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General electrocapillary equations for the interfaces between two immiscible or partially miscible electrolyte

solutions have been derived. The theory includes both nonpolarized and ideal polarized interfaces.

The electro-

capillary equation for the latter has been derived from the equation for the former as a special case where no common

ionic species are distributed between the two phases.
water interfaces are indicated.

Recent advances!~® in electrochemistry of the inter-
faces between two immiscible or partially miscible
electrolyte solutions allow us to obtain various thermo-
dynamic quantities characterizing the interface from
the electrocapillary measurements. Koryta et al. have
first interpreted the polarizability of the interfaces in
terms of the transfer free energies of ions from one solvent
to the other.# Kakiuchi and Senda have shown that
the interface between a nitrobenzene solution of tetra-
butylammonium tetraphenylborate and an aqueous
solution of lithium chloride has a certain polarized
potential region, where the ion transfer current across
the interface is negligibly small, and gives an electro-
capillary curve of parabolic shape.>® The electro-
capillary curves of nonpolarized nitrobenzene—water
interfaces have been measured by Gros et al.” To
analyze these electrocapillary data at full length, exact
thermodynamic treatment of these interfaces is indis-
pensable. Several thermodynamic treatments so far
reported’~19 suffer from limited applicability due to
simplifications and various assumptions introduced.

The purpose of this study is to present a general
thermodynamic theory of electrocapillarity for the
planar interface between two immiscible or partially
miscible electrolyte solutions, which we hereafter call
the oil-water interface. In this paper, we first establish
the basic electrocapillary equations for a nonpolarized
oil-water interface at equilibrium, where some of the
ions as well as some of the neutral components can pass
through the interface and are distributed between the
two phases in equilibrium. Then the electrocapillary
equation for an ideal polarized oil-water interface,
which is defined as the interface where no ionic species
is common in both phases or where each charged species
is present in appreciable amounts in only one of the
two phases,’V is derived from the equation for the
nonpolarized interface by eliminating the terms involv-
ing the common ionic species.

Theoretical

Nonpolarized Oil-Water Interface.
We shall consider the following cell:
M [R1|O |W |R2| M, I
where M and M’ are two pieces of the same metal between
which we measure the potential difference, and R1
and R2 are the appropriate reference electrodes, each
of which is reversible to one of the ions in the adjoining

The System:

Implications of the general electrocapillary equation for oil-

solution phase. We assume a planar interface between
the oil phase (C) and the water phase(W). The oil
phase contains i cations, j anions, and & uncharged
nondissociating components, which we hereafter simply
call neutral components, while the water phase contains
p cations, ¢ anions, and % neutral components. These
sets of the components are also designated by ¢, j, £, p, ¢,
and h, respectively, so that these symbols are used to
indicate both the set and the number of the components.
Suppose that a cations, § anions and ! neutral com-
ponents are able to pass through the interface and are
commonly distributed over the two phases; the interface
is nonpolarizable with respect to these common ions. In
other words, ¢-a cations, j-§ anions, and -/ neutral com-
ponents stay solely within the oil phase, while p-a
cations, ¢-f anions, and #-/ neutral components stay
within the water phase. Let the sets of these common
cations, anions, and neutral components also be denoted
by a, B, and [, respectively.

The number of the intensive variables for this system
is i+j+k+p+q-+h+2 including temperature and pres-
sure, but not all of them are independent. Since a+
-+ components are common in both phases, there are
a+pB+! equations relating the chemical potentials of
the common components in the two phases with each
other. In addition, there are two Gibbs-Duhem equa-
tions: one for the oil phase and one for the water phase.
Moreover, the potential difference between the two
terminals of the cell (I) correlates the two electrochem-
ical potentials of the two ions which are reversible to
the reference electrodes R1 and R2. The number of
the independent intensive variables which define the
present system is, therefore, i+j+k-+p+g+h—(a+
g+ —1.

The Electrocapillary Equation: We adopt the concept
of a surface phasel®!® to describe the interface. An
exact definition of the surface phase which the present
treatment rests on has been given by Eriksson.!¥ The
analogue of the Gibbs-Duhem equation for the surface
phase with a planar interface is!%

where y is the interfacial tension, 7 is the entropy of the
surface phase per unit area of the interface, T is the
temperature, 7 is the thickness of the surface phase, P is
the pressure, and I', is the number of moles of the x
component per unit area of the interface, which may be
called the surface concentration of the x component.
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The summation in the right hand side of Eq. 1 includes
all the components in the system including ionic species.
In Eq. 1 g, represents the electrochemical potential for
a charged component and the chemical potential for a
neutral component. For the present system Eq. 1 takes
the form
—dy =9dT —wdP + 3 dj; + 3T dji; + 3T dm
ira i*B kL
+ I di, + X' di, + S dp,
pFa B X3
+ ; I'.dj. + pZI"pdﬁ,s + LX_‘. I'du. 2)

In Eq. 2, we have made a distinction between the electro-
chemical potential, &,, for a charged component x(x=
i, J, p, ¢, a, f), and the chemical potential, u,, for a
neutral component y(y=#h, k, [). The symbol fgn means

that the summation covers all the f components except
g There are i+j-+k+p+qg+h—(a+p+I0)+2 inten-
sive variables and hence three of them are dependent
variables as described above.

Suppose that the reference electrodes R1 and R2 are
reversible to a cation i’ among the cations ¢#a(i except
@) and an anion ¢’ among the anions ¢+ (g except f).
Furthermore, we choose the anion j’ out of j#f anions
as a counter anion of the cation i’ to make up an indicator
salt!® ¢’} and the cation p’ out of the p#a cations as a
counter cation of the anion ¢’ to make up an indicator
salt p'¢’. Then the electrochemical potentials of the
ionic components can be related to the chemical poten-
tials of the salt containing one of the ions: ¢’, j',p’, or ¢'.

In many practical cases, the ions constituting the
indicator salts may also be commonly distributed in the
two phases. To make the present treatment general
enough to include these cases, we further suppose here
that, in addition to the common ions, a and f§, the ions
consituting the indicator salts also are commonly
distributed in the two phases. There are then a2
common cations and $+2 common anions in the system.
Although these newly added four ions could be included
in the sets @ and f§, we retain in the following treatment
a distinction between these ions and the sets of ions a and
p for later convenience when deriving the electrocapil-
lary equation for an ideal polarized oil-water interface.
Obviously, this extension does not change the number
of independent variables. Then we have the following
equations relating the electrochemical potentials of the
ionic components with the chemical potential of their
salt:

dpiy = vipdity + vipdi;. (3-1)

dpyy = v di, + v;.dj; (CE )] (3-2)
dpy = vi A, + vidi; (J=#J' B) (3-3)
dpay = v diia + vaydi (3-4)
dpp = vigdfi, + vipdfip (3-5)
dpg = vpgdfiy + vpdily (3-6)
dppe = v3edfiy + vpedfiy, (p#1;0) (3-7)
dyq = v3diiy + v3 8, (9#9B) (3-8)
ey = Vogdiia + vagdiiy (3-9)
duyp = vipdfiy + vy edfi (3-10)
Qteq = vigdfiy + V5o iy (3-11)
duyy = v fiy + vy diiy, (3-12)
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where pgs is the chemical potential of a salt

(C)V&(A)VEA’ and »¢, and »c, are the stoichiometric
numbers for the dissociation of the salt:
(C), 4 (A), - = v G + v, A™, 4)
Yca "Vea

where C and A represent a cation and an anion and z¢
and z, are their ionic charges. By using the Gibbs-
Duhem equations for the oil and water phases, we can
eliminate any two of the intensive variables in Eq. 1.
Usually, it is convenient to eliminate the chemical
potentials of the two neutral components, which may
be identified as the solvents in each phase, e.g., water in
the water phase and an oil in the oil phase. These two
components are called the reference components. Since
most organic solvents used in electrochemistry of oil-
water interfaces have a certain solubility in water and
vice versa, let I’ and " out of [ neutral components be
chosen as the reference components.

The Gibbs-Duhem equations for the oil and water
phases may then be written in the form

5°dT — °dP + Ex duy + Exaj,duaj
20 du; + S xQgduy g + %9 5.du.
HE“B 7 AHi g ; sAlig IR 2]
+ 5yt + 3ty + T8k
+ Exl dp + x2dp,. + x.dp,.. = 0, ©)
and
ST — 9%dP + 3wy + 3 5%, dptag
p¥D . QA a
‘};*qz,}sx;"qd/‘p'q + Xﬂ-‘l *psipp + xpedupy
+ aflgdppg + X3 Ay + ’glledﬂh
+ SVapdp, + Al + sdu = 0, (6)
where 5 and 7 are the mean molar entropy and the mean
molar volume of the bulk phase and x is the mole
fraction. The superscript O and W denote the oil
phase and the water phase, respectively. Substituting
Egs. 3, 5, and 6 into Eq. 2 to eliminate the chemical

potential terms for /" and {” and for all the ionic com-
ponents except ¢’ and ¢’, we obtain

—dy = (7 — J* — Ks")dT — (¢ Ji°—
+ RZH (IM'—JxR)dpy + E (I'y—KxY) dp,

Ky%) dpP

+ 3= =Kt it 31 (L — g

lj'

o3 e (52

— Kx3y, ) dptpg
Vi

Voo

Kx}’,ﬂ’,q> dutpq

‘1*‘1' ("pq
@ (u
(rﬂ — Jx0, VB _
L4
Voig Vpa

- Jxaj’ 'i' — Kx%, )dﬂaq

5 Kx;’,ﬂ) dﬂp’ﬂ

zZ
+ —<I'jl - 2 £
Vi %,

— V%% — JvgxS
“Izj’l JEa] aj'af JPJ )

— Ky= 2% Jy=. x0
Ky, xy; jvt,j,xi,j,)d,ut,j,
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+ — <rp Izq'r +J2,p' Vig¥is
v g*q' Zp

»'q P

+ o __ + w o + w
— JvixD — Kv}xg s Kvp,q,xp,q,>d,ap,q,

Qv . Q -
— =_dp, + ——=dj, 7
Zi:F U + Izq'lF /’q ’ ( )

where F is the Faraday and QF, Q°, J, and K are given
by

w
L 5ar, — Sl — T3 2 ey
+ JpZzim;Bx?.B + J (2wt ¥ — |25 |v55:%5.50)
|25 |v2j:%557)s (8)
Q 4 0
F = Hziztr,; _jg"i'a |z, ; + Jazza”aj'xaj'

—J X lzlveers —

+ K(Zt;v;q' xr{q; —_

J(zyviex8q — |25 95 %9 57)

— K(zurtedte — |2glv5l) ©)

_ I'nxll — IT'uxy, 10

J= ¥ xQ — Ay, (10)

QN el (11)
APXD — %P}

The electroneutrality condition of the interface can be
written in the form

Sl + 2,0 + Nzl — 3121
ra pra a j*B
— 21zl — 21 ||l = 0, (12)
q+B 8

from which it can be shown that Q¥=—Q° Then the
last two terms in the right hand side of Eq. 7 become

&‘L(Ld 14 >=
F R ﬂi’+l‘zq’l He

_LW(_I_d 14 ) 13
F Zi ”i’+lzq’| ﬂq’ N ( )

Since the reference electrodes R1 and R2 in the cell (I)
are reversible to i’ and ¢’ ions, respectively, we may
writel®
dfy = — zdpy + duy™
= — zd@¥ + 5,dT — 2;,dP, (14)
and
=z ldn -+ d
— |2 AR + 534d T — v3edP, (15)
where i and % are the electrochemical potentials of
electron in M and M’, and u-, s, and v are linear
combinations of the chemical potentials, the molar
entropies and the molar volumes of the neutral sub-
stances involved in the electrochemical reactions at the
reference electrodes'® and hence are dependent only
on the nature of the reference electrodes. Substitution
of Egs. 13, 14, and 15 into Eq. 7 yields the basic electro-
capillary equation for the cell (I),
- dy=[7) _J— K§¥ — -21( Sy Si )]dT
F lzq |

Zyr

e jro_ kgL (e | %a
[rmgmo—rom G (i) Jor
+k2“(rk— jx?)dﬂk+gt(rh“Kx¥)dﬂh
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+ HEILN(P — Jx9 —Kx})dy,
I _ \d _ d
+ T Uiz +2 un iy
wina\ v 78 "ij
+3 ( Ty _ gaw, )d/lpq + 2 (I'q Kx;'rq)d,u,,,q
pED.a\ Vig Vg
+E< I's J’l’aj o —szq:>dﬂ¢q:
Vg
+E< —J-= - 2 _prﬁ>dﬂp#
V8 Vph
—1— — et Sy o SN = 20 Jy= 40
b (T BT e
—Kvg,x¥, . — Jvi %0 ,>dpi, , 1 ( -3 |24 Zdp
5% vy Xiry y = &z

BT e I S LT
+ Q“’dE 85 (16)

where dE¥ =(di*—d@¥)/F is the change in the
potential of the right hand side terminal, M’, in the cell
(I) with respect to the left, M. The superscript W—
and the subscript O+ indicate that the reference elec-
trodes are reversible to the anion in the water phase and
the cation in the oil phase, respectively. In Eq. 16 there
are k+h+i+p+qg—(a+p+I)—1 intensive variables,
and hence all of them are independent variables.

Generalization of the Electrocapillary Equation: In the
derivations of Eq. 16 we have chosen the chemical
potentials of the salts of ag’ and p’8 types as the inde-
pendent variables for all the salts containing the com-
monly distributed ions a and f. In principle, we can
choose as the independent variables either one of u.,/, and
Uajr for each of a and either one of u,;p and uy,; for
each of . In the present treatment we consider only
the simple cases where all the chemical potentials of the
salts of the same type are either simultaneously
dependent variables or simultaneously independent
variables. There are then four possible cases to choose
the sets of the independent variables involving the com.
monly distributed ions @ and f: (ag’ and p'g), (ag’ and
i'#), (aj and p’B), and (aj’ and i’f). The change of the
independent variables among these variables results in
the corresponding changes in the coeflicients of dEg,,
duyy, and duyy in Eq. 16 as well as those of the terms
involving the chosen independent variables. Further-
more, the expressions of the coefficients of duyy and
duyy depend upon the set of the ions reversible to the
reference electrodes R1 and R2. There are four possible
cases for the choice of the set of the ions among the ions
', s ¢, and ¢’s (i’ and §), (i’ and ¢), (j and '), and
(' and ¢’). The coeflicients of the dT and dP terms
also depend upon the choice of the set of these ions.

Taking account of these possible cases, we have a
general formula for the basic electrocapillary equation
for the non-polarized interface:

—dy= {7; —Jso— sz—QTw(A+A')}dT

- {r—Ja°—KaW——%Y—(B+B’)}dP
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+ Cd:ut'j’ + Ddﬂp'q' + Gdﬂar + Hd”yp + deEg:
+ 3 (T Jf)dus + 3 (M —Ke)

+z+zz't~(r v—J —KxY)du,

r, rs
t+t/.a( vj inj )dﬂil +J§B( v 2] in j>dﬂi M
+ (I’,, —Kxg, )dﬂpq'+ py (Pq —Kxp )dﬂp'q’ (17)
¥ a "aq 9+9".8\ Vpq

where G, H, and QY are given in Tables 1 and 2, and
A, A", B,B, C,and D are in Tables 3and 4. InEq.17
Maz(%=j" or ¢’) and u,(y=i’ or p’) are the chemical
potentials of the salts containing a and 8, respcctively,
and EJ: is the potential of M’ with respect to M in the
cell (I), where the plus(minus) sign is taken when the
reference electrode is reversible to a cation(anion).

Ideal Polarized Oil-Water Interfaces: When no com-
mon ionic species is present between the oil and the
water phases the interface may be called an ideal
polarized oil-water interface. In general, the ideal
polarized oil-water interface permits the equilibrium
distribution of neutral compounds between the two
phases. In this case the terms involving the common
ionic species a and # in Egs. 8, 9, 16, and 17 vanish.
The terms involving the mole fractions of 7/’ and i’¢’ in
the two phases also reduce to zero. We then obtain
for the ideal polarized oil-water interface corresponding

to Eq. 16:
w
R P T
7=/ ’ F Iqu

- [t—jz‘;o—Kz';W— - (.”it_l_+ __”E_)]dp
F 2y Izq’l

+ ,,2.,.1'} (= Jx8)duy, + ,,2',«, (Fn—Kx,)du,

+ 3 (P Js—Ks¥)dp,

1L

r,
+ gi( v Jn;)dlhl + 2 < o )dﬂw
—K KWW !
+p§ (% ZALES ) (qu Ki3) i
Z -
lqu +
Voo (I‘,, g 2y I'—Kvpoxpe |ty
+ qVdEY;, (18)
where ¢% (= —¢°) is the surface charge density due to the

components in the water phase (¢° is the surface charge
density due to the components in the oil phase) and is
defined by

= F(gzprp - ?Iqurq)
= F(;lzjlrjl - E‘zwt) = —¢° (19)

The degree of freedom of Eq. 18 is k+A-+i+j+p+g—!
—1 and, hence, all the intensive variables are inde-
pendent. When the pair of the ions reversible to the
reference electrodes R1 and R2 is not the i’q’ pair, one
can easily find a corresponding electrocapillary equation
using Eq. 17 and Tables 1, 3, and 4 if we omit the terms
involving the common ionic species @ and B and the
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mole fractions of p’}* and i'q’

Discussion

Ideal non-polarized interface is characterized by the
lack of the degree of freedom concerning the electrical
state of the interface; it is not possible to change the
electrical potential difference between the interface or
the surface charge density if we keep all other intensive
variables constant. In the basic electrocapillary equa-
tion for the ideal nonpolarized interface represented by
Eq. 16, or in more general terms in Eq. 17, there appears
the potential difference between the two terminals of
the cell (I) as an independent variable. This does not
mean that one can apply a voltage to the interface
without changing the equilibrium state of the interface.
The potential difference between the two terminals can
of course be measured, but the change of this potential
can be achieved only through the change of the chemical
potential of at least one of the salts containing a and f.
In fact, the dE§; term in Eq. 16 can be rewitten in terms
of the chemlcal potential of one of these salts which has
been taken as a dependent variable in Eq. 16.

Let ppyp- instead of EJ be the independent variable,
where §’ is any one of § common anions. By using Eq. 3
the last two terms in the right hand side of Eq. 7become

Q% L iy, =

2t T F

e )
— S\ ————dttsp — ———du + dﬂ

F \zly ’ |z6vzp F > Vi O

Therefore, dE §; may be rewritten as

dEY; = ———du,, d dpy g

T Taplvpr T vty T 2y P

Necessary changes in Eq. 16 accompanied by the change
of the independent variable from E§; to pu,s are
given in Table 5. Thus, in ideal nonpolarized oil-
water interfaces one can always replace the electro-
motive force of the cell with the chemical potential of
one of the salts containing a common jon. Namely, a
change of the chemical potential is always accompanied
by a change of the chemical potential and is achieved
only through the change of the chemical potential of the
salt, as described above. When the interface is ideally
polarized, there is no salt whose constituent ion is com-
monly distributed in both phases In this case, one
can arbitrarily change EJI by applying a voltage
between the two reference electrodes.

Equations 16 and 17 show that the partial derivative
of the interfacial tension with respect to the potential
drop across the terminals of the cell (I) gives the quantity
Qv. This Q¥ is different from the surface charge density
in the water phase ¢ defined by Eq. 19 for an ideal
polarized oil-water interface. First, Q% defined by Eq.
8 contains the terms of the surface concentrations of
the ions commonly distributed in the two phases, and,
second, in comparison with ¢, Q% has four additional
terms involving the mole fractions of the salts containing
the common ions. Unlike the ideal polarized interfaces,
the potential of the electrocapillary maximum of the
electrocapillary curve for a nonpolarized oil-water
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TasLe 1. Coerricients G anp H v Eq. 17
Independent Coefficient
variable G 3
I Vs
Hag® 3 — JE 4Gy — Ky —
u T Vg Vig
axr
r KVa
Hay SIS — Jx, — K24x%, .
a vaj,
Iy vy
Hys® - n Lo _ 2,9, — Ky,
Hyp B Vps Vpp
g/
E}____I'ﬂ 0 VB Lw
Hip — - _th'ﬂ — Kzt ’
B Vs vig 7

a) This choice of independent variables corresponds to Eq. 16.

TasLe 2. Corrricients Q¥ 1N Eq. 17 FOR VARIOUS SETS THE INDEPEDENT

VARIABLES CONCERNING THE COMMON IONIC SPECIES

Set of independent

QW

variables
ag’ and p'f» F {Ezpl"p - Elqufq — S papzaey +J Elzﬂl”{'ﬂ"?'ﬂ
+ J (2095500 — |2j|vp 549 ;) + K (zimi,q,xi, — |z |vp 23,0}
ag’ and '8 F{?z,]"p Z|Zq|r .]Ezu”a, K2|zﬁ|”p #Xprp
=
+ J(zivloxRe — |2 v5 525 5) + K(zu”t' *e — |2pve 235}
aj and p'p Fgg&zp]"p — ;lqul’q + K;z,vaq,xaq, + J%‘,[z,[vi,ﬁxi,
. 4+ J(2iv3g%00 — 25|95 529 5) + K(zpvf oo — |25 |vp 19 1)}
aj’ and i’ Fggfpl"p — gﬂlqul"q + KEz,v;q,xgq, — K§|z,,[v;,,,x;’,",,
q
+ J (2wt 200 — |25 |v5 %0 5) + K(2:vE g %8 — |24|v5 155 1)}

a) This choice of independent variables corresponds to Eq. 16.

TasLe 3. Expresssions oF A, B, anp C v Eq. 17

Coeflicient Choice of Ton reversible to R1
in Eq. 17 ax and yf 1 i
A — Sqaf24™ —srif |2
B - Vr1/2y® —vril| 2,
(ag’, pB)] 1 z Coa 1 |z,]
c g’ 78)) 57, T S 3 T, 7T = I 3are” ey U= B, T Tavints
( 5 —J”t_'f"‘t = Xy — Kvp g y) - J”:'f"‘t P [P K”z o ¥ie)
aj’, i Z z Zgl -
(aj’ ,pﬂ)} = — (- E I jil r.+ szaq’xaq i, ‘E lz:'l r;+ KE [zl VosXph
— i1y — Jvgsxg . — Kvgxd ) — Pl — Eexde — Kvt,q,xi,

a) This choice of independent variables corresponds to Eq. 16.

TasLe 4. Expressions or A’, B/, anp D v Eq. 17

Coeflicient Choice of Ion reversible to R2
in Eq. 17 ax and , ¥
q x and yf b q
A — —Slzp Sgal |24/
B — — Ve[ 2y el 24 |®
(ag’, l"ﬂ)} 1 k4 1 |z , | 24]
D g My — 3] "I’+J T —(ry— 3= + U M,xo,
(CIJ > P ﬂ) vp pY pED l » , q I ayrag ’V;,q,( ? a*q Zpr q vBvR
o — Kvgyx3 o jvi, Ag — Kvpox¥ ) —»Kv;,L e T Kv,, X )
B} e =52 r, - Kt Ly — s Bl ks,
vt Vprgr ! IZ /| ? - Vorg ? ‘I*q B Zp s
— Koy — Pigxly — Kvpgaly) — Kvpoxge =ty — K” > 5% )

a) This choice of independent variables corresponds to Eq. 16.
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TaBLE 5. CHANGE OF THE TERMS IN Eq. 16 ACCOMPANIED BY THE CHANGE OF AN
INDEPENDENT VARIABLES FROM EJ to s1;.5.
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EY; Hyope
r vy I, LTI W
ot = J st — Ky S\ogy Ty T I |
» v’
I'p, ‘l’{,ﬁ; w 1 QW
+< == — J 2y — Ky + e | s
Vo Vpp ? lzﬁ’lvp’ﬂ' F

1 , 1

Qv ) .
Xd :l - T d ’q’ )
Vig Hra v;,q,< z,F Heg
w w
=_dE¥:- — —=—dy,.s
F dEo+ th,v{,p, Hip

9 x=r,- e

a#q' Zp

interface, therfore, does not generally correspond to the
potential of zero charge, which, however, can be defined
only through an assumption of a dividing surface in the
case of nonpolarized interfaces. The difference between
Q¥ and ¢ originates in the difference in thermodynamic
polarizability of the interfaces and is free from any
particular model which assumes a physical dividing
surface.® The surface charge density due to the com-
ponents in the water phase ¢¥ defined by Eq. 19 is
conventionally called the surface charge density in water
phase and ¢° the surface charge density in oil phase.
Note that the surface charge density ¢¥(=-—¢°) is a
thermodynamically defined quantity for an ideal polar-
ized oil-water interface and may not correspond to the
physical surface charge density.1:1® For example, the
ionic charge due to the hydrophilic group of an amphi-
phile which is present only in the oil phase and is
adsorbed at an oil-water interface should be considered
as a part of the ‘““surface charge density in the oil phase”
even when the hydrophilic ionic groups protrude into
the water phase and are exposed to the aqueous medium,
as is the case of the adsorption of phospholipids at the
oil-water interface.l”

In Egs. 16, 17, and 18 the partial derivative of the
interfacial tension with respect to the chemical potential
of any one of the neutral components gives the relative
surface concentration of the corresponding component,
i.e., the surface concentration relativised by the surface
concentrations of the two reference components !’ and
I”, which enter into the measured quantity through Jand
K terms. Similarly, the partial derivative of the
interfacial tension with respect to the chemical potential
of any one of the salt components gives the relative
surface concentration of the corresponding ionic com-
ponent. When the mutual solubility between !’ and
1" is considerably high, the denominators of Egs. 10 and
11 become very small. This means that the relative
surface concentrations can be significantly different from
the actual surface concentrations. This is due to the
fact that the relative surface concentrations in Egs. 16-
18 are relativised by the two reference components;
hence, this is one of the features of the oil-water interfaces
which distinguish them from the metal-solution inter-
faces.1®

When there occurs an ion pair formation or an in-
complete dissociation of a salt, which may be expected
especially in the oil phase having lower dielectric con-

lzﬂl - Y + W + W
p Vg — V%9 o — Kvjxd o — Kvpxg ..
-

stant, the surface concentration of an ion pair or an
undissociated salt appears in the relevant terms in Eq. 17
(and also in Egs. 16 and 18). Extension of the basic
electrocapillary equation to meet these cases is feasible.
For example, suppose that the cation ; in the cations
i (except ¢’ and @) and the anion j in the anionsj (except
j' and B) form a neutral ion pair 7j in the oil phase.
There then appears an additional term I'zdug in Eq. 2,
where I';; and uj; are the surface concentration and
the chemical potential of the ion pair 7j. Since the
differential of the chemical potential of ij, dus, can be
written in terms of those of the electrochemical poten-
tials of  and j ions, du; and duy, as

dug = vidur + vidu;,
where 73; and v are the stoichiometric numbers of the
ion pair formation reaction represented by the equation
similar to Eq. 4, the term I'gdug can be rewritten in the
form:
r{jdﬂ{, = ]"i—j(v:—jdﬂ{ + V%dﬂ;).
Substituting Egs. 3-1 to 3-3 into this equation, we obtain

+ - +

I'ydug =Ty (‘__‘dv:_" ”{j'_idﬂi‘i— . —dv_i? ﬂi'j')-

Yy i lzpl vy

Consequently, the ion pair formation between the ions
7 and j gives rise to additional terms involving the surface
concentration of the ion pair, (v§/vi;)I'g, (vi/vis)I5,
and (zr/lz;|)(»5/ve;)T5, in the coefficients of dujy.,
duiz, and dp;; terms, respectively, in Eq. 17 (and
also in Eqs. 16 and 18). Thus the ion pair formation or
incomplete dissociation of a salt is easily taken into
account in the general electrocapillary equation. The
case of the formation of a charged ion pair may be
considered similarly.

If we introduce a new function defined by &=

VE§# +v, which has been proposed by Parsons!® for an
ideal polarized metal-solution interface, we can replace
the independent variable E§* with Q¥ in Eq. 17. Then
several useful relationships can be obtained from the
cross-differentiation relationship. For example, the
Esin-Markov coefficient of a neutral component &,
which is defined as the slope of a plot of E§Z vs. the
chemical potential of component £ at constant 7, P, Q¥,
and chemical potentials of all other components, is
related to the rate of the change of the relative surface
concentration of a component £ with Q¥ at constant T,
P, and composition:



2918
(31'33’:) - _ (3(Pk—Jx 2))
ou, | T,P,Q% . u+ s Qv T,P,u
(for ks1).

Similar relations are easily obtained for the Esin-Markov
coefficients of the neutral components h(#!) and I(#/’,
") and of the salts i'j’, p'q’, ax (x=j’ or ¢’), yB(y=i' or
p'), y'(for i#4', a), i'j(for j+ j', B), pq’(for p#p’, a), and
p'q(for g+#q’, B). Such cross-differentiation relations
have been employed to analyze the Esin-Markov
coefficients at the interface between a nitrobenzene
solution of tetrabutylammonium tetraphenylborate
and an aqueous solution of lithium chloride to detect the
specific adsorption of the ions.®
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