

RT RT i g
g ek SLAR PRt bl e s il P g e
p'-p 7 In xi 7 ln1 x_:_ X x‘p (114)

For small colloid concentrations the following approximations are useful.
The electrolyte distribution can be expressed as the difference between the concen-
trations of counter ions in the two phases which is found from eq. (111) and (112)

/ m (AP nxl onal nx;
x_I*I——xj_:X_I,E"‘ ]/ (x_IiI)z “lf 4 —+ 7‘:7(1—‘4Xﬁ) (115)
, nx! nx!
A— xf = — (1 4 - 5) (116)

For small colloid concentrations the excess of charge on the colloidal ions is compen-
sated by a (nearly) equal contribution from the counter ions and a defect of ions of the
same charge.

In the same approximation the membrane potential ' — ¢! is equal to

RT nx;
TeRiiTIss RN Fese 117
v ¥ F 2xU )
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and the osmotic pressure to

n*(x")2
i u_ BT . ‘I‘NZ’?{I_M RT ¢, (1 e C“,) (118)
Bisendl tnavnll, ool s ad 1iah X0 ploudipih

where the c¢'s are concentrations in mols per cm® solvent.

The first term may be considered to arise from the colloid particles themselves,
the second term from the unequal distribution of the electrolyte.

The DoNNAN equilibrium is seen to be a mighty instrument of characterization of a
colloid. The osmotic pressure for great dilution of the colloid (¢, <€ c') gives the
molar concentration, and thus leads to the molecular weight !, The first higher term
in the osmotic pressure and the first terms in the membrane potential and the distri-
bution of ions all contain n, the valency (or charge) of the colloidal particle, which can
thus be determined in a completely independent way.

In the applications it is however rarely possible to apply the DonNAN theory for
ideal systems, at least if more than qualitative results are wanted. From the eq. (115,
116, 117 and 118) it is possible to determine the charge on the colloid in three indepen-
dent ways. This means, that two relations between the three phenomena (distr, of ions,
membrane potential, osmotic pressure) should exist. Now usually, when the osmotic
pressure is calculated either from analytical data or from the membrane potential it is
found to be too low (HAMMARSTENW effect?). This clearly indicates the need for a more
exact treatment of the DONNAN equilibrium, in the first place the introduction of activity
coefficients.

c. Non-ideal solutions

A very striking example of the influence of non-ideality of the solutions on the
DonnaN equilibrium is the system KCl-— K, Fe(CN), where the membrane is pet-
meable to K* and CI~ but impermeable to Fe(CN)4*-. It has been investigated by
Donwan and ALLMAND ? and by KamEYAMA *. The experimental data have been treated
by HUckeL® who could explain the results by introducing mean activity coefficients
according to the theory of DEBYE and HUckeL. KaMEYAMA had also reached a satisfac-
tory interpretation with the help of activity coefficients after LLEw1Is.

In the case of real colloidal solutions the problem is more difficult because presu-
mably the activity coefficients are less simply related to the concentrations than in the
case of simple electrolytes.

For non-ideal solutions the conditions (111, 112, 113, 114) are modified as follows
by the introduction of activity coefficients.

1 As n may be very large it is often necessary to go to very low colloid concentrations, or better,
to use large concentrations of electrolyte before the osmotic pressure is a pure measure of the colloid
corcetritration.

*E. and H. HAMMARSTEN, Arkiv Kemi Mineral. Geol., 8 (1923) 1; H. HAMMARSTEN, Biochem. Z.,
147 (1924) 481.

3 F. G. DoNNAN and A. J. ALLmanD, J. Chem. Soc., 105 (1914) 1941.

' N. KaMEYAMA, Phil. Mag., 50 (1925) 849.

° E. HuckeL, Kolloid-Z,. (Zsigmondy Festschrift), 36 (1925) 204.
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2 2
FLAE o fled = el it (f;) xjxl = <f‘j> ik i3 (119)
I T S el TAE S v AEE
nxc+x+—x_andx+ﬂx_~x (120)

RT fixi  Rr Il

el Ty Xl F In FIL (121)
+4 =X
and
et o Rl
p'—pi=g };T In i = (122)

A R R (e W L
=Sl S Bapais-ans

Now if we adhere strictly to the conception (see § 3d, p. 125) that a potential diffe-
rence between different phases cannot be determined eq. (121) has no practical signifi-
cance. Eq. (119) can be used to determine f+ in the colloidal system when the analytical
data are available and f+ in the colloid-free solution has been determined. Likewise the
osmotic coefficient g can be determined from eq. (122) if all other quantities (notably
the molar fraction of the colloid) are known. But as there is no simple relation between
f+ and g in this case, that would mean nearly the end of all practical application of the
DoNNAN equilibrium,

Only in the case where the concentration of electrolyte is very large compared with
the equivalent concentration of the colloidal ion does the osmotic pressure remain a
measure for the molar concentrations of the colloid and can then be used to estimate
the molecular weight.

p'—p = RTc, (123)

ADAIR ! goes one step further to utilize eq. (121) as well, by assuming that when
the colloid concentration is low the activity coefficients in the two solutions may, as a
good approximation, be taken as equal. Moreover he assumes that insertion of two
identical salt bridges in the two solutions gives a means of determining the potential
difference o' — (M. Eq. (121) which then simplifies again to eq. (117) gives then a
possibility of determining the valency n of the colloidal particle and when n has been
determined in this way it can be inserted into eq. (118) to determine the correction
to the osmotic pressure, so permitting the osmotic contribution of the colloidal par-

ticles to be determined when still a measurable contribution of the ions is present.

KLAARENBEEK * has criticised especially the assumptions made about the activity
coefficients and he has shown that for the DoNNAN equilibrium of gum arabic, these
hypotheses do not lead to an acceptable interpretation. He attacks the problem from a
different point of view.

Summarizing, the DONNAN equilibrium consists of:

«. Different salt concentrations inthe colloidal solutionand inthe equilibrium liquid.
B. An excess osmotic pressure.

v. A potential difference measurable with salt bridges.

1 G. S. Aparr and M. E. ADAIR, Trans. Faraday Soc., 36 (1940) 23; 31 (1935) 130; G. S. ADAIR,
ibidem, 33 (1937) 524; See also F. G. DonnaN and E. A, GUGGENHEIM, Z. physik. Chem., A 162 (1932)
346; F. G. DONNAN, ibidem, A 168 (1934) 369.

2 F. W. KLAARENBEEK, Thesis, Utrecht 1946.
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«. In the double layers of a colloidal solution there is a defect of ions of the same sign
as the colloid and an excess of ions of opposite sign. This explains the distribution of
the electrolyte.

B. When two double layers approach each other to such a distance that a substantial
interaction is present, they will repel each other (see chapter VI, p. 245). This explains
the excess osmotic pressure.

v. In a sol the potential of the liquid is not a constant, but fluctuates between zero
and the surface potential ¢ . With salt bridges a kind of average of this pctential is
measured (sol concentration effect = DONNAN potential).

KLAARENBEEK has applied these ideas to the DoNNAN equilibrium using the model
of flat double layers of the Gouy-CHAPMAN-type, and obtained rather satisfactory
results, which were in better agreement with the experimental data than the classical
DonNAN theory even when the latter has been corrected for activity coefficient.

The distribution of ions can be described as the expulsion of a certain amount of
ions of the same sign as the colloid. In the classical DonwaN theory and also in the case
of equal activity coefficients in the two solutions (ADAIR) the expulsion for a small
amount of colloid is just equal to half the equivalent concentration of the colloid (see
eq. 116). For a flat double layer on a negatively charged wall
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Defect of negative ions

Total double layer charge = Ll
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kT kT |dx
edliin. e S dd d
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For small values of the double layer potential ¢, this quotient is equal to !/, but for
large negative values of ¢, the quotient is smaller even in the limit of low sol concentration.
Experimentally KLAARENBEEK finds the following values for dilute gum arabic
with KBr as electrolyte.
TABLE 6

DONNAN EQUILIBRIUM OF GUM ARABIC

Conc. K Br. in equilibr. Defect of Br— Calculated surface potential
liquid Equiv. conc. of gum arabic in mV
0.001 v 0.11 — 102
0.01 N 0.19 — 71
0.1 N 0.32 — 37
1 N 0.50 a0
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For higher colloid concentrations the expulsion of Br —ions becomes relatively
smaller, which is in agreement with the expectation for interacting double layers. Cal-
culating the amount of interaction of the double layers from the measured osmotic
pressure, KLAARENBEEK finds a good agreement between the calculated and determined
defects of Br —ions also for the higher colloid concentrations.

In Fig. 50 we give an example for 0.001 IV K Br and gum arabic concentrations
up to 0.014 V.

By this method both the analytical features of the DonNAN equilibrium and the
osmotic pressure find a reasonable interpretation.
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Fig. 50. Measured and calculated values of the Br— ion concen-
trations in a gum arabic solution, which is in equilibrium with a
KBr solution of 1.076 m eq/1.

The fact that usually the measured membrane potential is higher than the calcula-
ted one (HAMMARSTERN effect, p. 190) shows a close parallelism to the ideas of LoOSJES
(see § 10, p. 185) onthe sol concentration effect. Indeed the potential measured by a salt
bridge will be the average potential in the liquid phase, or even nearer than this to the
wall potential, whereas the osmotic pressure and the distribution of the ions is governed
by the potential halfway between two interacting particles.

It would certainly be important to apply KLAARENBEEK's ideas to more examples
of the DoNNAN equilibrium and see whether they are generally applicable.






