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Correlation of Charged Fluids Separated by a Wall
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It is shown that the concentration profile of a charged fluid, in contact with a planar electrode, is
correlated with the charged fluid on the other side of the electrode. [S0031-9007(96)01638-9]
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If a charged fluid is next to a charged electrode
planar geometry, a charge concentration profile is indu
on the fluid next to the plate. This charge concentra
profile has a maximum at contact with the plate a
decreases going away from the plate, to reach its minim
value of zero in the bulk fluid. This charge profile
known as the electrical double layer (EDL) in the liqu
and colloidal dispersion fields. Since the classical w
of Gouy [1] and Chapman [2], it has been universa
accepted that the EDL formed by a charged fluid nex
a planar, charged electrode is independent of the fluid
might be on the other side of the electrode. For exam
this has been the case in liquid theory studies [3–
numerical simulations [15–17], and classical monogra
and textbooks on colloids [18–26]. To the best of o
knowledge, all the literature in the field assumes either
there is no correlation between the fluids on both side
the dividing wall or that the wall is infinitely thick.

In the case of the Poisson-Boltzmann equation [1
or theories based on charge moment expansions [3],
simply do not include proper boundary conditions in or
to take into account the fluid on the other side of
wall. From the point of view of the integral equatio
theories the reason for this approach is probably du
the influential work of Henderson, Abraham, and Bar
[4] and that of Henderson and Blum [5]. In these paper
method for deriving integral equations for inhomogene
fluids is proposed. In this method, the Ornstein-Zern
(OZ) equation [4] for a (n 1 1)-component homogeneou
fluid is generalized to study inhomogeneous fluids. T
limits of infinite radius and zero concentration for t
(n 1 1)-species is taken in the OZ equation, the ot
n-species are left as the liquid species. Hence the
produced by the giant particle (assumed to be spher
becomes the source of the external field, thus produ
an inhomogeneity in the fluid. Because this cen
particle is giant, the fluid near it “sees” it as a planar w
As we will show later, with a wall of infinite thicknes
there is no liquid-liquid correlation through the wall.

The equivalence between particles and fields is wel
tablished in physics, i.e., particles and fields are defi
through their interaction with other particles or exter
fields. The various microscopic liquid theories are
sically mathematical manipulations of the species pro
bility densities, starting from a conservation equation
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a probability densityansatz. Since there are no restric
tions in these statistical mechanical theories in relation
the type of particles’ interaction potential, the number
species in a fluid, and their concentrations, one can c
sider the external field in an inhomogeneous fluid to be
another particle in a homogeneous fluid. This very sim
idea was used in the past by one of us to propose a me
to derive theories for inhomogeneous liquids [27]. He
we will refer to this method as the direct method (DM
This method has been successfully applied to study in
mogeneous liquids next to external fields of several geo
tries [28]. The DM allows the study of an inhomogeneo
fluid next to an electrode of planar geometry and afinite
thickness.

With the DM [27] one can derive in a straightforwa
manner, for example, a hypernetted chain/mean sphe
(HNC/MSA) equation for a two-component electroly
next to the external field produced by a charged plate
thicknessd, i.e.,

gpisxd ­ exp

Ω
2bupisxd 1

2X
m­1

rm

Z
cimssdhpmsyddy3

æ
,

(1)
whererm is the bulk concentration of the ions of spec
m; cimssd is the MSA direct correlation function for ion
of speciesi andm, a distants apart;rigpisxd is the local
concentration of ions of speciesi, at a distancex from the
center of the plate and perpendicular to the plates2` #

x , `d; hpms yd, defined ashpms yd ; gpms yd 2 1, is the
total correlation function;dy3 is the volume differential;
b ; 1yKT , whereK is the Boltzmann constant andT is
the system temperature;upisxd is the interaction potentia
between an ion of speciesi and the plate, represented b
the subindexp. A widely used model for the electrolyte
the so-called restricted primitive model electrolyte (RPM
In this model the electrolyte is assumed to be a fluid
charged hard spheres of chargeezi and diametera in a
dielectric continuum of dielectric constant´, wheree is the
electronic charge andzi is the valence of an ion of specie
i. In this Letter the plate is considered to be a flat, hard w
with a surface charge densitysL on the left hand surfac
of the plate and a surface charge densitysR on the right
hand surface of the plate. The wall has a widthd and is
composed of a dielectric material with a dielectric const
chosen to be equal to that of the solvent, for simplic
© 1996 The American Physical Society 4019
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such that image forces need not be considered. This m
for the electrode differs from others in the literature [1–2
in that the thickness of the plates is taken into account
in that its two surfaces need not be equally charged.
pointed out before, to the best of our knowledge, in
past this wall was explicitly or implicitly assumed to b
infinitely thick.

For our model, this potential can be separated int
hard sphere-hard wall termup

pisxd and an electrostati
part uel

pisxd. The hard sphere-hard wall potential simp
takes into account the fact that the ions cannot pene
or deform the walls. From Gauss law, the electrost
potential can be found to be

2buel
pisxd ­

2pbezi

´
ssL 1 sRdx . (2)

Equation (1) is a non-linear integral equation that
solved numerically with advanced finite element te
niques. The solution of Eq. (1) gives the concentrat
profile rigpisxd to the left and right of the wall.

The charge profile in the solution is given by

relsxd ­
2X

m­1

ezmrmgpmsxd . (3)

The electroneutrality condition for the plate plus t
electrolyte system states that the charge induced in
liquid by the wall must cancel that on the wall; th
is sL 1 sR ­ 2s

0
L 2 s

0
R, where s

0
L and s

0
R are the

induced charges in the liquid to the left and right
the plate, respectively. Mathematically this condition
expressed as

sL 1 sR ­ 2
Z 2dy2

2`

rels yd dy 2
Z `

1dy2
rels yd dy ,

(4)

where the first and second integrals defines
0
L and s

0
R,

respectively.
In Fig. 1 the fluid is a 2:2, 0.971M electrolyte. The

wall has a surface charge density on its left side
sL ­ 20.136 Cym2 and on its right surface ofsR ­
0.68 Cym2. Two thicknesses of the wall are consider
d ­ a andd ­ 5000a. In Fig. 1(a) we show the positiv
ion reduced concentration profile (PIRCP), induced
the wall in the solution. In Fig. 1(b) the negative io
reduced concentration profile is shown (NIRCP).
the left side of the wall, near the wall and ford ­ a,
the PIRCP is lower than in the bulk solution, whereas
NIRCP is clearly above its bulk value (far from the wa
i.e., in the bulkgp2sxd ­ gp1sxd ­ 1, since the wall’s
electrical field is screened by the charged fluid). Thi
an unexpected behavior because the left side of the
is negatively charged. On the right hand side of the w
still for d ­ a, an apparently normal behavior is observ
near the wall, i.e., the PIRCP is lower than one and
NIRCP is well above one. Since the right surface of
wall is positively charged, this is to be expected. Fo
wall thickness ofd ­ 5000a, a physically appealing resu
4020
odel
6]
and
As
he
e

a

ly
rate
tic

e
h-
on

e
the
t

of
is

of

d,

by
n
n

the
ll,

is
all

all,
ed
the
he
a

t

FIG. 1. Reduced concentration profiles (RCP) for a 2
0.971M electrolyte, next to a charged wall, as a function of
distance to the wall. The wall has a surface charge densit
its left side ofsL ­ 20.136 Cym2 and on its right surface o
sR ­ 0.68 Cym2. Two thicknesses of the wall are consider
d ­ a and d ­ 5000a. In (a) we show the positive io
reduced concentration profile (PIRCP), induced by the wa
the solution. In Fig. (b) the negative ion reduced concentra
profile is shown (NIRCP). The distance to the wall is measu
in ionic radius. The zero of thex coordinate is located on th
left surface of the wall for the left RCPs and on the right surf
of the wall for the right RCPs, i.e., the thickness of the wal
not plotted.

is obtained on both sides of the wall, i.e., the PIRCP
well above one on the left side of the wall and low
than one on the right side, whereas the NIRCP is lo
than one on the left and higher than one on the right.
calculation for a symmetrically charge wall [with Eq. (1
or with traditional methods [7] with charge density eq
to 20.136 Cym2 will show a PIRCP and a NIRCP equal
those shown in Fig. 1 for the left side of the wall withd ­
5000a. A similar result is observed from a calculation f
a symmetrically charged wall, with charge density eq
to 0.68 Cym2, i.e., its NIRCP and PIRCP agree with tho
shown in Fig. 1 for the right hand size of thed ­ 5000a
wall. For a symmetrically charged plate the NIRCP a
PIRCP are independent of the width of the plate.
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In Fig. 2 the fluid and the charge of the plate is the sa
as that in Fig. 1. We plot the charge density induced
the fluid by the wall as a function of the wall’s thicknes
For d ­ 0, s

0
L ­ s

0
R ­ 0.272 Cym2, this is equal to

the average charge on the wall. Asd increases,s0
L

decreases ands0
R increases such thats

0
L ! 20.136 Cym2

ands
0
R ! 10.68 Cym2 for d ! `. Figures 1 and 2 show

that there is a correlation of the liquid through the wa
Preliminary calculations show that this correlation see
to increase with lower charge on the plate and/or low
electrolyte’s charge and concentration; these results ar
shown. Hence there seems to be a higher correlation o
fluid, through the wall, for thicker EDLs. However, in th
limit of zero charge the hard sphere fluid is recovered
expected for this model. All the data were obtained
T ­ 298 K, ´ ­ 78.5, a ­ 4.25 Å.

In the past it has been shown that in confined flu
there is a violation of the local electroneutrality conditi
(LEC) [29–31]. That is, the fluid between two plate
symmetrically charged,does not cancel the charge o
the inside surfaces of the plates. This violation of
LEC is larger for thinner plates and greater confineme
However, the LEC is satisfied for large separatio
between the plates and for any thickness of the pla
In this paper, we certainly report a violation of som
sort of electroneutrality conditions. However, here
fluid is not confined and the origin of this effect
due to a correlation of the fluid through the wall. Th
effect has not been recognized before, and we bel
it could be of far-reaching consequences in the fi
of statistical mechanics of condensed matter syste
where boundaries between different kind of materials
present. In particular, this finding could be relevant
colloid, thin film, and biophysics studies.

FIG. 2. Charge density induced in the fluid by the wall a
function of the wall’s thickness (measured in ionic diamete
The fluid and the charge of the plate is the same as tha
Fig. 1. s

0
L is the charge induced on the left side of the wa

whereass0
R is that induced on the right side of the wall.
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The fluid correlation through the wall need not b
limited to a charged wall. This effect could be prese
for example, in Lennard-Jones fluids next to a wall w
surfaces with unsymmetrical Lennard-Jones potentials
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