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Charge Separation in Confined Charged Fluids
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A charge segregation phase is found in a charged fluid confined by a charged spherical pore:
The negative ions are completely separated from a spherical core comprised of only positive ions.
Within the segregation regime, there is a region for which the pressure decreases with increasing fluid
confinement. [S0031-9007(97)04362-7]
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The structure of ionic solutions near the inside an
outside surfaces of spherical cavities is relevant to som
biological and complex fluid phenomena [1,2]. The struc
ture of fluids inside micropores and near charged plan
and curved surfaces have attracted wide attention [2–1
Some interesting features of inhomogeneous charged
ids have been uncovered theoretically and confirmed
Monte Carlo (MC) simulations [8] and some experimen
[5]. Particularly, it has been predicted [3] that a local elec
troneutrality condition (LEC) is, in general, not satisfie
and that charged fluids at both sides of a charged wall a
correlated under certain circumstances [13]. These resu
may be of some relevance for confined charged fluid sy
tems. Apparently these effects have not been taken in
account in previous studies [12,13].

The inhomogeneous fluids inside a spherical shell (S
have been studied extensively in recent years [2,4,6,
However, the violation of the LEC in spherical pores or S
(a spherical pore is a SS of infinite thickness) and/or th
correlation between the fluids separated by a SS have
been considered in the past. Here we give a theoreti
description of a (SS) model immersed in an electroly
solution, where no LEC is imposed and the correlatio
between the fluids internal and external to the shell a
taken into account: We find a segregation of charge
the confined, inhomogeneous, charged fluid. Within th
segregation phase an interesting state characterized
≠py≠ ln y . 0 is found, wherep is the confined liquid
pressure andy is the pore’s volume. It is well known that
a negative compressibility is unphysical in homogeneo
fluid systems.

Our model system consists of a hard, charged SS w
finite shell thickness, immersed in an ionic solution. W
denote the radius of the inner surface of the SS byR,
and the shell thickness byd. The SS could mimic the
membrane of a vesicle or a micelle. A widely use
model for the electrolyte is the restricted primitive mode
(RPM) [13].

The hypernetted chain/mean spherical (HNC/MSA) th
ory for a hard, charged SS immersed in a RPM electroly
can be readily derived from the homogeneous Ornste
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Zernike (OZ) equation, by applying the so-called direc
method (DM) [9],

gaisrd  exp

Ω
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cimssdhamstd dy3

æ
,

(1)
wheredy3 is the volume differential in a spherical coor-
dinates system, with its origin at the center of the sphe
defined by the shell.rm is the bulk concentration of the
ions of speciesm; cimssd is the MSA direct correlation
function for ions of speciesi and m, a distants apart;
rigaisrd is the local concentration of ions of speciesi, at
a distancer from the coordinates origin;hamstd, defined
ashamstd ; gamstd 2 1, is the total correlation function;
b ; 1ykBT , wherekB is the Boltzmann constant andT
is the system temperature;uaisrd is the direct interaction
potential between an ion of speciesi and the SS, repre-
sented by the subindexa. The shell-ion interaction is de-
scribed by a hard-core term,up

aisrd, plus an electrostatic
part, uel

aisrd. The hard sphere–hard shell potential take
into account the fact that the ions cannot penetrate or d
form the shell. By applying Gauss’s law the electrostat
potential between the SS and ions is found to be

uel
aisrd 

8>><>>:
4pezifsR 1 dd2sout 1 R2singy´r ,

r $ R 1 d ;
4pezifsR 1 ddsout 1 Rsingy´,

r , R ,

(2)

wheresin andsout are the charge densities on the insid
and outside surfaces of the shell, respectively. The pre
ence of the charged shell in the electrolyte will result in a
induction of charge in the solution inside and outside th
pore. The induced charge density on the inner and ou
liquids are s

0
in  2s1yR2d

RR2ay2
0 t2relsR 2 ay2 2 td dt

and s0
out  2f1ysR 1 dd2g

R`

R1d1ay2 t2relst 2 R 2 d 2

ay2d dt, respectively, whererelsrd 
Pn

m1 ezmrmhamsrd
is the induced charge profile. The LEC is satisfied ifsin 
s

0
in andsout  s0

out. The total electroneutrality condition
(TEC) is given by R2sin 1 sR 1 dd2sout  R2s

0
in 1

sR 1 dd2s0
out.
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The pressure on the confined liquid can be found to be

psRd  kBT frassR 1 d 1 ay2d 2 rassR 2 ay2dg 1
2p
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where rassrd ;
P2

n1 rngansrd and Esrd is the local
electrical field, obtained fromrelsrd. We have numeri-
cally solved the HNC/MSA equations under the conditio
of constant surface charge density. From Eq. (1) it fo
lows that the ionic concentration profiles inside the SS a
coupled with those outside it, since the integral is over
the space [3]. If the LEC is violated, the net charge insi
the SS will produce an electrical field, which will affect th
structure of the outside charged fluid. The violation of th
LEC is due to the combination of two effects: the confin
ment of the fluid [3,12] and the correlation between th
separated fluids [13]. When the modified Poisso
Boltzmann theory is applied to a confined, point io
model electrolyte a violation of the LEC is also prese
[12], indicating that the ionic size is not a crucial facto
for the breakdown of the LEC.

We have calculated the radial distribution function
gaisrd, the pressure on the confined liquid, the me
electrostatic potential, and the induced charge for a 2
0.971 M RPM model electrolyte atT  298 K, and´ 
78.5. The diameter of the ion is taken to bea  4.25 Å.
The surface charge density on the SS issin  sout 
0.272 Cym2. In Fig. 1 we show the HNC/MSA pressure
on the confined liquid as a function of the SS radius, i
logarithmic scale. Three thicknesses of the SS are c
sidered:d  a, 10a, and 200a. The d  200a curve is,
for plotting purposes, on thed  10a curve; hence, it

FIG. 1. Pressure on the confined liquid as a function of t
SS radius, in logarithmic scale. The fluid is a 2:2, 0.971
RPM electrolyte. The solid and dashed curves are ford  a
andd  10a, respectively. The lower inset is an enlargeme
of the d  a curve. The inset with the black dots are the M
data, for an approximate bulk concentration of 0.960, while t
solid line there is its interpolation.sin  sout  0.272 Cym2.
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is not plotted. A relevant feature here is the anomalo
decrease in pressure, asR decreases, aroundR  3.8a.
These curves closely resemble the liquid-vapor phase t
sition (LVPT). In the LVPT, the van der Waals (VW
pressure prediction inside the spinodal curve is unphy
cal. In Fig. 1 we also show Monte Carlo results for th
pressure. We will discuss them later.

In Fig. 2, we show the concentration profiles for cou
terions and coions. For large values ofR, inside and out-
side the SS, we see a local charge oscillation induced
the fixed surface charge on the SS, a property typica
inhomogeneous divalent electrolytes [3,8,13]. Charge
cillation occurs due to a combination of ionic size, co
centration, and valence, and the surface charge. AtR 
3.8ay2, we find that in addition to a layer ofonly coun-
terions next to the inner surface of the SS, there is a c
tral core formedonly by coions. The concentration of th
counterions next to the inner surface of the SS is of
same order as that of the coions in the center of the
Since the counterions and coions are completely separ
and located in different regions, aphase transitionfrom
the mixture state to a segregation state occurs in the c
fined fluid system inside the spherical pore. This seg
gation phase results from the confinement, and does
depend on the shell thickness in the sense that when
shell thickness is increased, the segregation phase doe
disappear. Nevertheless, the correlation between the
ids at both sides of the shell affects the magnitude of
pressure curve and the ionic concentration profiles. T
appearance of the coion core is somewhat puzzling,
cause the formation of such a structure generally requ
more energy. This might, in principle, be similar to th
condensation transition where the likely charged partic
are bounded in a way such that the whole system is in
lowest-energy state. As we further decreaseR, the con-
centration of the coions in the central core decreases u
all coions are rejected out of the pore. The ionic co
centration profiles outside of the SS are not qualitative
modified asR changes, although quantitative changes a
present: This shows that in spite of the fact thatsin  sout

a correlation between the liquids inside and outside
SS is present [13], due to an asymmetry in charge p
duced by the violation of the LEC inside the SS. F
values ofR larger than that where a “coexistence curv
(defined by a Maxwell equal-area construction; see low
inset in Fig. 1) could be present, a typical charge osc
lation, as that shown forR  6say2d in Fig. 2, is ob-
served. For value ofR smaller than that where the lef
branch of this coexistence curve would be present, no p
tive ions are found inside the SS: A typical concentrati
3657
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FIG. 2. Counterion and coion concentration profiles insid
and outside a charged SS, as a function of the distance to
geometrical center of the SS. Three different values of t
SS radius are considered. The left profiles are inside the S
whereas the outside profiles are at the right. The center of
SS is atr  0. The thickness of the shell isd  a. The fluid
is a 2:2, 0.971 M RPM electrolyte.sin  sout  0.272 Cym2.
The solid and dashed curves are the HNC/MSA counterion a
coion concentration profiles, respectively.

profile would be that shown in Fig. 2, forR  2.56say2d.
Inside this coexistence curve twononuniformphases co-
exist: A core formedonly of coions and a shell ofonly
counterions, next to the inside surface of the SS. T
transit from larger to shorter SS radius, inside this coe
istence curve, is characterized by a continuous increase
the coions core to a maximum, for the SS radius corr
sponding to the inflection point of the pressure curve
the s≠py≠ ln yd . 0 region, to then continuously decreas
until no more coions are inside the SS.

Although inside the LVPT spinodal curve (defined b
the points of infinite compressibility) the VW pressure pre
diction is unphysical for homogeneous systems, our pre
sure curve and concentration profiles are real. To sh
this we have performed canonical Monte Carlo simulatio
for our model. In the MC calculation we, necessarily, im
posed the TEC, butdid not impose a LEC. The use of the
standard Metropolis Monte Carlo algorithm for our sys
tem is justified since, clearly, the system can be divid
into two or more subsystems in order to check the acce
tance of a change in position which can occur in the sam
subsystem or between different subsystems. The cano
cal MC simulation is equivalent to a particle destructio
followed by a creation; i.e., the energies of two configur
tions are compared. Hard uncharged walls were located
r  RM. SinceksRM 2 R 2 dd ø 27, no consequence
on the diffuse layer structures was detected due to the
sorption or desorption of the electrolytes on the simulatio
wall. k2 ; s4pbe2y´d

P2
n1 rmz2

m andk21 (the Debye
radius) is a measure of the range of penetration of the
fective electrical field, induced by the SS, on the charg
fluid around the SS [14]. The bulk concentration of th
electrolyte was adjusted by means of the constant num
3658
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of ions. The first 1000 simulation cycles were discarde
and 5000 complete cycles were used to obtain the fin
data. Figures 3 and 4 show a comparison of the MC sim
lation with our theory: While quantitative differences are
present, there is a very good qualitative agreement. F
ure 4, inside the transition region, clearly shows the char
separation. Figures 3 and 4 show results for an ionic s
lution with slightly different concentrations from that in
Fig. 1: The experimental concentration is obtaineda pos-
teriori, as a consequence of the predetermined number
ions, surface charge densities, and the size of the SS. T
determination of the number of ions was made by attemp
ing the desired concentration. All other parameters, how
ever, are equal to those for Fig. 1. For very small value
of r, the volume differential used to calculate the numbe
concentration of ions goes to zero. Therefore, no conce
tration profile is reported forr , 0.1say2d. We have cal-
culated the MC pressure as a function ofR, and we find the
same qualitative behavior as that shown by the HNC/MS
theory (see Fig. 1): We find a region of≠py≠ ln y . 0
and the values ofR for which ≠py≠ ln y  0 closely cor-
respond to those from the theory. The MC curve, howeve
is higher than the HNC/MSA curve. This is due, in part
to a HNC/MSA underestimation ofrassR 2 ay2d and an
overestimation ofrassR 1 d 1 ay2d (see Figs. 3 and 4).

In Fig. 5 we show the deviation from the LEC, as a func
tion of the SS radius, for thed  a case. The deviation
from the LEC is given byDsin  fR2ysR 1 dd2g ss0

in 2

sind andDsout  s0
out 2 sout. The deviation oscillates

with the radius and intersects the zero line atR  Rc,
whereRc  2.56say2d, at which the local electroneutral-
ity is restored. AtR ! 0 and R ! ` we recover the
spherical electrode model [15] and one plate model [13
respectively. The correlation between the separated fl
ids can change the magnitude of the induced charge, b
has no influence on the oscillatory behavior: AtR  Rc,

FIG. 3. As in Fig. 2, butR  6.2say2d. The fluid is a 2:2,
1.137 M RPM electrolyte. The lines have the same meanin
as in Fig. 2. The black and white dots are the MC counterio
and coion concentration profiles, respectively.
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FIG. 4. As in Fig. 3, butR  3.8say2d. The fluid is a 2:2,
0.941 M RPM electrolyte. The lines and dots have the sam
meaning as in Fig. 3. The value ofR, for the MC data is
3.7828 ionic radius.

the local electroneutrality is reestablished and the electri
field across the shell vanishes, indicating that there is
Coulomb-like long-range interaction between the charg
fluids separated by the shell. ForR ø 3.8say2d, we are
on the inflection point of both, the LEC deviation curve
and the pressure curve (ford  a). Clearly, the violation
of the LEC is related to the observed charge separation

We found a phase transition from a mixed charge state
a segregation one in charged fluids, confined in a spher
pore. A segregation phase is also observed in cylindri
pores [16] when a LEC isnot imposed [10]. The charge
separation is found for divalent electrolytes, in strong
confined geometries, such as in cylindrical and spheri
pores, with high surface charge densities. We find that t
segregation phase is not present for a 1:1, 0.01 M el
trolyte in spherical pores, or for any type of electrolyte i

FIG. 5. Deviation from the LEC as a function of the SS
radius, for thed  a case. The fluid is a 2:2, 0.971 M RPM
electrolyte. sin  sout  0.272 Cym2. The solid and dashed
curves are the HNC/MSA deviations from the LEC inside an
outside the SS, respectively.
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slitlike pores [12]. This suggests that the phase transitio
is regulated by the plasma parameter [14]. The appe
ance of the segregation phase is a result of the corre
tion between the separated fluids and a violation of th
LEC [3,13], in strongly confined charged fluids. In spite
of the vast literature on fluids confined to a spherical ca
ity, such phenomenon has not been observed. In tho
works, however, a LEC is imposed, and no correlatio
between the liquids inside and outside the SS is cons
ered. While a spinodal curve has been found in the pa
for homogeneous electrolyte solutions [17], the coexiste
phases there are ion-pairing and mixed independent io
and a negative compressibility region is unphysical. I
our inhomogeneoussystem, the SS electrical field allows a
stable region of negative compressibility and an inte
face between positive and negative ions as the coexi
ing phases: Nonuniform concentration profiles manife
themselves in the local thermodynamical properties. Th
pressure as a function of the specific volume also sho
a region of negative compressibility. We find it interest
ing that a region of negative compressibility for confine
fluids has been recently reported [18]. A phase separati
similar to that reported here will probably be present i
mixtures of confined Lennard-Jones fluids.
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